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Poincaré Plot Area of Gamma-Band EEG as a Measure of Emergence From Inhalational General Anesthesia
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The Poincaré plot obtained from electroencephalography (EEG) has been used to evaluate the depth of anesthesia. A standalone EEG Analyzer application was developed; raw EEG signals obtained from a bispectral index (BIS) monitor were analyzed using an on-line monitoring system. Correlations between Poincaré plot parameters and other measurements associated with anesthesia depth were evaluated during emergence from inhalational general anesthesia. Of the participants, 20 were adults anesthetized with sevoflurane (adult_SEV), 20 were adults anesthetized with desflurane (adult_DES), and 20 were pediatric patients anesthetized with sevoflurane (ped_SEV). EEG signals were preprocessed through six bandpass digital filters (f0: 0.5–47 Hz, f1: 0.5–8 Hz, f2: 8–13 Hz, f3: 13–20 Hz, f4: 20–30 Hz, and f5: 30–47 Hz). The Poincaré plot-area ratio (PPAR = PPA_fx/PPA_f0, fx = f1∼f5) was analyzed at five frequency ranges. Regardless of the inhalational anesthetic used, there were strong linear correlations between the logarithm of PPAR at f5 and BIS (R2 = 0.67, 0.79, and 0.71, in the adult_SEV, adult_DES, and ped_SEV groups, respectively). As an additional observation, a part of EMG activity at the gamma range of 30–47 Hz probably influenced the calculations of BIS and PPAR_f5 with a non-negligible level. The logarithm of PPAR in the gamma band was most sensitive to state changes during the emergence process and could provide a new non-proprietary parameter that correlates with changes in BIS during measurement of anesthesia depth.
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INTRODUCTION

The need to maintain a proper depth of general anesthesia (GA) during surgery is an important aspect of anesthesiology. An underdose of anesthetics increases the risk of intraoperative awareness, which may cause long-term psychological problems for the patient (Leslie et al., 2010; Bischoff and Rundshagen, 2011). An overdose of anesthetics may lead to postoperative neurocognitive dysfunction (Cole and Kharasch, 2018). Among various technologies used to optimize the depth of anesthesia, indices for monitoring processed electroencephalograms (EEG), such as bispectral index (BIS), and patient state index (PSI), are popular and have been used in various clinical studies (Fahy and Chau, 2018). Although these anesthesia depth monitoring methods are not standardized, their clinical usefulness is unquestionable as they are widely used by anesthesiologists worldwide. However, most of these devices use proprietary algorithms to measure the depth of anesthesia; moreover, clinical studies using these monitors have demonstrated controversial outcomes. Some trials reported that a BIS protocol reduced the incidence of intraoperative awareness (Ekman et al., 2004; Myles et al., 2004), while others failed to show the superiority of BIS for prevention of intraoperative awareness (Avidan et al., 2008, 2011; Lewis et al., 2019). Similarly, several clinical studies have concluded that the advantages of EEG-guided management include a lower incidence of delirium (Chan et al., 2013; Radtke et al., 2013; Luo and Zou, 2018; MacKenzie et al., 2018), whereas more recent studies failed to show the superiority of EEG-guided management (Wildes et al., 2019; Tang et al., 2020). These controversial outcomes have been explained by several factors (Abbott and Pearse, 2019; Whitlock and Avidan, 2020). Carrying out research using parameters for which the calculation algorithms are unknown raises concerns that simple comparisons cannot be performed among studies. Thus, there is a need to develop a multifaceted and non-proprietary algorithm for the evaluation of anesthesia depth.

There are several notable research approaches regarding the quantification of anesthesia depth, such as cardiorespiratory interactions in distinguishing awake from anesthetized states (Musizza et al., 2007; Kenwright et al., 2015), anesthesia-induced alterations of functional connectivity across the cortex (potentially important for both consciousness and anesthesia) (Chang et al., 2016; Li et al., 2019), and recurrence quantification analysis (Becker et al., 2010). Also, various methods based on entropy analysis have been reported (Bruhn et al., 2000b; Jiang et al., 2015; Su et al., 2016). Some of them seem useful for identifying burst suppression observed in the deep anesthesia phase (Liang et al., 2015). On the other hand, few reports of EEG parameters show the effectiveness in the shallow anesthesia phase leading to the arousal stage. As the BIS monitor combines multiple algorithms to calculate the BIS value for anesthesia depth, it is unlikely that there will be a universal index with a single EEG parameter covering all anesthesia phases at the different anesthesia depth levels.

One approach involves the Poincaré plot, which has been used to analyze various physiological signals (Tulppo et al., 1996; Carrasco et al., 2001; Golińska, 2013). The Poincaré plot is a type of recurrence plot used to quantify self-similarity in processes, usually periodic functions; it can be used to distinguish chaos from randomness by embedding a dataset into a higher-dimensional state space (Golińska, 2013). The Poincaré plot generated from EEG signals has shown correlations with the spectral edge frequency below which 95% of a given signal’s power (SEF95) is located during inhalational anesthesia (Hayashi et al., 2015a,b). However, this correlation between SEF95 and Poincaré plot indices, similar to the correlation between BIS and SEF95, was observed only when the depth of anesthesia is somewhat deep and dissociated during the awakening process from GA. Therefore, in this study, we focused on the emergence from GA, and we thought it is crucial to analyze the higher frequency band of EEG to capture the arousal state. We applied Poincaré plot analysis to processed EEG signals with finite impulse response (FIR) bandpass filters to investigate systematic changes to the Poincaré plot during GA. The Poincaré plot analysis applied to the bandpass-filtered EEG is positioned between time- and frequency domain analysis. We think it is a new method that may incorporate time- and frequency-domain analysis characteristics in univariate time-series analysis. Here, we report that the Poincaré plot-area ratio (PPAR) of gamma-band EEG constitutes a new independent parameter with sensitivity for state changes from anesthesia to arousal during the emergence process.



MATERIALS AND METHODS


Anesthesia Management and Data Acquisition

All experiment protocols involving humans were conducted in accordance with the principles of the Declaration of Helsinki. The current study was approved (No. ERB-C-1074-2) by the Institutional Review Board for Human Experiments at the Kyoto Prefectural University of Medicine (IRB of KPUM), and for this non-interventional and noninvasive retrospective observational study, informed patient consent was waived by the IRB of KPUM; patients were provided an opt-out option, of which they were notified in the preoperative anesthesia clinic. In our facility, the use of a BIS monitor is routine for adult and pediatric patients who undergo surgery involving GA. The anesthesiologists in charge of management did not receive notice of the study and planned the anesthesia methods for scheduled surgeries in accordance with our facility’s standard care protocol, without any feedback regarding the on-line analysis of processed EEG signals. Patients were not premedicated before anesthesia induction, in accordance with our facility’s standard protocol. An anesthetic gas monitor (IntelliVue G5 Anesthesia Gas Module, Philips, Amsterdam, Netherlands) was used for the measurement of end-tidal sevoflurane (etSEV) and desflurane (etDES) concentrations. The end-tidal anesthetic gas concentration (etAG) was automatically recorded at 1-min intervals on a data server, then retrieved after the completion of anesthesia management. Based on the etAG data for each minute, etAG values at 20-s intervals were obtained by spline interpolation. In pediatric patients, GA was induced with an inhalational mixed gas, whereas in adult patients, rapid induction with propofol was employed (because of the irritating effects of desflurane on the respiratory tract during slow induction, all anesthesiologists in our facility refrain from the use of desflurane in children). After anesthesia induction, rocuronium (0.8–1.0 mg × kg–1) was intravenously administered, and tracheal intubation was conducted. The anesthesia was maintained with approximately 2.5% sevoflurane or 6% desflurane, small doses of fentanyl (1 μg × kg–1 per dose), and additional maintenance doses rocuronium (0.2 mg × kg–1 at intervals of 20–30 min). The timing of sugammadex administration was significantly earlier in the adult_SEV group than in the adult_DES group (p < 0.05) (Table 1). The timing of the end of surgery was significantly earlier in the adult_SEV group than in either adult_DES (p < 0.05) or ped_SEV groups (p < 0.01) (Table 1). In this EEG analysis, we focused on the 10-min period beginning around the end of surgery and ending with emergence from anesthesia; the study of EEG during the emergence process is important for preventing accidental intraoperative awakening. We analyzed the changes in correlations over time of various Poincaré plot parameters with etAG, EEG parameters such as observed BIS, SEF95, and total power (TP), and electromyography (EMG) parameter EMGlow.


TABLE 1. Patient characteristics and anesthesia management parameters.
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Poincaré Plot Indices

A BIS Quatro sensor was mounted on the frontal region, in accordance with the manufacturer’s recommendations. The digitized EEG packets with a sampling frequency of 128 Hz were obtained through the serial output of the BIS monitor that sent a packet of sixteen sets of EEG μV data (32 bits) and eight packets per second (128 Hz); 8 s of EEG yielded 1,024 data points. Besides, a packet containing processed EEG valuables such as EMGlow (absolute power in the 70–110 Hz range, and, and values in decibel [dB] with respect to 0.0001 μV2) was obtained through the serial output of the BIS monitor once every second. For each 8-s data set, raw EEG signals were reconstructed from each digitized EEG packet and processed through six settings of FIR bandpass filters, f0: 0.5–47 Hz, f1: 0.5–8 Hz, f2: 8–13 Hz, f3: 13–20 Hz, f4: 20–30 Hz, and f5: 30–47 Hz (Figure 1A). For each FIR bandpass-filtered EEG dataset, the SEF95, TP, and power spectrum were calculated. The Poincaré plot was constructed from the FIR-filtered EEG using 8-s epochs of the EEG signal (1,024 data points). The calculation of Poincaré plot parameters using FIR-filtered EEG A pair of EEG voltages with 1/128-s time lag (the shortest time lag under 128 Hz sampling rate of BIS monitor’s EEG) was plotted in the XY plane, first at a specific time (X: x(k)) and then after a time delay (Y: x(k+1)). To analyze the distribution of EEG patterns in the Poincaré plot, the standard deviation (SD) of the EEG voltage dispersion was measured along and perpendicular to the diagonal line of identity (SD1 and SD2, respectively, Figure 2). SD1 and SD2 represent the minor and the major semi-axes of this fitted ellipse. SD1 is the standard deviation of the distances of points from axis 1 and determines the width of the ellipse (short-term variability), while SD2 equals the standard deviations from axis 2 and length of the ellipse (long-term variability). The equations for the Poincaré plot parameters are as follows (Brennan et al., 2001; Golińska, 2013; Khandoker et al., 2013):
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FIGURE 1. EEG Analyzer software as a real-time monitor of the Poincaré plot. The EEG Analyzer (downloadable for free use from the blog site Science to Medicine, EEG Analyzer ver. 54_GP, http://www.anesth-kpum.org/blog_ts/?p=3169) was developed using the open-source Processing 3.5 software package with the Apache Commons Mathematics Library (version 3.6.1, Apache Software Foundation, Forrest Hill, MD, United States) and a Java Virtual Machine (Oracle, Redwood Shores, CA, United States) with Java class libraries (javax.swing, java.AWT, and java.io packages). (A) Flow chart of on-line Poincaré plot analysis of processed EEG data. EEG waves obtained from the BIS VISTA A-3000 were passed through six bandpass filters for fast Fourier transform frequency analysis. Then, processed EEG data at each filtered range was subjected to Poincaré plot analysis during general anesthesia management. (B) The EEG Analyzer (connected to a VISTA A-3000 BIS monitor to collect EEG packets through an RS-232 interface) displays BIS, SEF95, total power, frequency spectrum, and the Poincaré plot of bandpass-filtered EEG data. Digitized EEG packets with a sampling frequency of 128 Hz were obtained through the serial output of the BIS monitor. Eight seconds of EEG analysis yields 1,024 data points, resulting in a Poincaré plot with 1,024 data points. The Fc-PIS shown on the screen was not yet optimized. BIS, bispectral index; EEG, electroencephalogram; Fc-PIS, frequency analysis-cooperated Poincaré plot-integrated score; SEF95, spectral edge frequency below 95% of the power of a given signal is located.
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FIGURE 2. Poincaré plot: SD1/SD2 and Poincaré plot area (SD1 × SD2 × π). A pair of EEG voltages with 1/128-s time lag was plotted in the XY plane, first at a specific time (X: x(k)) and then after a time delay (Y: x(k+1)). SD1 represents the standard deviation of the Poincaré plot perpendicular to the line-of-identity, while SD2 represents the standard deviation of the Poincaré plot along the line-of-identity. EEG, electroencephalogram.
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where SD(xk) is a standard deviation of the time series xk.

The SD1/SD2 ratio, which characterizes the sharpness of the scattered pattern, has been reportedly used for estimation of anesthesia depth (Hayashi et al., 2015a,b). However, in the present study, the Poincaré plot area (PPA) was calculated with the equation SD1 × SD2 × π (Data Sheet 1, Supplementary Method, the example codes of Poincaré plot parameters–calculations with sample data using Python in Jupyter Notebook, and Processing). Our novel approach comprised dividing the PPA of each frequency range by the PPA of the f0 range (PPA_f0) and defining the result as the PPAR (PPAR = PPA_fx/PPA_f0, fx = f1∼f5). The value of BIS was simultaneously collected from digital packets received from the BIS monitor, then recorded at 3-s intervals into the output data file.

Prior to this study, we created a software application named EEG Analyzer (downloadable for free use from our blog site, Science to Medicine, EEG Analyzer ver. 54_GP, 1) (Figure 1B), through which raw EEG signals are obtained from a VISTA A-3000 BIS monitor (Application revision 3.22, Medtronic, Minneapolis, MN, United States) in the legacy mode using an RS-232 interface to a personal computer (Surface Pro 4, Microsoft Co., Redmond, WA, United States). The Processing 3.5 software package (ver. 3.5.3, 2, MIT Media Lab, Massachusetts Institute of Technology, Cambridge, MA, United States) was used with the Apache Commons Mathematics Library (version 3.6.1, 3, Apache Software Foundation, Forrest Hill, MD, United States) and a Java Virtual Machine (Oracle, Redwood Shores, CA, United States) with Java class libraries (javax.swing, java.AWT, and java.io packages). Through Processing’s integrated development environment, the program code for the EEG analysis was compiled using a Java Virtual Machine to build an execution file as a standalone application that functions in both Microsoft Windows 10 (Microsoft Co.) and Mac OS X (Apple, Inc. Cupertino, CA, United States).



Data Processing and Statistics

For parametric regression with curve fitting function and creation of graphs, Microsoft Excel for Mac (ver. 16.16.5, Microsoft Corp., Redmond, WA, United States) and RINEARN Graph 3D (ver. 5.6, 4, RINEARN, Kyoto, Japan) were used, respectively. Changes in various EEG parameters between two-time points, 10 min before emergence (EM–10) and at the time of emergence (EM0), were statistically compared using paired t-tests with InStat 3 (GraphPad Software, San Diego, CA, United States). Root mean square error (RMSE) and coefficients of determination (R2) were calculated as estimators for the regression analyses. For group comparisons of patients’ background characteristics, one-way analysis of variance (ANOVA) was first used to evaluate variation among group means. Only when the variation among group means was greater than expected by chance (p < 0.05), Student-Newman-Keuls multiple comparisons test was performed to evaluate the mean variation between the two groups. p < 0.05 was considered significant. For time-course comparisons, Student t-tests (paired, two tail p-value) were used. The p-values < 0.05 were considered significant.



RESULTS


Time Course of etAG, BIS, and SEF95 From Hypnosis to Emergence

Data were analyzed from 20 adults anesthetized with sevoflurane (adult_SEV group), 20 adults anesthetized with desflurane (adult_DES group), and 20 pediatric patients (aged 1–10 years) anesthetized with sevoflurane (ped_SEV group). All 60 patients from the three groups were also included in a combined group (all_combined group) (Table 1). All of the patients had the American Society of Anesthesiologists’ physical status values of 1–2 without any neurological diseases (Supplementary Table 1).

In the time-course from the hypnotic state to arousal during the 10-min process of emergence from GA (Figure 3), etSEV in the adult_SEV group, etDES in the adult_DES group, and etSEV in the ped_SEV group decreased from 0.97 ± 0.32, 3.71 ± 0.84, and 1.34 ± 0.75 to 0.17 ± 0.10, 0.68 ± 0.42, and 0.27 ± 0.16, respectively (p < 0.05 for all three groups). BIS values of the three groups increased from 52.9 ± 8.9, 41.9 ± 8.8, and 65.4 ± 14.9 to 80.5 ± 13.8, 84.7 ± 16.4, and 88.4 ± 9.1, respectively (p < 0.05 for all three groups). SEF95 increased from 16.8 ± 2.5 Hz, 13.6 ± 1.9 Hz, and 20.8 ± 4.5 Hz to 21.7 ± 4.4 Hz, 20.3 ± 4.6 Hz, and 24.1 ± 3.3 Hz, respectively (p < 0.05 for all three groups). RelativeBetaRatio (RBR), a subparameter of BIS, tended to increase (p < 0.05). EMGlow, which corresponds to the EMG power of 70–110 Hz, also increased for all three groups (p < 0.05). In the all_combined group, significant differences (p < 0.05) between EM–10 and EM0 were detected for etAG, BIS, SEF95, RBR, and EMGlow (Figure 3). Supplementary Tables 2, 3 show the detailed measurements in each of the four groups.
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FIGURE 3. Time-course changes of parameters in the adult_SEV, adult_DES, ped_SEV, and all_combined groups. etAG, BIS, SEF95 RelativeBetaRatio (BetaRatio), and EMGlow of EEG. Plots of the time course from the hypnotic condition to the awake state of (1) etAG, (2) BIS, (3) SEF95, and the BIS subparameters (4) RelativeBetaRatio (BetaRatio), and (5) EMGlow. adult_SEV, adults anesthetized with sevoflurane (n = 20); adult_DES, adults anesthetized with desflurane (n = 20); ped_SEV, pediatric patients anesthetized with sevoflurane (n = 20); all_combined, all patients from the three groups (n = 60). Data are shown as mean ± SD. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 by Student’s paired t-test between the values at EM–10 and EM0. BIS, bispectral index; EM–10, 10 min before emergence; EM0, at the time of emergence; etAG, end-tidal anesthetic gas concentration; SEF95, spectral edge frequency below which 95% of the power of a given signal is located; EMGlow, a BIS monitor-derived electromyography parameter corresponding to absolute power in the 70–110 Hz range, and values in decibel (dB) with respect to 0.0001 μV2.




Time Course of TP and Poincaré Plot Parameters From Hypnosis to Arousal

The time-course changes of TP were analyzed at each frequency band. In each frequency band, TP decreased over time, although small increases were observed in the last few minutes of TPf5 in the adult_SEV group, as well as in the last few minutes of TPf4 and TPf5 in the adult_DES group (p < 0.05) (Supplementary Figure 1A). Next, Poincaré plot parameters (SD1 and SD2), which were obtained from the Poincaré plot-analysis of a pair of FIR-filtered EEG μV with a 1/128-s time lag, were analyzed at each frequency band. The time-course changes of SD1/SD2 depended strongly on the frequency band: gradual increases of SD1/SD2 were observed in f0, f3, f4, and f5, while gradual decreases were observed in f1 and f2 (Supplementary Figure 1B). However, the overall mean value changes of SD1/SD2 across all frequency bands were small compared to their standard deviations.

PPA, which is calculated from SD2 × SD2 × π, changed dynamically during the emergence process (Supplementary Figure 1C). The absolute values of PPA in the ped_SEV group were approximately five times larger than those values in the adult groups. The changes in PPA were not consistent over time: the values of PPA_f4 and PPA_f5 suddenly increased over the last 2–3 min in all three groups (p < 0.05, PPA_f5). A similar increase in PPA_f0 was observed during the final phase of emergence. Next, the calculated absolute values of PPA were significantly different among the three groups. Therefore, the adjustment was performed: the ratios of PPA at each frequency range to PPA_f0 were calculated as PPAR (PPAR of each frequency-range/PPAR of the f0: 0.5–47 Hz range) throughout the time course from the hypnotic condition to the awake state. The results showed that the PPAR values for all three groups fit into the same plotting range. Drastic changes in PPAR were detected among f1–f5 across all three groups (Figure 4). PPAR_f2 and PPAR_f3 significantly decreased (p < 0.05 for all three groups), while PPAR_f5 significantly increased (p < 0.01 for all three groups). The time-course changes of PPAR_f5 demonstrated notable changes 2–3 min before emergence: although the values of PPAR_f5 remained near 0 for the first 7–8 min, the values began to increase in the final few minutes before emergence. The mean changes in TP, SD1/SD2, PPA, and PPAR values in each frequency range over time are summarized in Figure 5. Changes of parameters in f5, such as PPA_f5 and PPAR_f5, were remarkable among all five hierarchical frequency bands. In the all_combined group, for etAG, significant differences (p < 0.05) were detected in both SD1/SD2 and PPAR at all five hierarchical frequency bands (Figure 4 and Supplementary Table 2B).
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FIGURE 4. Time-course changes of parameters in the adult_SEV, adult_DES, ped_SEV, and all_combined groups. (1–5) Plots of the time course of the PPAR (Poincaré plot area of each frequency-range/Poincaré plot area of the f0: 0.5–47 Hz range) throughout the time course from the hypnotic condition to the awake state. (6) log10(PPAR_f5) and PIS. (7) Poincaré plot-integrated score (PIS). PIS = 25 × log10(PPAR_f5) + 112.5. adult_SEV, adults anesthetized with sevoflurane (n = 20); adult_DES, adults anesthetized with desflurane (n = 20); ped_SEV, pediatric patients anesthetized with sevoflurane (n = 20); all_combined group, all patients from the three groups (n = 60). Data are shown as mean ± SD. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 by Student’s paired t-test between the values at EM–10 and EM0. EM–10, 10 min before emergence; EM0, at the time of emergence; PPAR, Poincaré plot-area ratio.
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FIGURE 5. Time-course changes of mean values of EEG parameters in the adult_SEV, adult_DES, and ped_SEV groups, and etAG in the all_combined group. Mean values of (1) total power, (2) SD1/SD2 of the Poincaré plot, (3) Poincaré plot area (PPA), and (4) Poincaré plot-area ratio (PPAR: PPA of each frequency-range/PPA value of the f0:0.5–47 Hz range) throughout the time course from the hypnotic condition to the awake state. Data are shown as means. adult_SEV, adults anesthetized with sevoflurane (n = 20); adult_DES, adults anesthetized with desflurane (n = 20); ped_SEV, pediatric patients anesthetized with sevoflurane (n = 20); all_combined group, all patients from the three groups (n = 60). Plots of the time course range from the hypnotic condition (EM–10) to the awake state (EM0). EM–10, 10 min before emergence; EM0, at the time of emergence; PPAR, Poincaré plot-area ratio.




Correlations of SD1/SD2 With etAG and BIS, and Correlations of PPAR With etAG and BIS

Next, using 4,000 data points obtained from 20 patients, the relationships of SD1/SD2 with etAG and BIS were evaluated (Supplementary Figure 2A). Differences in the distributions of SD1/SD2, compared with etAG and BIS, are present in each frequency range plot. Analysis of the relationship between SD1/SD2 and etAG showed that when etAG decreased, SD1/SD2 tended to be dispersed across all plots. Overall, both linear and logarithmic correlations between SD1/SD2 of six frequency bands and BIS in all three groups were low (R2 ≤ 0.5). The relationships of PPAR with etAG and BIS were also evaluated (Supplementary Figure 2B). Scatter plots were created to assess PPAR at five frequency bands, compared with etAG. In plots between PPAR_f5 and etAG, hyperbolic shapes with large variation at low etAG values were observed in all three groups. Regarding the linear correlation between PPAR_f1 and BIS, the R2 values in all three groups were less than 0.44. PPAR_f2 and PPAR_f3 showed biphasic changes against BIS in all three groups. Logarithmic correlations between PPAR_f4 and BIS showed R2 values of 0.36, 0.59, and 0.27 for adult_SEV, adult_DES, and ped_SEV groups. The relationships between PPAR_f5 and BIS in the three groups are summarized in Figure 6. Regarding the logarithmic correlations between PPAR_f5 and BIS, R2 values were 0.67, 0.79, and 0.71, respectively [Figure 6A(3)]. Regarding the logarithmic correlation between PPAR_f5 and BIS in the all_combined group, R2 was 0.78 [Figure 6B(3)].
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FIGURE 6. Relationship between Poincaré plot-area ratio at f5:30–47 Hz (PPAR_f5), BIS, and etAG. Scatter plots display correlations between (1) etAG (%) and BIS, (2) PPAR_f5 and etAG (%), and (3) PPAR_f5 and BIS (A) in the adult_SEV, adult_DES, and ped_SEV groups and (B) in the all_combined group. (4) 3D-scatter plot between end-tidal concentrations (%MAC), PPAR_f5, and BIS in the all_combined group. (C) Semi-logarithmic scatter plots between Poincaré plot-integrated score (PIS) and BIS in the adult_SEV, adult_DES, ped_SEV, and all_combined groups. PIS = 25 × log10(PPAR_f5)+112.5. Minimum alveolar concentration at 50% (MAC) values of sevoflurane and desflurane were calculated by using 1.71 and 7.25, respectively. adult_SEV, adult patients anesthetized with sevoflurane (n = 20); adult_DES, adult patients anesthetized with desflurane (n = 20); ped_SEV, pediatric patients anesthetized with sevoflurane (n = 20); all_combined, all patients from the three groups (n = 60). RINEARN Graph 3D (free software ver 5.6, https://www.rinearn.com, RINEARN, Kyoto, Japan) was used for the creation of graphs. BIS, bispectral index; etAG, end-tidal anesthetic gas; etDES, end-tidal sevoflurane concentration; etSEV, end-tidal sevoflurane concentration; PIS, Poincaré plot-integrated score; PPAR_f5, Poincaré plot-area ratio at f5:30–47 Hz; R2, coefficient of determination.




Correlations of log10(PPAR_f5) With BIS

During the emergence process, the all_combined group exhibited a gradual reduction of the average etAG from 0.61 ± 0.30% to 0.12 ± 0.08%; furthermore, the average BIS gradually increased from 53.4 ± 14.7 to 84.6 ± 13.6 [Figure 3(1, 2)]. Because the relationship between PPAR_f5 and BIS fit well to a logarithmic curve with high R2 values in all three groups, the relationship between log10(PPAR_f5) and BIS was fitted using linear regression (Figure 6C). Thus, the depth of anesthesia captured by the logarithmic value of PPAR_f5, or by BIS, changed in a nearly linear manner from the state of anesthesia to emergence. Therefore, BIS is an index that can be easily understood by anesthesiologists because it converts the depth of anesthesia into a score ranging from 0 to 100; the logarithmic value of PPAR_f5 can also be easily converted to a 0–100 range. From the data of our 60 cases, PPAR_f5 = 0.3162 (logarithmic value −0.5) was defined as Poincaré plot-integrated score (PIS) = 100, and PPAR_f5 = 0.0031623 (logarithmic value −2.5) was defined as PIS = 50. The linear regression conversion formula for calculating the PIS value from PPAR_f5 then became PIS = 25 × log10 (PPAR_f5)+112.5. Figure 4(6, 7) show the time-course changes of log10(PPAR_f5) and calculated PIS values in the four groups. R2 between PIS and BIS in the three groups, which was between 0.67 and 0.79 (Figure 6C), is mathematically identical to the R2 between the original PPAR_f5 and BIS [Figure 6A(3)]. In the all_combined group, the regression equation BIS = 1.12 × PIS −11.68 was obtained (R2 = 0.78) (Figure 6C).



Correlations of EMGlow With BIS and PPAR_f5

While, during the emergence process, the all_combined group exhibited a gradual increase of the average BIS from 53.4 ± 14.7 to 84.6 ± 13.6 [Figure 3(2)], the average EMGlow gradually increased from 2943.5 ± 465.7 to 5063.9 ± 1082.0 (Figure 3(5), Supplementary Table 2B). R2 of the logarithmic regressions between EMGlow and BIS in the three groups were between 0.24 and 0.54 [Figure 7(1)], and R2 of the exponential regressions between EMGlow and PPAR_f5 were between 0.39 and 0.64 [Figure 7(2)]. EMGlow is an absolute power at the range of 70–110 Hz. These results implied that, although the R2 of the regressions between EMGlow and PPAR_f5 was not so great as that between BIS and PPAR_f5, a part of EMG activity at the gamma range of 30–47 Hz probably influenced the calculations of BIS and PPAR_f5 with a non-negligible level.
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FIGURE 7. Relationships of EMGlow with BIS and Poincaré plot parameter PPAR_f5. Scatter plots display correlations between (1) EMGlow and BIS and (2) EMGlow and PPAR_f5 in the adult_SEV, adult_DES, and ped_SEV groups and in the all_combined group. adult_SEV, adult patients anesthetized with sevoflurane (n = 20); adult_DES, adult patients anesthetized with desflurane (n = 20); ped_SEV, pediatric patients anesthetized with sevoflurane (n = 20); all_combined, all patients from the three groups (n = 60). RINEARN Graph 3D (free software ver 5.6, https://www.rinearn.com, RINEARN, Kyoto, Japan) was used for the creation of graphs. EMGlow, a BIS monitor-derived electromyography parameter corresponding to absolute power in the 70–110 Hz range, and values in decibel (dB) with respect to 0.0001 μV2; BIS, bispectral index; PPAR_f5, Poincaré plot-area ratio at f5:30–47 Hz; R2, coefficient of determination.




Case Examples: Video Clips of the Poincaré Plot, EEG Spectrum, and Spectrogram

In the case-by-case plots of BIS and PIS (Supplementary Figure 3), the overall time-course change of calculated PIS fit well to the change of measured BIS in each case, despite slight differences in correlations detected by RMSE and R2 among the three groups (Supplementary Table 3). One representative case from each group of the three patient groups (A: adult_SEV, B: adult_DES, and C: ped_SEV) is shown as a movie clip (Supplementary Video Clips) with spectrograms, time trends of BIS, PIS, and etSEV or etDES at 10 min before emergence from GA. Corresponding spectrograms of the above three cases from each group are shown with the corresponding time trends of BIS, PIS, etSEV, or etDES (Figure 8). Theta-to-alpha oscillations were observed before the dissipation points, followed by the emergence of beta-to-gamma oscillations with abrupt increases in BIS and PIS.


[image: image]

FIGURE 8. Spectrogram from the hypnotic state to emergence from general anesthesia. Spectrograms of three representative cases [(A) adult_SEV, (B) adult_DES, and (C) ped_SEV] from each of the three patient groups with time trends of BIS, PIS, etSEV, and etDES at 10 min before emergence from general anesthesia. Theta-to-alpha oscillations were observed before the dissipation points, after which beta-to-gamma oscillations were observed with abrupt increases of BIS and PIS. adult_SEV, adult patients anesthetized with sevoflurane; adult_DES, adult patients anesthetized with desflurane; ped_SEV, pediatric patients anesthetized with sevoflurane; BIS, bispectral index; etSEV, end-tidal sevoflurane concentration; etDES, end-tidal sevoflurane concentration; PIS, Poincaré plot-integrated score.




DISCUSSION

Electroencephalography signals represent the total accumulation of action potentials of each nerve cell in the cerebral cortex. A frequency-dependent method is generally used to reduce the complexity of those data. The Poincaré plot is another mathematical approach for the evaluation of those complex data. There is no difference in the neurobiological basis that serves as the starting point. This study developed an EEG analyzer that can display multiple aspects of EEG signals, including unprocessed EEG waves, power spectra, spectrograms, and the Poincaré plot with accompanying parameters, on a single screen. As a result, the PPA of the Poincaré plot reflected the factors of both EEG power and complexity; therefore, PPA changed dynamically during the process of emergence from GA. The PPAR indicates the power and complexity of a specific frequency range of EEG, relative to those attributes of the full EEG frequency range. Notably, regardless of the anesthetic type and patient age, PPAR_f5 uniformly increased in the last few minutes before emergence across all three groups. The logarithmic regression results indicated that PPAR_f5 exhibited positive correlations with BIS, with high R2 values. These results suggested that, during anesthesia depth change, EEG signals contain more high-frequency gamma-wave components and become more complex with time; these tendencies were reflected in the trend of PPAR_f5, although we acknowledge an undefined theoretical foundation in the Poincaré plot analysis for processed EEG.

Because the logarithmic regression analysis between PPAR_f5 and BIS showed a positive correlation with BIS, with high R2 values, the logarithmic value of PPAR_f5 changed linearly, similar to the linear increase of BIS during the investigated 10-min period. Thus, for the period in which the change in depth of anesthesia is difficult to perceive, as the patient does not exhibit active behavior, the logarithm of PPAR_f5 could serve as a simple, independent non-proprietary indicator of GA depth. There were slight differences in regression model error between adult and pediatric patients, as well as between sevoflurane and desflurane. Many recent reports have indicated the need for new monitoring algorithms or calibration to better adjust for age-specific EEG characteristics in both pediatric (Fuentes et al., 2008; Sciusco et al., 2017; Beekoo et al., 2019; Rigouzzo et al., 2019; Wang et al., 2019) and older patients (Purdon P. et al., 2015; Ni et al., 2019; Kreuzer et al., 2020). It may be necessary to incorporate these regulatory mechanisms to obtain better correlations with anesthesia depth.

Gamma-band EEG oscillations above 40 Hz have been recognized as a critical marker of the conscious state (Desmedt and Tomberg, 1994; Franken et al., 1994; Menon et al., 1996; Gross and Gotman, 1999). The BIS proprietary algorithm includes subparameters such as burst suppression ratio, RBR, and sync fast slow (SFS), with multiple regression equations (Sigl and Chamoun, 1994; Rampil, 1998). RBR is defined as the logarithmic ratio of gamma-range spectral power (P30–47 Hz) to the spectral power of the 11–20 Hz frequency band (P11–20 Hz). Several studies have indicated that BIS values are highly dependent on RBR when the value of BIS is greater than 60 (Morimoto et al., 2004; Lee et al., 2019). SFS is the logarithm of the ratio of the bispectral power in the 40–47 Hz waveband to the bispectral power in the 0.5–47 Hz band (Rampil, 1998). At surgical levels of isoflurane anesthesia, BIS and SFS are closely correlated, as are BIS and SEF95 (Morimoto et al., 2004). A good correlation between BIS, SEF95, and SD1/SD2 of the Poincaré plot was also reported at surgical levels of sevoflurane inhalational anesthesia (Hayashi et al., 2015a). However, these strong correlations among BIS, SEF95, and SD1/SD2 of the Poincaré plot have probably been only observed at the surgical level of anesthesia, but not at the shallow anesthetic level during the arousal phase.

Previous reports mentioned that increased BIS was related to an EMG signal associated with muscle relaxation in the awake state (Bruhn et al., 2000a; Sleigh et al., 2001; Messner et al., 2003; Schuller et al., 2015), or reversal of muscle relaxation by sugammadex in the hypnotic state (Aho et al., 2012). Therefore, EMG power may be suitable as an index of the BIS range. Including the non-negligible influence of frontal EMG on the high-frequency band of frontal EEG, the BIS values generally reflect changes in gamma-frequency EEG components, which probably contaminates with EMG at the level that cannot be ignored. In addition to BIS, the spectral entropy monitor uses EEG irregularity and computes state entropy over the frequency range of 0.8–32 Hz, reflecting the EEG-dominant part of the spectrum (Ellerkmann et al., 2004). Additionally, response entropy was computed over the frequency band of 0.8–47 Hz, including both the EEG- and EMG-dominant parts of the recorded spectrum Ellerkmann et al., 2004). Our main result—PPA_f5 or logarithmic PPA_f5 had the best correlation with BIS during the emergence process—seems reasonable, considering that both BIS and spectral entropy use measurements of gamma-frequency EEG as critical components of subparameters that represent anesthetic depth. Although one report demonstrated that the average change in EMG signal was approximately one-tenth of the magnitude of the EEG signal when the submental EMG signal was used to estimate the frontal EMG signal (Sleigh et al., 2001), it is necessary to understand that EEG in the gamma region utilized by BIS and our PPAR_f5 are highly affected by the non-negligible power of EMG.

A limitation of this study was that it focused solely on the emergence process from GA; the study did not include a parametric analysis involving patients in a more profound state of GA. Because the BIS uses at least three subparameters of anesthesia state, the combination of SEF95 with the PPAR could be used to create a new depth-of-anesthesia monitor with a known algorithm. We acknowledge that the finding associated with PPAR_f5 may only be applicable for anesthetic phases ranging between light anesthesia level and awareness. In this study, poor correlations were observed between etAG and anesthetic depth parameters, such as BIS and PPAR_f5. Because we used a semi-closed circuit for GA, measured end-tidal anesthetic concentration would not reflect the “true” concentration. Pharmacokinetics simulation of putative brain concentration of anesthetic during emergence from anesthesia will sure lead to more appropriate assessment of anesthetic action on EEG changes, although we could not handle it for technical reasons in this study. The influence of EMG from the forehead also requires further examination through case-control studies because the effects of EMG on BIS have been evaluated in awake volunteers (Messner et al., 2003; Schuller et al., 2015). The use of standard parameters derived from a non-proprietary algorithm to indicate anesthetic depth could clarify outcomes of clinical trials that have targeted prevention of awareness or delirium by using different parameters derived from specific proprietary algorithms (Abbott and Pearse, 2019; Whitlock and Avidan, 2020). Another limitation of this study involved its observational design; thus, we could not eliminate the influences of noxious stimuli from surgical procedures near the end of surgery. Variation in opioid (fentanyl) dosage may also have affected patient awareness. Further analyses (e.g., controlled trials) could enhance the clinical utility of evaluating the PPAR as an indicator of anesthetic depth. Ultimately, we aim to propose an open protocol for an anesthetic depth algorithm that can be used by anesthesiologists.

The clinical use of EEG-based indices for anesthetic depth monitoring remains controversial due to the lack of a neurophysiological interaction between drug-specific neurophysiological signatures and the meaning of the indices, as noted in a recent educational review (Purdon P.L. et al., 2015). We currently agree with the importance of evaluation of unprocessed EEG data; spectrograms have received greater emphasis in terms of the interpretation of anesthetic-induced brain states defined by drug-specific neurophysiological signatures. Furthermore, the relationship between age and postoperative cognitive impairment is becoming an important consideration for measuring anesthesia depth (Purdon P. et al., 2015; Ni et al., 2019; Kreuzer et al., 2020). Among the various components of EEG-guided anesthesia, our results showed an important aspect, such that Poincaré plot parameters obtained from EEG signals processed through gamma-band frequency filters revealed a notable change during emergence from GA, although it cannot be denied the influence of EMG power in this EEG range. In conclusion, our results suggest that under inhalational GA, the logarithm of PPAR_f5 (PIS) could serve as a non-proprietary anesthetic depth parameter independent of the proprietary BIS algorithm.
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Supplementary Figure 1 | Total EEG power and Poincaré plot parameters throughout the time course from the hypnotic condition to the awake state in anesthetized patients. (A) Total preprocessed EEG power after passing through one of five bandpass filters, (B) SD1/SD2 of the Poincaré plot of the preprocessed EEG signal after passing through one of six bandpass filters, (C) Area of the Poincaré plot (PPA) of the processed EEG signal after passing through one of six bandpass filters.

Supplementary Figure 2 | Relationships of Poincaré plot parameters with BIS and etAG. (A) The relationships of Poincaré plot SD1/SD2 with BIS and etAG. (B) The relationships of Poincaré plot Poincaré plot area ratio (PPAR) with BIS and etAG.

Supplementary Figure 3 | Case-by-case plots of time-course change of PIS and BIS, and linear regressions between PIS and BIS. (A) Adult sevoflurane (adult_SEV) group. (B) Adult sevoflurane (adult_DES) group. (C) Adult sevoflurane (ped_SEV) group.

Supplementary Table 1 | Detailed information about patients and anesthesia management.

Supplementary Table 2 | Comparison of changes in EEG parameters. (A) The comparison between three groups. (B) The comparison in the all_combined group.

Supplementary Table 3 | Evaluation of linear regression of the three groups.

Supplementary Data Sheet 1 | The example codes of Poincaré plot parameters – calculations with sample data using Python in Jupyter Notebook, and Processing.

Supplementary Video Clips (Separate files, three clips) | one case from each group, 10 min movie clips:

Three representative cases from each group are shown as movie clips (35–36 s), which were displayed by decoding from the recorded binary files under “REVIEW mode” of the EEG analyzer and illustrate a 10 min period from the hypnotic state to arousal. The movie clips include the screen of the EEG analyzer (ver. 49_SR), including the Poincaré plot of processed EEG through specific bandpass filters and the EEG power spectrum. (Please ignore the Fc-PIS values on the screen because the algorithm for the calculation of Fc-PIS value was not optimized when we recorded the analyses. Fc-PIS: frequency analysis-cooperated Poincaré plot-integrated score).

Supplementary Video 1 | Supplementary_Video_1_adult_SEv_case4_ EEGanalyzer.mp4, EEG analyzer screen (10 min) of adult_SEV case #4.

Supplementary Video 2 | Supplementary_Video_2_adult_DES_ case2_EEGanalyzer.mp4, EEG analyzer screen (10 min) of adult_DES case #2.

Supplementary Video 3 | Supplementary_Video_3_ped_SEV_case5_ EEGanalyzer.mp4, EEG analyzer screen (10 min) of ped_SEV case #5.
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