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ABSTRACT

Context: The need for an EEG-based index for depth of anesthesia (DoA) assessment is widely
recognized. Unfortunately, the algorithm for the gold standard DoA index, the Bispectral Index (BIS™)
has not been disclosed by their creators. The importance of cross-frequency phase coupling in brain
function is widely acknowledged, and we centered our study in assessing bicoherence, given its
independence on amplitude-related phase coupling.

Aims: To introduce, a new, bicoherence-based index for DoA assessment (LBICO).

LBICO is based on EEG power spectrum and bicoherence ratios measured at specific frequency
intervals.

Methods and Material: LBICO was tested on a publicly available database of EEG recordings with
simultaneous BIS™ values from 24 patients during surgery. EEG recordings were pre-processed via
Empirical Mode Decomposition (EMD) filtering and further removal of artefacts. Statistical analysis
used: Simultaneous plots, correlation analysis and Bland-Altman plots for assessing agreement
between LBICO and BIS™ measurements. Power spectrum and bispectrum estimation of EEG
recordings.

Results: Agreement between LBICO and BIS™ was assessed by comparing 16,861 artefact-free pairs
of values taken from all the 24 recordings from the database (corresponding to a total of 23.42
hours). A correlation of r=0.70 was obtained (p=0.0000).

Conclusions: These results suggest that the use of bicoherence-based indices can have both
theoretical and practical implications for understanding the basic mechanisms of anaesthesia as well
as patient management at the Intensive Care Settings.

Key-words: multi-frequency Index; EEG; spectrum; bispectrum; bicoherence; empirical mode
decomposition; LBICO.
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RESUMEN

Se reconoce ampliamente la necesidad de un indice basado en EEG para la evaluacién de la
profundidad de la anestesia (DoA). Desafortunadamente, el algoritmo para el indice DoA estandar de
oro, el Indice Bispectral (BIS™), no ha sido revelado por sus creadores. La importancia del
acoplamiento de fases de frecuencia cruzada en la funcion cerebral es ampliamente reconocida, y
centramos nuestro estudio en la evaluacién de la bicoherencia, dada su independencia del
acoplamiento de fases relacionado con la amplitud.

Objetivos: Introducir un nuevo indice basado en bicoherencia para la evaluacién de DoA (LBICO).
Métodos y material: LBICO se basa en el espectro de potencia del EEG y en relaciones de
bicoherencia medidas en intervalos de frecuencia especificos. LBICO se probd en una base de datos
disponible publicamente de registros de EEG con valores BIS™ simultaneos de 24 pacientes durante
la cirugia. Los registros de EEG se procesaron previamente mediante filtrado por descomposicién en
modo empirico (EMD) y eliminacion adicional de artefactos. Analisis estadistico utilizado: graficos
simultaneos, analisis de correlacidn y gréaficos de Bland-Altman para evaluar la concordancia entre las
mediciones de LBICO y BIS™. Estimacion del espectro de potencia y biespectro de registros de EEG.
Resultados: Se evalud la concordancia entre LBICO y BIS™ comparando 16.861 pares de valores libres
de artefactos tomados de los 24 registros de la base de datos (correspondientes a un total de 23,42
horas). Se obtuvo una correlacién de r=0,70 (p=0,0000).

Conclusiones: Estos resultados sugieren que el uso de indices basados en bicoherencia puede tener
implicaciones tanto tedricas como practicas para comprender los mecanismos basicos de la
anestesia, asi como el manejo de los pacientes en los entornos de cuidados intensivos.

Palabras clave: indice multifrequencia; EEG; espectro; biespectro; bicoherencia; descomposicion en
modo empirico; LBICO.
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Introduction
Electroencephalogram (EEG) bispectrum is useful for assessing brain function through cross-
frequency phase coupling.(*%
Anaesthesiology still poses challenges 8, and EEG-derived indices help in Depth of Anaesthesia
(DoA) assessment.®)
The most popular DoA indexis the “Bispectral Index”(BIS™),1% but its algorithm was not disclosed.®
BIS™ is correlated with anaesthesia scales, is predictive in sleep staging, and delirium detection. 1%
However, some discourage the use of BIS™, asking for other DoA indices considering different EEG
aspects, as spectral components, entropy, etc.(1>21)
Bicoherence-derived measures are based on biophysically plausible assumptions and this motivated
us to develop LBICO, a bicoherence-based index to assess DoA.

Este documento esta bajo Licencia de Creative Commons Reconocimiento-NoComercial 4.0
Internacional



https://creativecommons.org/licenses/by-nc/4.0/deed.es_ES
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

7
Revista Cubana de Informatica Médica 2024;16(1):e721 ecimMED

Subjects and Methods
Data

In this study we used a publicly available data set corresponding to the “supplementary material” of
reference.??)

Briefly, data corresponded to 24 patients who received surgery under general anaesthesia at The
National Taiwan University Hospital. None of the participants underwent high risk operations.
Patients with alcohol or smoking habits, or illness that affected the data recording, were not
included. Finally, 24 patients (age (yr.): 44.5 £ 12.9, height (cm): 164.2 £ 7.1, weight (kg): 63.4 + 14.8,
and BMI (kg/m?): 23.4 + 4.2, gender: 14 females/10 males) were included into the database.
Surgeries lasted 126.4 £ 72.9 min.

Recording Conditions

Prior to EEG recording, good contact was assured to improve the connection between the frontal
scalp skin and EEG BIS™ Quatro Sensor (Aspect Medical Systems, Newton, MA, US) in order to reduce
the impedance below 5 kQ. The EEG data were acquired at a sampling rate of 128 Hz. The
intermittent BIS™ value was obtained every 5 s The recording began 5 min ahead of the onset of
induction, at which time patients were fully awake, and it terminated when participants began to
respond to doctors either by voice or by movement. Each individual file from the database contains a
continuous single-channel EEG recording at 128 Hz and a series of BIS™ values taken at 5-second
intervals.
Data Pre- Processing

EEG data contained numerous artefacts resulting in waveform saturation due to electrical artefacts
caused by medical equipment or body movement (see, for example, the unfiltered EEG trace in
figure 1), thus considerably reducing the number of good-quality segments. A notch filter was used
to remove the 60-Hz line noise. Subsequently, a 5-s data epoch was used to conduct the EMD
analysis, and a 30-s segment of the reconstructed signal which was used for the LBICO calculation.
The sliding window step size was set to 5-s to be consistent with the BIS™ value for further
comparisons.

Filtering via Empirical Mode Decomposition

EEG signal can be easily contaminated by artefacts such as noise from diverse nature, and it is
necessary to filter the signals to reduce the computation error. To reduce their effect, we applied
empirical mode decomposition (EMD). Briefly, with EMD method, the EEG signal is decomposed as a
sum of often small number of components. These components form a complete and nearly
orthogonal basis for the original signal, and are described as intrinsic mode functions (IMF). Usually

the first IMF (IMF1) carries the most oscillating (high-frequency) components, and can be rejected to
remove high-frequency noise components. This decomposition is based on the local characteristic
time scale of the data, and it can be applied to nonlinear and non stationary processes.?*) In other
words, since EMD is based on the local characteristics of a data series, it is applicable to nonlinear
and non stationary processes, thus overcoming both pseudo-linearity and stationarity. In our case we
applied the Matlab EMD package developed by G. Rilling.?®) In this study the EEG signals were
reconstructed by summing the components IMF2 and IMF3 after decomposition to obtain the
filtered signals due to their superior discrimination ability of different states of anaesthesia, as

Este documento esta bajo Licencia de Creative Commons Reconocimiento-NoComercial 4.0
Internacional



https://creativecommons.org/licenses/by-nc/4.0/deed.es_ES
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://en.wikipedia.org/wiki/Nonlinear
https://en.wikipedia.org/wiki/Stationary_process

Y

Revista Cubana de Informatica Médica 2024;16(1):e721 ecimMED

recommended.{?) In figure 1, the result of EMD filtering to EEG data is illustrated. Both raw and
EMD-filtered signals were submitted to power spectral and bispectral analysis.

......

Fig. 1- A raw EEG trace (top), and the filtered trace after application of the EMD algorithm (bottom).
Note the difference in scales.

Power Spectrum and Bicoherence Estimation

In bispectral EEG analysis, the cross-bispectrum is defined as:

H. )= WEWEZ G + £) (1)

In (1) <.> denotes averaging, whereas “*” is complex conjugate. X, Y and Z correspond to three
simultaneously recorded signals.

In particular, the auto-bispectrum corresponds to the case when only one signal is considered
(X=Y=Z). In order, to obtain a measure of the inter-frequency phase locking independent of the
strength of the signal, the normalized bispectrum is identified as bicoherence. The absolute value of
the bicoherence is between zero and one: A value of one corresponds to perfect coupling and zero
indicates no coupling.
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A useful normalization is constructed by 3-norms:

NG £) = WXIFIDPNIXIGID PNIXTGE, + £)1P0% ()

Accordingly, bicoherence is defined as

Hd(,
B(.f)-= J.t.

1

Nd. 1) (3)

As recommended in references. (20) (27)
Even in the case of recording from one site only, bicoherence retains a large deal of information
about coupling between different neuronal networks across the brain. 26

In particular, bispectrum derived indices have been proposed for assessing the depth of anaesthesia
(DoA). In this study, instead of bispectrum, we based our analysis on bicoherence values, since
bispectrum values are influenced by both the amplitude of signals as well as the degree of phase
coupling.

For estimating both power spectrum and bicoherence, we used the Matlab functions
“data2cs_event” and “data2bs_univar” respectively; these Matlab functions were developed by
Guido Nolte’s Lab, and are freely available within the METH toolbox at
https://www.uke.de/english/departments-institutes/institutes/neurophysiology-and-
pathophysiology/research/research-groups/index.html

For power spectrum estimation, the function “data2cs_event” from the METH toolbox was used.

For bicoherence estimation (see formulas 1-3), we used the Matlab function “data2bs_univar” from
the METH toolbox. Each analysed ECG segment was 30-s long, (3840 data points sampled at 128 HZ)

The following parameters were used for both power spectrum and bicoherence estimation:
Segment length (segleng) =3840(30s);

Segment shift overlap (segshift) =segleng/2;

Maximum number of frequency bins (maxfregbins) =129;

Length of a recording epoch (epleng) =3840 (30 s);

As result analysed frequencies spanned from DC to

60 Hz, with a spectral resolution of 1 Hz

For each frequency pair at the bicoherence matrix B (f1, f2) was obtained according to formula (3) as
indicated in the documentation to the METH toolbox.

LBICO Estimation

LBICO was conformed as the sum of a power spectral (LPS) and a bicoherence (LBC) addends.
The LBC addend of a 30-s segment, is defined as:

ZQ B(k,.k,)

= _ZQB B(k,,k,)
(4)

LBC

Where
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QA = {k1,k2|k1 > 0,k2 > k1,k1 + k2 € [13,60Hz]},
QB = {k1,k2|k1>0,k2 > k1,k1 + k2 € [9,22Hz]}.
The LPS addend of a 30-s segment, is defined as

Where P(K1,k2) denotes power spectrum, and
QC = {k1,k2|k1 > 0,k2 > k1,k1 + k2 € [42,53Hz]},
QD ={k1,k2|k1>0,k2 > k1,k1 + k2 € [11,13Hz]}.
Finally, the index LBICO is computed as

LBICO =42.957*(LBC + LPS) +180 (6)

In formula (6), there is no assurance that LBICO values will be bounded by 100, as a final correction,
we set equal to 100 those LBICO values exceeding 100. This creates some minor limitations in
practical terms, and we hope to subside them in newer versions of the proposed index.

Each subsequent segment was shifted 5 s respect to the preceding one. As result, adjacent LBICO
values overlap at 83.33% (25/30), this is a compromise solution for allowing comparison with the
BIS™ values on one hand, and having time windows long enough as for making reliable bispectral
estimations.

Statistical Analysis

Statistical analysis included time series visualization, linear correlation analysis and Bland-Altman
representation of data.

Results
General Description of Data Simultaneously Assessed with LBICO and with BIS™

In figure 2, the LBIS values estimated from an EEG recording are compared to directly measured BIS™
values corresponding to the sameb5-s intervals. As it can be noticed, there is general agreement
between both traces. On the other hand, the large discontinuities in the LBIS trace might be
explained by the artifacts in the corresponding EEG trace.

The effect of EEG data quality upon BIS™ can be illustrated with figure 2. As it can be seen, the first
half of the EEG trace (bottom panel in the figure) is very irregular, and the LBICO trace is also erratic
(top panel). The second half of the same EEG recording is artefact-free and the agreement between
LBICO and BIS™ is appreciable.
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Fig.2- Top: BIS™ values (blue)
and estimated LBICO (red) values corresponding to a patient during a surgery in the abscissas axis a value of 1
correspond to 5 s. Bottom: EMD-filtered EEG trace. In the abscissas axis a value of 1 correspond to 7.8 ms.
Note that position of EEG artefacts is highly coincident with artefacts in the LBICO continuous line.

In Figure 3, the comparison between LBICO and BIS™ is shown for a recording with a lower number
of EEG artefacts. In this case, the coincidence between both indices is apparent.
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Fig. 3- Data
corresponding to other patient. For details, see the top panel of figure 2.
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Statistical comparisons between LBICO and BIS™

To numerically assess the correspondence between LBICO and the gold standard, we submitted to
analysis a sample of 16861 artefact-free pairs of values taken from all the 24 recordings from the
database (corresponding to a total of 23.42 hours of recording).

Results of correlation analysis are summarized in the scatterplot of figure 4. As it can be seen, the
slope is close to one (0.93) and the correlation coefficient is 0.70 (p=0.0000), showing good
agreement of LBICO with the BIS™ gold standard. This result is further confirmed in the Bland-
Altman plot displayed in figure 5.
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Fig.4- Scatter plot of BIS™ index and LBICO.
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Discussion

Our results revealed that the proposed index LBICO performs satisfactorily when compared to the
“gold standard” reference given by BIS™.

Salient aspects of LBICO are the inclusion of bicoherence instead of bispectrum (which is customarily
used in BIS™), the absence of burst suppression as an addend of the index, and the inclusion of a
rather different choice of frequency bands:

QA = [13,60Hz]
QB =[9,22H7]

QC=1[42,53Hz]
QD = [11,13Hz]

As it is known, bicoherence is a sensitive means of assessing phase coupling between different
frequencies, no matter amplitude differences between involved signals, and this can be in favour of
the proposed index. (2630)

Worth of attention is that frequencies in the delta band were not included into LBICO.

In LBC estimation there is a combination of frequencies covering beta and slow gamma (13-60 Hz)
related to EEG activity including theta, alpha and beta bands (9-22 Hz). Different works refer to the
importance of theta-gamma phase coupling, especially in the frequencies range of 4-12 Hz for theta
and 30-80 Hz. Coupling changes in this region could be detected by summand LBC.3% Of particular
interest is the shift in sleep spindles at 10-18 Hz. In particular, it has been reported an increased
correlation of power in the delta and sleep spindle (10-18 Hz) bands with hippocampal ripples.(31-33)

It has been also reported that the administration of small doses of a GABAA hypnotic induces
sedation. If the dose is increased slowly, the patient can enter a state of paradoxical excitation or
disinhibition defined by euphoria or dysphoria, incoherent speech, purposeless or defensive
movements, and increased electroencephalogram (EEG) oscillations in the beta range (13—25 Hz).33)

Also interesting is that the LPS component, related to power spectrum changes in beta (11-13 Hz)
and gamma 42-53 Hz bands, is related to a frequency region where important changes do occur
during sleep, sedation and anaesthesia.

Limitations of present study

The first limitation of this study is related to the database used. It contains a rather limited number
of cases (N=24) and many of the EEG recordings were contaminated with artifacts. The use of a more
comprehensive database would be of greater help. The approach used to correct artifacts through
EMD, even when correcting an important part of them, is still limited, and a further research is
needed to propose a more parsimonious approach to artifact correction.

The second limitation is related to the lack of information about clinical assessment of DoA as well as
of blood concentration of anaesthetic substances. Given the limitations of BIS™ on this aspect,
lacking this information could affect the performance of LBICO. Further research by our group
considers the continuous recording of LBICO in the surgery theatre.

Thirdly, we did not observe burst suppression events in these EEG recordings, and there remains as a
doubt how their presence could affect the diagnostic precision of LBICO, as well as the way their
incorporation into formula (6) could affect LBICO correspondence to the BIS™ gold standard.
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Conclusions

This study was related to the search of a Bicoherence based index to assess DoA. Our results showed
that a substantial narrowing in the frequencies of interest selection allowed yielding satisfactory
results when compared to the BIS™ gold standard. We expect that the index may be further
perfection mainly through inclusion of additional EEG channels as well as via recording
electrocardiogram and photoplethysmographic signals, an option that is non invasive and potentially
very informative.

Acknowledgement
Authors would like to express their gratitude to Professor Guido Nolte for providing us the methods
for Fourier/Bispectral analysis, as well as for their valuable comments and corrections on the
manuscript. This study was supported by a grant from the Cuban National Program for the
development of a system for Depth of Anaesthesia estimation supported by the Cuban Ministry of
Science and Technology (CITMA).

References
1. Buzsaki G. Rhythms of  the brain, Oxford University Press.2006
https://doi.org/10.1093/acprof:0s0/9780195301069.001.0001
2. Hipp JF, Hawellek DJ, Corbetta M, Siegel M, Engel A K. Large-scale cortical correlation structure
of spontaneous oscillatory activity. Nat Neurosci. 2012; 15: 884-890.
3. Rampil 1J. A primer for EEG signal processing in anesthesia. Anesthesiology. 1998
Oct;89(4):980-1002. https://doi.org/ 10.1097/00000542-199810000-00023.
4. Nolte G. Marzetti L, Valdes Sosa P. Minimum Overlap Component Analysis (MOCA) of
EEG/MEG data for more than two sources. J Neurosci Methods. 2009 Sep 30;183(1):72-6.
https://doi.org/ 10.1016/j.jneumeth.2009.07.006.
5. Brown EN, Lydic R, Schiff ND. General anesthesia, sleep, and coma. N Engl J] Med. 2010 Dec
30;363(27):2638-50. https://doi.org/: 10.1056/NEJMra0808281.
6. Ramsay, M.A., 2006, January. John Snow, MD: Anaesthetist to the Queen of England and
pioneer epidemiologist. Baylor University Medical Center Proceedings 2006, 1924-28.
7. Brown EN, Purdon PL, Van Dort CJ. General anesthesia and altered states of arousal: a systems
neuroscience analysis. Annu Rev Neurosci. 2011;34:601-28. https://doi.org/ 10.1146/annurev-
neuro-060909-153200.
8. Pal D, Silverstein BH, Sharba L, Li D, Hambrecht-Wiedbusch VS, Hudetz AG, et al. Propofol,
sevoflurane, and ketamine induce a reversible increase in delta-gamma and theta-gamma phase-
amplitude coupling in frontal cortex of rat. Front Syst Neurosci. 2017;11:41. https://doi.org/
10.3389/fnsys.2017.00041.
9. Aspect Medical Systems. Bispectral Index (BIS) Monitoring System. Service Information
Manual. Norwood, MA, 2009

Este documento esta bajo Licencia de Creative Commons Reconocimiento-NoComercial 4.0
Internacional



https://creativecommons.org/licenses/by-nc/4.0/deed.es_ES
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/acprof:oso/9780195301069.001.0001
https://www.ncbi.nlm.nih.gov/pubmed/22561454
https://www.ncbi.nlm.nih.gov/pubmed/22561454
https://www.ncbi.nlm.nih.gov/pubmed/19596027
https://www.ncbi.nlm.nih.gov/pubmed/19596027

-

Revista Cubana de Informatica Médica 2024;16(1):e721 ecima’o

’1\

10. De Deyne C., Struys M. Decruyenaere J.Use of continuous bispectral EEG monitoring to assess
depth of sedation in ICU patients. Intensive Care Med. 1998 ;24(12):1294-8. https://doi.org/
10.1007/s001340050765.

11. Takahashi S. Sakai, T. Matsuki, A. Relationship between bispectral index and sleep stages in
man. Anesth Analg 1999; 88: 57S-64S.

12. Shinozaki G, Bormann N. L., Chan A. C,, Zarei K., Sparr N.A., Klisares M.J. Identification of
Patients With High Mortality Risk and Prediction of Outcomes in Delirium by Bispectral EEG. J Clin
Psychiatry. 2019 Sep 3;80(5):19m12749. https://doi.org/ 10.4088/JCP.19m12749.

13. Ashrafa D. Thinking outside the box. Off-label use of Bispectral index within context and
limitations for conditions other than depth of anesthesia Minerva Anestesiol. 2019;85(2):189-
193. doi: 10.23736/5S0375-9393.18.13033-1

14. Shepherd J, Jones J, Frampton G, Bryant J, Baxter L, Cooper K. Clinical effectiveness and cost-
effectiveness of depth of anaesthesia monitoring (E-Entropy, Bispectral Index and Narcotrend): a
systematic review and economic evaluation. Health Technol Assess. 2013 ;17(34):1-264.
https://doi.org/ 10.3310/htal17340.

15. Anderson RE, Jacobsson JG. Cerebral state monitor, a new small handheld EEG monitor for
determining depth of anaesthesia: a clinical comparison with the bispectral index during day-
surgery. Eur J Anaesthesiol. 2006 ;23(3):208-12. https://doi.org/ 10.1017/50265021505002206.
16. Lai RC, Lu YL, Huang W, Xu MX, Lai JL, Xie JD. Application of a narcotrend-assisted monitor for
depth of anesthesia on microwave coagulation for the patients with liver cancer during total
intravenous anesthesia with propofol and fentanyl. Chin J Cancer. 2010 ;29(1):117-20.
https://doi.org/ 10.5732/cjc.009.10244. PMID: 20038323.

17. Assareh H, Anderson RE, Uusijarvi J, Jakobsson J. Sevoflurane requirements during
ambulatory surgery: a clinical study with and without AEP-index guidance. Acta Anaesthesiol
Scand. 2002 ;46(5):495-9. https://doi.org/ 10.1034/j.1399-6576.2002.460504..x.

18, Chisholm CJ, Zurica J, Mironov D, Sciacca RR, Ornstein E, Heyer EJ. Comparison of
electrophysiologic monitors with clinical assessment of level of sedation. , Mayo Clin Proc.
2006;81(1):46-52. https://doi.org/ 10.4065/81.1.46.

19. Zhao J, Zhenming K, Wenqin X, Huimei L, Yang L. Effects of Depth of Anesthesia Monitored by
loC on Patients Undergoing Laparoscopic Radical Resection of Colorectal Cancer. Mol Ther
Methods Clin Dev. 2020; 18:304-311. https://doi.org/ 10.1016/j.0mtm.2020.05.

20. Schmidt GN, Bischoff P, Standl T, Hellstern A, Teuber O, Schulte Esch J. Comparative
evaluation of the Datex-Ohmeda S/5 Entropy Module and the Bispectral Index monitor during
propofol-remifentanil anesthesia. Anesthesiology. 2004; 101(6):1283-90. https://doi.org/
10.1097/00000542-200412000-00007.

21. Liu Q, Ma L, Fan SZ, Abbod MF, Shieh JS. Sample entropy analysis for the estimating depth of
anaesthesia through human EEG signal at different levels of unconsciousness during surgeries.
Peer). 2018 May 23; 6:€4817. https://doi.org/10.7717/peerj.4817.

22. Rilling G, Flandrin P, Gongalves P, Lilly, JM Bivariate empirical mode decomposition. IEEE
Signal Processing Letters 2007; 14: 936-939 https://doi.org/ 10.1109/LSP.2007.904710

23. Huang NE; Wu Z. A review on Hilbert-Huang transform: Method and its applications to
geophysical studies.Rev. Geophys 2008;46(2): RG2006. https://doi.org/10.1029/2007RG000228
24. Hagihira S, Takashina M, Mori T, Mashimo T, Yoshiya I. Practical Issues in Bispectral Analysis
of Electroencephalographic Signals. Anesth Analg. 2001 ;93(4):966-70. https://doi.org/
10.1097/00000539-200110000-00032.

Este documento esta bajo Licencia de Creative Commons Reconocimiento-NoComercial 4.0
Internacional



https://creativecommons.org/licenses/by-nc/4.0/deed.es_ES
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1109/LSP.2007.904710
https://doi.org/10.1029%2F2007RG000228
https://doi.org/10.1029%2F2007RG000228
http://dx.doi.org/10.1029/2007RG000228

74

Revista Cubana de Informatica Médica 2024;16(1):e721 ecimMED

25. Shahbazi F.,, Ewald A., Nolte G. Univariate normalization of bispectrum using Hélder's
inequality. J Neurosci Methods. 2014; 233:177-86. https://doi.org/
10.1016/j.jneumeth.2014.05.030.

26. Herndndez-Caceres JL, Gonzalez-Fernandez RI, Ontivero-Ortega M, Nolte G. Introducing BisQ,
a Bicoherence-Based Nonlinear Index to Explore the Heart Rhythm. Math. Comput. Appl. 2020;
25: 45-52. https://doi.org/10.3390/mca25030045

27. Hagihira S, Takashina M, Mori T, Mashimo T, Yoshiya I. Practical Issues in Bispectral Analysis
of Electroencephalographic Signals. A nesth Analg. 2001 ;93(4):966-70, table of contents.
https://doi.org/ 10.1097/00000539-200110000-00032.

28. Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of
clinical measurement. Lancet. 1986 ;1(8476):307-10.

29. Jensen O, Colgin LL. Cross-frequency coupling between neuronal oscillations. Trends Cogn Sci.
2007 Jul;11(7):267-9. https://doi.org/ 10.1016/j.tics.2007.05.003.

30. Fisahn A. Pike FG. Buhl EH. Paulsen O. Cholinergic induction of network oscillations at 40 Hz in
the hippocampus in vitro. Nature. 1998; 394(6689):186-9. https://doi.org/ 10.1038/28179.

31. Steriade M, Dossi RC, Paré D, Oakson G. Fast oscillations (20-40 Hz) in thalamocortical
systems and their potentiation by mesopontine cholinergic nuclei in the cat. Proc Natl Acad Sci U
S A. 1991 May 15;88(10):4396-400. https://doi.org/ 10.1073/pnas.88.10.4396.

32. Ueda K. Nittono H. Hayashi M. Hori T. Spatiotemporal changes of slow wave activities before
and after 14Hz/12Hz sleep spindles during stage 2 sleep. Pychiatry Clin Neurosci. 2001 ;55(3):183-
4. https://doi.org/ 10.1046/j.1440-1819.2001.00817 .x.

33. Date A, Bashir K, Uddin A, Nigam C. Differences between natural sleep and the anesthetic
state. Future Sci OA. 2020 :FSO664. https://doi.org/ 10.2144/fsoa-2020-0149.

Conflicts of Interests
None to declare

Author Contributions
Dr. C. José Luis Hernandez-Caceres: contributed to the research design and discussion of the analysis
strategies and wrote the manuscript. Dra. C. Lourdes Diaz-Comas, Lic. José Manuel Antelo-Cordovés,
Dra. C. Marlis Ontivero-Ortega, Lic. Ronaldo Cesar Garcia-Reyes, Dra. C. Lidia Charro6-Ruiz, Dra. C.
Ana Calzada-Reyes: contributed to analysis strategies and wrote the manuscript. All authors
contributed to the article and approved the submitted version.

Este documento esta bajo Licencia de Creative Commons Reconocimiento-NoComercial 4.0
Internacional



https://creativecommons.org/licenses/by-nc/4.0/deed.es_ES
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ncbi.nlm.nih.gov/pubmed/24975293
https://www.ncbi.nlm.nih.gov/pubmed/24975293
https://doi.org/10.3390/mca25030045

