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ABSTRACT

To improve animal welfare and data quality and reproducibility during research conducted under anaesthesia, anaesthetic
depth in laboratory animals must be precisely monitored and controlled. While a variety of methods have been developed to
estimate the depth of anaesthesia in humans, such tools for monitoring anaesthetic depth in laboratory animals remain limited.
Here we propose an epidural electrocorticogram-based monitoring system that accurately tracks the depth of anesthesia in
mice receiving inhalable isoflurane anaesthesia. Several features of the electrocorticogram signals exhibit robust modulation
by the concentration of the administered anesthetic, notably, corticocortical coherence serves as an excellent indicator of
anaesthetic depth. We developed a gradient boosting regressor framework that utilizes the extracted features to accurately
estimate the depth of anaesthesia. Our method for feature extraction and estimation is conducted with a latency of only ten
seconds, establishing a system for the real-time tracking of anaesthetic depth in mice.

1 Introduction
General anaesthesia is commonly used in surgical procedures and acute experiments performed on laboratory animals in both
fundamental and biomedical research. Exposure to general anaesthetic agents strongly perturbs multiple brain networks and can
have profound, lasting effects on the physiology of exposed animals1–3. In order to minimize both the acute and chronic effects
of anaesthesia while also safeguarding the welfare of laboratory animals during surgery, the exposure to anaesthetic agents
should be expertly balanced. Namely, the administered anaesthesia should be sufficiently strong to maintain the animal in an
unconscious state, while still minimally dosed to reduce the anaesthetic’s acute effect on brain function and its longitudinal
effect on general physiology.

These anaesthetic constraints are well known in human practice where, to prevent post-operative complications, general
anaesthesia should be titrated to avoid detrimental physiological effects4, 5. To facilitate an anaesthetic delivery that balances the
demands of interoperative awareness and adverse effects, a significant amount of research has focused on measuring the human
depth of anaesthesia (DoA)6–8. Such work has prominently led to the development of the proprietary Bispectral Index Score
(BIS), which makes use of several electroencephalographic parameters to estimate DoA, and has been established as the predom-
inant anaesthetic monitor used during human surgeries4. Other published approaches for human depth of anaesthesia estimation
rely on non-linear features extracted from electroencephalographic measurements or evoked potentials9, which are used as
inputs to traditional machine-learning algorithms or artificial neural networks10, 11. Other studies have further investigated using
DoA measures in closed-loop control circuits to altogether replace most interventions by anaesthesiologists4, 12.

While methods to estimate DoA in humans are well developed and validated, for laboratory animals, and in particular
mice, research and techniques remain sparse. Previous work has investigated closed-loop anaesthetic delivery in rats to control
the electroencephalogram-determined burst suppression, a signature of inactivated brain states13, 14. Another study has linked
human DoA techniques to viable methods in neonatal mice using intracortical electrophysiology15. Despite prior work, a
gap remains in the understanding of DoA monitoring in adult mice and of the specific features of electroencephalographic
signals beyond burst suppression that are modulated by anaesthesia. Further research has investigated alternative physiological
measures for their usefulness in monitoring anaesthetic depth, however heart rate and blood pressure have been shown to less
accurately assess DoA than the bispectral index, suggesting that methods for monitoring anaesthetic depth in mice based upon
electroencephalographic signals may be most effective16.
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Due to the limitations of the available methods to monitor DoA in small laboratory animals, we developed an epidural DoA
measurement technique specifically targeted for mice. Our system achieves anaesthetic depth monitoring using inexpensive
recording devices coupled with algorithms tailored to mice, the most commonly used animal model in biomedical research17.
Similar to the human BIS, our approach makes use of electrocorticogram (ECoG) data and standard feature extraction for
estimating a definition of DoA that is based on population statistics of the anaesthetic effect. Specifically, we perform estimation
of the DoA on two proxies: the amplitude of somatosensory evoked potentials and the administered concentration of isoflurane.
The latter yields an estimator whose momentary values are reflective of an effective isoflurane concentration. This effective
isoflurane concentration is different from the administered concentration, since it is based on features directly affected by the
true depth of anaesthesia, i.e. it is the administered isoflurane concentration the average mouse requires such that the ECoG
signals exhibit the measured feature characteristics. Our system focuses on the application of inhalable isoflurane anaesthesia,
as it allows maximum temporal control of anaesthetic depth over other injectable alternatives18.

Our deployed monitoring technique proves accurate in tracking the DoA across all tested animals, without the need for
custom tuning to individual subjects. Feature importance analyses also suggest that corticocortical coherence is a crucial
indicator of anaesthetic depth, namely that corticocortical coherence increases with increasing isoflurane concentration.
Together, our results demonstrate a more robust anaesthesia monitoring system for mice and identify electrocorticogram signal
features that may be useful in DoA monitoring also in other laboratory animals.

2 Results
Acute experiments were conducted on adult female mice. Two epidural electrocorticogram (ECoG) electrodes were placed
above the right- and left- hemisphere somatosensory cortices (see Methods). Throughout the experiment, stimulation of
the right whisker pad was used to evoke somatosensory responses. Concurrent to the ECoG recordings and somatosensory
stimulation, animals were subjected to an anaesthesia protocol that varied the concentration of inhaled isoflurane in consecutive
fifteen minute blocks (Fig. 1A and 1B). Signal features were extracted from both ECoG channels and ultimately provided as
input to a gradient boosting regressor trained to estimate two proxies of anaesthetic depth, namely the administered isoflurane
concentration and the sensory evoked response amplitude. Training an estimator on administered isoflurane concentration
over a population of mice results in estimation of an effective isoflurane concentration, which approximates a true depth of
anaesthesia. The regressor was trained and evaluated across data collected from all experimental animals in a leave-one-out
cross-validation scheme, showing good generalization errors across the entire population.

2.1 Quality of Extracted Features
Waveform features were extracted from the ECoG signals and the effects of varying the administered isoflurane concentration
were evaluated (Fig 1C-E). An exhaustive list of the median feature values across all administered isoflurane concentrations as
well as the p-values of all two-sided Mann-Whitney-U-tests performed, representing the extent to which each feature exhibited
anaesthetic modulation, can be found in Supplementary Tables 1 and 2. Similar to results in humans19–21, several features
showed significant dependency on the inhaled isoflurane concentration, specifically: burst suppression ratio (p = 9.04×10−3),
corticocortical coherence (p = 4.08×10−5), Lempel-Ziv complexity (p = 1.93×10−3), and sample entropy (p = 5.35×10−5)
as shown in Figure 2.

The corticocortical spectral coherence between the two somatosensory cortex channels within the spectrum of 5 Hz to
40 Hz, comprising the theta, alpha, beta, and low gamma bands, increases with administered isoflurane concentration (see
Fig. 2A). Important for DoA estimation, the corticocortical coherence exhibits highly significant differences across all tested
isoflurane regimes. As depicted in Fig. 2B, increasing administered isoflurane concentration affects the burst suppression ratio
by inducing more extended off (i.e. suppression) times. Increased offtime corresponding to increased administered isoflurane
concentrations can be observed in both the contra- and ipsilateral hemispheres, though the former shows a higher statistical
significance (p = 4.31e−3). Notably, while the hemisphere contralateral to stimulation exhibits a significant dynamic between
offtime and administered anaesthetic concentration, the on (i.e. bursting) times are not significantly effected by the administered
anaesthetic concentration (see Supp Table 1), indicating that the offtime measurement may be a more effective indicator of
DoA than the overall burst suppression ratio of on- to off- times.

Both Lempel-Ziv complexity (LZC, i.e. the compressibility of the signal) and sample entropy values (i.e. the randomness
of the signal) peak for the lowest isoflurane concentration of 1.0 %, and are significantly different from the values observed at
the higher concentrations of 1.5 % and 2.3 % (p≤ 1.28×10−2 for LZC and p≤ 2.91×10−3 for sample entropy, illustrated in
Fig. 2C). The increase of almost 100 % for sample entropy and 20 % to 30 % for LZC at lower anaesthetic levels is observed in
the electrode channels both contralateral and ipsilateral to the location of whisker stimulation (Fig. 2C).

The distribution of all four of these features are appreciably separated across different isoflurane concentrations, rendering
them useful measures for robust estimation of anaesthetic depth. While the aforementioned features displayed consistent
modulation by the administered isoflurane concentration, others we tested did not reliably vary with the anaesthesia protocol
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Figure 1. Electrocorticogram signals are extracted for estimation of anaesthetic depth. (A) Schematic overview of the
recording setup. Two craniotomies over the somatosensory cortices (CH1 and CH2) were measured against a common
reference over cerebellum (Ref), while stimulating the right whiskers and varying the isoflurane concentration. (B) (upper
panel) Craniotomy over barrel cortices. The Ag/AgCl electrodes were placed directly on the dura, then covered in
phosphate-buffered saline based agar and two component silicone. (lower panel) Partial craniotomy over cerebellum for the
reference electrode, drilled to approximately 20 % thickness, and covered as above. (C) Example ECoG traces recorded using
the OpenBCI during different isoflurane concentrations. Red shaded areas denote the [−0.2 s,0.5 s] interval around a stimulus.
(D) The evoked responses averaged over all trials in each isoflurane concentration block, zero-aligned at t = 0. The shaded area
indicates the 2σ -range of the standard error of the mean.
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(Supplementary Tables S1 and S2). Aligned with prior research in rats22, modulation of the spectral edge frequency and
1/ f -slope was not detected in our population of mice. We observed that the absolute power density reduces with increasing
anaesthesia, but is subject to large inter-individual variations (a standard deviation larger than 62 % of the mean), likely
rendering these frequency related features ineffective in identifying consistent trends across animals without prior baseline
knowledge.

Finally, we tested the features for hysteresis, which we use here to denote the amount the previous isoflurane concentration
block modulates the extracted features of the current isoflurane concentration block, excluding the first five minutes after
isoflurane concentration changes occur, to avoid signal transients until a steady-state is achieved (see Methods Eq. 1). A high
hysteresis value denotes that the respective feature was higher on average when succeeding 2.3 % isoflurane versus 1.0 %
isoflurane. As depicted in Fig. 3, a number of features indeed display significant hysteresis. While many features measured
on the ECoG channel ipsilateral to somatosensory stimulation displayed hysteresis, this trend was not observed for features
measured from the ECoG channel contralateral to stimulation. This is likely due to the large contralateral evoked responses
masking the minute changes caused by the hysteresis effects between adjacent isoflurane blocks.

Additionally, the estimation of the isoflurane concentration and the sensory evoked response amplitude were tested for
hysteresis. Neither estimation mode exhibits significant hysteresis, which can be explained by the estimator having been trained
to be agnostic to any preceding isoflurane concentration.

2.2 Estimator Performance
The gradient boosting regressor with 100 boosting steps and maximum tree-depth of three was trained with the values of all of
the previously described extracted features from the three most recent ten second recording windows (t-0,t-1,t-2) as inputs and
targeted two measures of anaesthetic depth, both administered isoflurane concentration and evoked response amplitude (depicted
in Fig. 4A). Gradient boosting was chosen in a pre-trial review among Support Vector Regression (SVR) with Gaussian
kernels, SVR with linear kernels, K-nearest neighbors and standard linear regression after exhibiting the best performance.
The estimator was trained eleven times, using a leave-one-out cross-validation scheme (i.e. for each iteration, one animal was
removed from the whole data set before training and the estimation performance evaluated against that animal). Individual
feature importances (measured by the Gini gain, i.e. the total estimation improvement achieved by inclusion of the feature) were
then extracted and their statistics over all 11 folds were considered. Stable estimation should yield similar feature importances
over all folds. Such stability was observed when estimating the effective isoflurane concentration (i.e. the estimator trained
on administered concentration), however, estimation across folds was less reliable when the regressor was trained on evoked
response amplitude, as shown in Fig. 4D and 4G.

Estimation of the effective isoflurane concentration performed robustly over all animals (mean absolute error over folds:
0.238 ± 0.076 (mean ± std), R2-score: 0.576 ± 0.289). Fig. 4B depicts the regression results over time for an example
animal and demonstrates that the estimation quickly captures changes in administered isoflurane concentration. The stability of
estimating this variable is further demonstrated by the low variance in estimation performance over all 11 folds, particularly
for administered isoflurane concentrations of 1.0 % and 1.5 %, depicted in Fig. 4C. Fig. 4D displays the feature importance
extracted from all 11 folds. Coherence between the two barrel cortex electrodes proves to be critical for estimation, with the
corticocortical coherence from the oldest block (i.e. t−2, representing the window 30−20 seconds before current time, from
Fig. 4D) exhibiting the strongest importance for estimation. Sample entropy in the barrel cortex electrode located ipsilateral to
the whisker stimulation was also important for estimation, again with the oldest values (t−2) displaying highest importance.
Finally, for estimation of effective isoflurane concentration, the burst suppression ratio for the barrel cortex channel contralateral
to the whisker stimulation hemisphere demonstrated to be useful.

Since the test set target variable is binned into three discrete isoflurane values, treating the isoflurane regression results as
classification via nearest-neighbor quantization additionally allows for evaluation of standard multi-class classification metrics.
Averaging over all One-Vs-All pairs yields an accuracy of 0.715 ± 0.134 (mean ± std), an F1-score of 0.699 ± 0.156, a
precision of 0.780 ± 0.088 and recall of 0.714 ± 0.134.

Training the gradient boosting regressor to estimate the Evoked Response Amplitude proved less accurate and robust (mean
absolute error over folds: 0.446 ± 0.252 (mean ± std), R2-score: −1.103 ± 2.009). While the estimation was accurate for
several folds, or several animals, the results did not generalize well across all folds. This irregularity can be observed in Fig.
4G, which depicts highly variable feature importance.

The hysteresis analysis demonstrated that while many individual features exhibited notable changes driven by the previously
presented isoflurane block, particularly in features measured on the ipsilateral channel, regressor estimation of isoflurane
concentration and Evoked Response Amplitude proved robust against such effects, accurately tracking the current estimation
variable irrespective of the anaesthetic depth history. Further hysteresis results are depicted in Fig. 3.
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Figure 2. ECoG signal features display modulation to delivered isoflurane concentrations. The leftmost column depicts
representative examples of the features found to be most modulated by changes in administered isoflurane concentrations. The
middle column depicts violin plots of the respective feature averages over animals across isoflurane concentrations. The
rightmost column depicts violin plots of the respective standard deviation within the different isoflurane segments. All violin
plots display the minimum, maximum, and median values of the distributions. Row (A) Corticocortical Coherence.
Representative example illustrates averages and standard error of the mean calculated over all isoflurane blocks. Highlighted
region depicts the frequency range used in further analysis. Row (B) Bursting Patterns. Shaded regions in representative
example depict signal portions classified as burst. Row (C) Lempel-Ziv Complexity. Representative examples of signal
segments with maximum and minimum LZC. Row (D) Sample Entropy. Representative examples of signal segments with
maximum and minimum sample entropy. Significance testing using two-sided Mann-Whitney U test across isoflurane
concentrations. Three Benjamini-Hochberg False Detection Rate controls23 with decreasing false detection probability have
been performed. Tests deemed significant for a false detection probability of 5 % are marked with one star, for a probability of
1 % with two stars and for a probability of 0.1 % with three stars. Precise p-values are listed in supplementary Table S1.
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and reveal hemispheric differences in exposure dependence. Depicted values represent the extent to which individual
features are effected by the history of isoflurane exposure (see Methods Eq. 1) Statistical significance was determined with a
Wilcoxon signed rank test, testing whether the median is significantly different from zero, i.e. whether the feature shows
significant hysteresis. p < 0.05 is denoted with one asterisk, p < 0.01 with two and p < 0.001 with three. An exhaustive list of
the numeric values of all p-values can be found in Supplementary Table 4
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Figure 4. ECoG features serve as input to a gradient boosting regressor to successfully estimate DoA. Feature
importances indicate corticocortical coherence as a critical DoA readout. (A) Overview of feature extraction and
estimator workflow. Notch and high-pass filtered signal traces were extracted in 10 s blocks, signal features were calculated
(FE), and then the three most recent consecutive blocks provided as input to estimate a target variable ŷ via a gradient boosting
ensemble. (B) Example of the estimation of isoflurane concentration. GT denotes the measured ground-truth. (C) Distribution
of the mean of the mean absolute estimation error over all animals in each isoflurane regime, corresponding to estimation of the
isoflurane concentration. (D) Feature importance over all folds. The corticocortical coherences are the most important features,
over almost all folds, corresponding to estimation of the isoflurane concentration. (E) Example estimation of the evoked
response attenuation (ERA). GT denotes the measured ground-truth. (F) Mean absolute error over all folds or animals (n = 11),
corresponding to estimation of the ERA. (G) Distribution of the feature importances over all animals, corresponding to
estimation of the ERA. All the violin plots indicate the minimum, maximum and median values.
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3 Discussion
Here we have presented an approach that utilizes epidural ECoG monitoring to estimate depth of anaesthesia in mice. Using the
data collected from two electrocorticogram channels per animal, signal features were extracted and tested for their modulation
by isoflurane anaesthesia. Our results indicate that many of the important features previously identified in human models
translate also to mouse models, suggesting that elements of techniques developed for monitoring of human DoA may further
warrant incorporation into systems targeting laboratory animals. Our analysis confirms the modulation of corticocortical
coherence24, burst suppression ratio25, Lempel-Ziv complexity, and sample entropy19 through isoflurane anaesthesia. However,
we observed a number of features that do not appear to be significantly effected by anaesthesia. Notably, the spectral measures
of 1/ f -slope22, 26, spectral edge frequencies and absolute power distributions either show no modulation or high inter-animal
variability, rendering them unsuitable for estimation.

Isoflurane is one of the most commonly used inhalable anaesthetic agents for laboratory animals and has an inhibitory effect
on excitatory neurons via a number of molecular mechanisms2, 27. This reduction in excitation results in a reduced stimulation
of inhibitory interneurons which later causes a depletion of endogenous inhibition28. Such cycles of increased and reduced
inhibition are manifest in the burst suppression ratio, where dose-dependent isoflurane delivery modulates the ratio of on- and
off-times in mice29. Our experiments also reveal a dependence between administered isoflurane concentrations and the burst
suppression ratio, however the computed ratio values exhibit significant differences only between the lowest administered
isoflurane concentration and the higher two concentrations (e.g. 1 % vs 1.5 % and 2.3 %). Our data indicates that the burst
suppression ratio is not a strong indicator of anaesthetic depth at higher DoA. The mechanisms of isoflurane that contribute to
the burst suppression ratio similarly impact the Lempel Ziv Complexity and Sample Entropy features, where induced extended
offtimes create a more stable, compressible signal. Similar to our observation in the burst suppression ratio, both of these
complexity features exhibit stronger significance between 1 % vs 1.5 % and 2.3 %, again yielding their values less useful in
distinguishing between higher levels of anaesthetic depth.

As indicated by the feature importances in Fig. 4D, corticocortical coherence is a robust measure for estimating depth of
anaesthesia, also between higher concentrations of delivered isoflurane. The variation observed in corticocortical coherence
from 5-40 Hz, comprising the theta, alpha, beta, and low gamma bands, across different anaesthetic depths has, to the best of
our knowledge, not been reported in recordings made from the somatosensory cortices. Previous reports in humans and rats
have identified modulation of alpha coherence in recordings made from somatosensory and frontal cortices under propofol
anaesthesia30–32. Further studies using isoflurane in rats have indicated that coherence between primary motor and visual
cortices during peripheral sensory stimulation declined as delivered anaesthetic concentrations increased33. Our results in
recordings made from both hemispheres of the somatosensory cortex may reflect that increased isoflurane administration
enforces more phase-coherence between thalamocortical projections to the two sensory hemispheres34. While our experiments
cannot reveal the precise mechanisms of this isoflurane induced coherence, the resulting effect proves to be a critical component
for estimating DoA across all depths.

Using all of the aforementioned features as input to the gradient boosting regressor yielded poor performance when the
estimation of the Evoked Response Amplitude (ERA) was targeted. This poor performance could be explained by the intra-
and inter-animal variability observed in the somatosensory evoked response. Previous research investigating the effects of
anaesthesia in mouse models identified that the average amplitudes of visual evoked potentials were not significantly affected
by variations in delivered isoflurane concentration and that evoked responses exhibited large trial-by-trial variability within
delivered concentration blocks35. Our results, coupled with these previous findings, indicate that evoked responses recorded
from primary sensory cortices across sensory modalities may not be useful readouts for DoA.

The isoflurane concentration estimator performs reliably over multiple animals as shown in Fig. 4B. All of the identified
features and estimators can be evaluated with a low latency of 10 s. This evaluation latency time makes the estimation system
suitable for integration into closed-loop anesthetic delivery (CLAD) systems13, 14, which could target specific variables reflective
of the depth of anesthesia. Further enhancements could be made to estimator performance via a more exhaustive exploration of
possible signal features, such as the bispectral coherence36, or by the implementation of neural networks to replace manual
feature extraction6, 10.

The incorporation of our method to anaesthetized-animal biomedical research can provide numerous improvements, allowing
more precise monitoring and informed adjustment of the administered anaesthesia. The use of electrocorticogram data as an input
can allow the system to be incorporated into ongoing experiments without necessitating invasive intracortical electrophysiology
recordings or other penetrating techniques that can otherwise compromise the integrity of the brain. Additionally, our system
can assist in maintaining the appropriate balance of anaesthetic potency versus efficacy and thus contribute to the ’Principle
of Refinement’ by minimizing any conscious awareness of painful procedures by laboratory animals37. Our method can also
provide a valuable data log for the duration of any surgical procedure that would better allow researchers to document the state
of the animal throughout its experimental lifetime.

Our work can be extended for suitability to a larger set of in vivo experiments with several adjustments. We validated
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our system using isoflurane anaesthesia, the most common and recommended modality for acute recordings and recovery
procedures in experimental mice38. A valuable next step would be to extend this to other anaesthetic regimens, a finding
which would not only allow standardization of anaesthetic depth across experiments, but also open a window into the neuronal
mechanisms involved in anaesthetic induced unconsciousness2. Additionally, our monitoring system could be made more
flexible if the electrocorticogram signals could be recorded from different sensory modalities. Namely, if auditory or visual
stimulation could be instead provided as a method for measuring changes in DoA. Such flexibility would allow researchers to
select the sensory stimulation and recording sites that least interfered with their existing experimental structure.

4 Methods
4.1 Animal Experiments
In this study, eleven adult female C57BL/6J mice (age 98.0±19.3 days, weight 21.00±1.83 g) supplied by Charles River
Laboratories were used for acute experiments. All experimental and surgical procedures were approved by the local veterinary
authorities of the Canton Zurich, Switzerland, and were carried out in accordance with the guidelines published in the European
Communities Council Directive of November 24, 1986 (86/609/EEC).

Mice were briefly induced with 3 % isoflurane in oxygen anaesthesia and injected with 1mg/kg Meloxicam (Boehringer
Ingelheim, Ingelheim am Rhein, Germany) as analgesic. Remaining surgical procedures were completed under 2 % isoflurane
in oxygen supplied at a 1L/sec flow rate. Body temperature was regulated at 37 °C with a homeothermic blanket control unit
(Harvard Apparatus, Holliston, Massachusetts). Animals were mounted in a stereotactic frame and the scalp was removed to
expose the skull.

Three silver electrodes were then positioned onto the skull and affixed using dental cement (Dentsply Sirona, York,
Pennsylvania). Electrodes were manufactured with 250 µm thin Teflon (PTFE) coated silver wire (Goodfellow Cambridge
Limited, Huntingdon, England). Teflon coating was removed to expose the wire end, which was subsequently molten to a
sphere (diameter approximately 500 µm) and chlorided to improve electrochemical stability39.

Two craniotomies over the barrel field of primary somatosensory cortex of both hemispheres (3.5 mm lateral and 1.5 mm
caudal of bregma) were performed to expose the intact dura. A third partial craniotomy was drilled over the cerebellar region
(2 mm lateral and caudal of lambda) until approximately 80 % of the skull was removed. All three rounded electrode tips were
then placed into the craniotomies, with both barrel cortex electrodes making contact with the dura and the reference electrode
contacting the thinned skull above cerebellum. Craniotomies and electrode tips were covered with a phosphate buffered saline
agar (PBS) mixture (2 % PBS) (Sigma-Aldrich, St. Louis, Missouri). The agar was subsequently covered with a two-component
silicone (World Precision Instruments, Sarasota, Florida) to prevent drying of the electrode sites. Silicon deposits over each
craniotomy were isolated from one another to avoid electrical connectivity between recording sites. The skull surface was
finally rinsed with de-ionised water to prevent parallel resistances that could interfere with the individual biological signals.
Electrode impedances were typically around 10 kΩ to 20 kΩ and usually increased slightly during the recordings.

Multiple whiskers were then secured around a glass capillary placed to directly contact the center of the right hemisphere
whisker field. The capillary was affixed to a piezo-bending actuator (Piezo Systems, Woburn, Massachusetts) driven by a
controller with a maximum output voltage of 150 V (Thorlabs, Newton, New Jersey). Whisker stimulation sequences were
generated using custom LabVIEW code (National Instruments, Austin, Texas), which produced an analogue waveform with a
sample rate of 200 kHz and a resolution of 16 bits. The mechanical waveforms at the capillary tip were single 120 Hz raised
cosines (8.3 ms duration) with an amplitude of 300 µm (1.72°) and a peak velocity of 113.1 mms−1 (648.8 °s−1), confirmed
using a 0.1 µm resolution laser displacement sensor (Micro-Epsilon, Ortenburg, Germany). Throughout the recording, whiskers
were deflected with a 1 Hz train containing 2 second stimulus-on and stimulus-off periods (Fig. 1A). Four of the eleven mice
received tail pinches delivered via Hoffman clamp to produce data used in subsequent experiments. All time periods containing
tail pinch stimulation were removed from the analysed data set.

Contemporaneous with the whisker stimulation, an anaesthesia protocol was applied to achieve stable conditions at a
variety of isoflurane concentrations. The protocol included fifteen minute segments of isoflurane concentration delivery in the
following sequence: [1.5, 2.3, 1.0, 1.5,1.0,2.3,1.5]. Isoflurane concentrations were selected to span a broad range of depths
while remaining below dosages of 1.5 minimum alveolar concentrations as determined in mice40 and represent values of
inhalable isoflurane recommended for maintenance of an anaesthetized state in mice38.

The completed setup was then enclosed in grounded aluminum foil for improved shielding against electromagnetic influences
(e.g. from the proximal piezoelectric stimulators). Recordings were made using an open-source neural data acquisition platform
(OpenBCI, Brooklyn, New York) with a gain of 24x and sample rate of 250 Hz. For all subsequent analysis, the gain factor was
removed from the raw data, consequently all data reported is input referred. Electrode signals and whisker stimulation onsets
were communicated to the recording computer via Bluetooth connection.
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4.2 Feature Extraction
The recording setup yielded two electrocorticogram channels obtained from the barrel cortex electrodes located both ipsilateral
and contralateral to the hemisphere of whisker stimulation. Signal traces were preprocessed using a forward-backward notch
filter to remove line noise at 50 Hz and a forward-backward order Butterworth high-pass filter above 0.1 Hz to eliminate signal
drift. Both raw ECoG signals were extracted from each 15 minute isoflurane concentration block. The first five minutes of each
block were excluded from analysis such as to ignore the transient effects of the previous concentration block. The following
spectral and time domain features of interest were then extracted from consecutive, non-overlapping 10 second sequences from
each signal block.

Spectral features extracted from both electrophysiology channels included the spectral edge frequency below which 95 % of
the spectral power was contained (SEF 95) and the 1/ f -slope fit over the frequency range 20 Hz to 40 Hz. Additionally, the
corticocortical coherence was calculated between the two electrophysiology channels and averaged over the frequency range
5 Hz to 40 Hz. Finally, spectral power content in multiple EEG bands41 were extracted, namely in the δ (0.1 Hz to 4 Hz), θ

(4 Hz to 8 Hz), α (8 Hz to 13 Hz), β (13 Hz to 30 Hz, and γ (above 30 Hz) bands. All spectral features are based on Welch’s
power spectral density estimation calculated independently over each 10 s window.

To complement the spectral features, a variety of time domain features were identified for further use in the algorithmic
determination of anaesthetic depth. The sample entropy was computed over signal subsequences of 80 ms length. As a measure
of compressibility of the electrophysiology channels, median-thresholded signals were used to compute the Lempel-Ziv
complexity (LZC). The burst suppression ratio (BSR) was calculated over the entire isoflurane concentration block to quantify
the ratio of periods of high and low signal activity. Finally, the evoked response amplitude (ERA) was computed by a
moving-window average of the trial-by-trial maximum evoked response amplitude to whisker stimulation and comparing the
averaged values across isoflurane concentrations blocks to those computed during the 1.0 % isoflurane block.

The described features were tested for modulation by isoflurane through averaging them over segments of equal isoflurane
concentration for each mouse. The significance of this modulation was quantified by executing a Mann-Whitney-U-Test for
every pair of unequal isoflurane concentrations for each feature. To correct for multiple comparisons, a Benjamini-Hochberg
False Detection Rate control23 has been applied. Further details on feature calculations can be found in the supplementary
material.

4.2.1 Hysteresis
Hysteresis values were calculated by averaging each feature i in both 1.5 % isoflurane segments, and calculating the difference
of this mean when succeeding 1.0 % isoflurane (µi,↗1.5%) and 2.3 % (µi,↘1.5%) isoflurane. In order to make the different
features comparable, this difference was normalized over the mean at 1.0 %. The hysteresis hi of each feature i is thus:

hi =
µi,↘1.5%−µi,↗1.5%

µi,↗1.5%
(1)

4.3 Estimation
As anaesthetic depth is a value on a continuous spectrum, we perform a regression analysis to identify the current anaesthetic
state of the animal based on the extracted features. The features were provided as inputs to a gradient boosting regressor
implemented by the python scikit-learn package42. Such gradient boosting algorithms combine weak estimators gm into a
strong estimator Gm via superposition:

GM(x) =
M

∑
m=1

wmgm(x) (2)

with w ∈ Rm weighting the individual estimators. Here the individual estimators are chosen to be shallow decision trees
(with a maximum depth of three).

A decision tree is a binary tree whose leaf nodes are assigned a real valued number – the estimation. On every non-leaf
node, a decision is made what child node to traverse to, based on a single feature and a threshold for that feature. Estimation
using decision trees is thus a simple tree traversal, returning the value assigned to the leaf. In the training process, the optimal
feature and threshold is determined for every node by iterating through all possible features, determining the optimal threshold
(which can be done computationally efficient), and greedily choosing the feature and threshold that minimizes the error43. The
decrease in error after the split based on this feature is tracked globally, which (summed over all decision trees and normalized
over all features) is represented by the Gini gain computed in feature importance calculations44. In gradient boost regression,
every successive estimator is trained on the residual error of the superposition of all previous ones, resulting in successively
improved overall loss43.
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Two target variables for the estimators were used. First, one estimator was trained on the Evoked Response Amplitude (ERA).
A second gradient boosting estimator was trained to estimate the known administered isoflurane concentration. Estimating
the administered isoflurane concentration can be understood as an anaesthetic depth estimation similar to the bispectral index
score. A population of mice has an average reaction to any given isoflurane concentration. Training over enough data yields an
estimator that assigns the most probable isoflurane concentration at which the average mouse (over the training population)
would have the reaction observed. We can further show that, with certain assumptions, estimating isoflurane concentration is
equivalent to estimating the true depth of anaesthesia. We do this by modelling the DoA problem as a Bayesian network, with
probability density function f (~F ,d,c) = f (~F |d) · f (d|c) · f (c) where ~F is the extracted features, d the true depth of anaesthesia
(which is a hidden variable), and c the administered isoflurane concentration.

An optimal estimator (minimizing a square loss), which has perfect knowledge of the density f (~F ,d,c), will estimate
E[d|~F ]43. Since d is a hidden variable, we have no way to train on it, and thus settle on estimating E[c|~F ]. How does this
surrogate compare to the optimal estimation?

E[c|~F ] =
∫

c
c · f (c|~F) dc (3)

This can be expanded if we marginalize over the hidden variable d, and by applying the Bayes rule we get:

=
∫

c

∫
d

c · f (c|d) f (d|~F) dd dc (4)

Swapping the integrals results in an inner expectation:

=
∫

d
Ec|d [c|d] · f (d|~F) dd (5)

= Ed|~F
[
Ec|d [c|d]

∣∣~F] (6)

We can see that what separates this estimator from the optimal one is a transformation from anaesthetic depth to the average
isoflurane concentration h : d 7→ c, h(d) = E[c|d]. Assuming that h is sufficiently linear where f (d|~F) has most of its support,
we can apply the linearity of the expectation and get the following approximation:

= Ed|~F
[
h(d)

∣∣~F] (7)

≈ h
(
Ed|~F

[
d|~F
])

(8)

It is thus approximately a linear transformation of the optimal estimation.
While the training data on the isoflurane concentration estimation is binned into the discrete values 1.0,1.5,2.3, a regression

approach was preferred to classification nonetheless, to capture the continuous nature of anaesthetic depth and to better gauge
the promptness of response without delays due to the quantization inherent to classification.

As input, the estimator was provided the values of each feature x in the set of all extracted features x described above at
three consecutive ten second sub-sequences, yielding a data set of

D =
{
([x0,x1,x2],y2), ...,([xN−2,xN−1,xN ],yN)

}
(9)

where xn represents the feature vector at the n-th 10 second sub-sequence, and y represents the anaesthetic depth, given as
either the administered isoflurane concentration of evoked response amplitude, in the same sub-sequence.

Using the data sets acquired from the n = 11 mice, leave-one-out cross-validation was performed, with each fold excluding
the data set recorded from one animal. The estimator was trained on the remaining n = 10 data sets, and evaluated on the
excluded test animal, yielding an estimation of the generalization error. For estimation of the administered isoflurane, a
surrogate classification metric has been used, by binning the estimated isoflurane concentration into the three bins 1.0,1.5,2.3
via nearest-neighbor quantization and calculating the 3-class classification scores with averaging over all One-vs-All pairs.

With this approach an estimator is established, capable of making online anaesthetic depth predictions by requiring a total
of only 30 seconds of feature data for estimation, with a minimal latency of 10 seconds.
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University of Zürich Forschungskredit (FK-017-64) and the Federal Food Safety and Veterinary Office of Switzerland (2.20.02).
The authors would like to thank Markus Marks for his valuable help with machine learning methods.

6 Author contributions statement
G.E. and W.B. conceived the study. G.E. and D.S. designed the experiments and recording techniques. D.S. conceived of and
conducted all data analysis. G.E.,T.G., and D.S. performed the experiments. D.S. and G.E. wrote the manuscript with review
from W.B., M.F.Y. and T.G.

References
1. Pal, D. et al. Level of consciousness is dissociable from electroencephalographic measures of cortical connectivity, slow

oscillations, and complexity. J. Neurosci. 40, 605–618 (2020). URL https://www.jneurosci.org/content/
40/3/605. DOI 10.1523/JNEUROSCI.1910-19.2019. https://www.jneurosci.org/content/40/3/605.
full.pdf.

2. Franks, N. P. General anaesthesia: from molecular targets to neuronal pathways of sleep and arousal. Nat. Rev. Neurosci.
9, 370–386 (2008). URL https://doi.org/10.1038/nrn2372. DOI 10.1038/nrn2372.

3. Bajwa, N. M., Lee, J. B., Halavi, S., Hartman, R. E. & Obenaus, A. Repeated isoflurane in adult male mice leads to acute
and persistent motor decrements with long-term modifications in corpus callosum microstructural integrity. J. Neurosci.
Res. 97, 332–345 (2018). URL https://doi.org/10.1002/jnr.24343. DOI 10.1002/jnr.24343.

4. Dumont, G. A. Closed-loop control of anesthesia - a review. IFAC Proc. Vol. 45, 373 – 378 (2012). URL http:
//www.sciencedirect.com/science/article/pii/S1474667016321279. DOI 10.3182/20120829-3-
HU-2029.00102. 8th IFAC Symposium on Biological and Medical Systems.

5. Eger, E. I., Saidman, L. J. & Brandstater, B. Minimum alveolar anesthetic concentration: A standard of anesthetic potency.
Anesthesiol. 26, 756–763 (1965). URL https://doi.org/10.1097/00000542-196511000-00010. DOI
10.1097/00000542-196511000-00010.

6. Sadrawi, M., Fan, S.-Z., Abbod, M. F., Jen, K.-K. & Shieh, J.-S. Computational depth of anesthesia via multiple
vital signs based on artificial neural networks. BioMed research international 2015, 536863–536863 (2015). URL
https://www.ncbi.nlm.nih.gov/pubmed/26568957. DOI 10.1155/2015/536863. 26568957[pmid].

7. Ferdous, N. & Kiber, M. A. Estimating depth of anesthesia from eeg signals using wavelet transform. Int. J. Intell. Inf.
Syst. 3, 40 – 44 (2014). DOI 10.11648/j.ijiis.20140304.12.

8. Nguyen-Ky, T., Wen, P., Li, Y. & Malan, M. Measuring the hypnotic depth of anaesthesia based on the eeg signal
using combined wavelet transform, eigenvector and normalisation techniques. Comput. Biol. Medicine 42, 680 – 691
(2012). URL http://www.sciencedirect.com/science/article/pii/S0010482512000583. DOI
10.1016/j.compbiomed.2012.03.004.

9. Al-Kadi, M. I., Reaz, M. B. I. & Ali, M. A. M. Evolution of electroencephalogram signal analysis techniques during
anesthesia. Sensors 13, 6605–6635 (2013). URL https://www.mdpi.com/1424-8220/13/5/6605. DOI
10.3390/s130506605.

10. Li, R. et al. Monitoring depth of anesthesia based on hybrid features and recurrent neural network. Front. Neurosci.
14, 26 (2020). URL https://www.frontiersin.org/article/10.3389/fnins.2020.00026. DOI
10.3389/fnins.2020.00026.

11. Abel, J. H. et al. Machine learning of eeg spectra classifies unconsciousness during gabaergic anesthesia. PLOS One
(2021). DOI 10.1371/journal.pone.0246165.

12. Musizza, B. & Ribaric, S. Monitoring the depth of anaesthesia. Sensors 10, 10896–10935 (2010). URL https:
//doi.org/10.3390/s101210896. DOI 10.3390/s101210896.

13. Ching, M. Y., ShiNung adn Liberman et al. Real-time closed-loop control in a rodent model of medically induced come
using burst suppression. Anesthesiol. 119 (2013). DOI 10.1097/ALN.0b013e31829d4ab4.

14. Yang, Y. et al. Developing a personalized closed-loop controller of medically-induced coma in a rodent model. J. Neural
Eng. 16 (2019).

12/14

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 13, 2021. ; https://doi.org/10.1101/2021.07.12.452032doi: bioRxiv preprint 

https://www.jneurosci.org/content/40/3/605
https://www.jneurosci.org/content/40/3/605
https://www.jneurosci.org/content/40/3/605.full.pdf
https://www.jneurosci.org/content/40/3/605.full.pdf
https://doi.org/10.1038/nrn2372
https://doi.org/10.1002/jnr.24343
http://www.sciencedirect.com/science/article/pii/S1474667016321279
http://www.sciencedirect.com/science/article/pii/S1474667016321279
https://doi.org/10.1097/00000542-196511000-00010
https://www.ncbi.nlm.nih.gov/pubmed/26568957
http://www.sciencedirect.com/science/article/pii/S0010482512000583
https://www.mdpi.com/1424-8220/13/5/6605
https://www.frontiersin.org/article/10.3389/fnins.2020.00026
https://doi.org/10.3390/s101210896
https://doi.org/10.3390/s101210896
https://doi.org/10.1101/2021.07.12.452032
http://creativecommons.org/licenses/by-nc-nd/4.0/


15. Chini, M. et al. Neural correlates of anesthesia in newborn mice and humans. Front. Neural Circuits 13, 38
(2019). URL https://www.frontiersin.org/article/10.3389/fncir.2019.00038. DOI 10.3389/fn-
cir.2019.00038.

16. Jaber, S. M., Sullivan, S., Hankenson, F. C., Kilbaugh, T. J. & Margulies, S. S. Comparison of heart rate and blood pressure
with toe pinch and bispectral index for monitoring the depth of anesthesia in piglets. J. Am. Assoc. for Lab. Animal Sci. :
JAALAS 54, 536–544 (2015). URL https://pubmed.ncbi.nlm.nih.gov/26424252. 26424252[pmid].

17. Hickman, D., Johnson, J., Vemulapalli, T., Crisler, J. & Shepherd, R. Principles of Animal Research for Graduate and
Undergraduate Students - Commonly Used Animal Models (Academic Press, 2017).

18. Tremoleda, J. L., Kerton, A. & Gsell, W. Anaesthesia and physiological monitoring during in vivo imaging of laboratory
rodents: considerations on experimental outcomes and animal welfare. EJNMMI research 2, 44–44 (2012). URL
https://www.ncbi.nlm.nih.gov/pubmed/22877315. DOI 10.1186/2191-219X-2-44. 22877315[pmid].

19. Liang, Z. et al. Eeg entropy measures in anesthesia. Front. computational neuroscience 9, 16–16 (2015). URL
https://www.ncbi.nlm.nih.gov/pubmed/25741277. DOI 10.3389/fncom.2015.00016. 25741277[pmid].

20. Akeju, O. et al. Effects of Sevoflurane and Propofol on Frontal Electroencephalogram Power and Coherence.
Anesthesiol. 121, 990–998 (2014). URL https://doi.org/10.1097/ALN.0000000000000436. DOI
10.1097/ALN.0000000000000436. https://pubs.asahq.org/anesthesiology/article-pdf/121/5/
990/267752/20141100_0-00019.pdf.

21. Ching, S., Purdon, P. L., Vijayan, S., Kopell, N. J. & Brown, E. N. A neurophysiological–metabolic model for burst
suppression. Proc. Natl. Acad. Sci. 109, 3095–3100 (2012). URL https://www.pnas.org/content/109/8/
3095. DOI 10.1073/pnas.1121461109. https://www.pnas.org/content/109/8/3095.full.pdf.

22. Antunes, L. M., Golledge, H. D., Roughan, J. V. & Flecknell, P. A. Comparison of electroencephalogram activity and
auditory evoked responses during isoflurane and halothane anaesthesia in the rat. Vet. Anaesth. Analg. 30, 15 – 23
(2003). URL http://www.sciencedirect.com/science/article/pii/S146729871630993X. DOI
https://doi.org/10.1046/j.1467-2995.2003.00085.x.

23. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J.
Royal Stat. Soc. Ser. B (Methodological) 57, 289–300 (1995). URL http://www.jstor.org/stable/2346101.

24. Michelson, N. J. & Kozai, T. D. Y. Isoflurane and ketamine differentially influence spontaneous and evoked laminar
electrophysiology in mouse v1. J. Neurophysiol. 120, 2232–2245 (2018). URL https://doi.org/10.1152/jn.
00299.2018. DOI 10.1152/jn.00299.2018. PMID: 30067128, https://doi.org/10.1152/jn.00299.2018.

25. Tonner, P. & Bein, B. Classic electroencephalographic parameters: Median frequency, spectral edge frequency etc. Best
Pract. & Res. Clin. Anaesthesiol. 20, 147 – 159 (2006). URL http://www.sciencedirect.com/science/
article/pii/S1521689605000650. DOI https://doi.org/10.1016/j.bpa.2005.08.008. Monitoring Consciousness.

26. Barter, L., Dominguez, C. L., Carstens, E. & Antognini, J. F. The effect of isoflurane and halothane on electroen-
cephalographic activation elicited by repetitive noxious c-fiber stimulation. Neurosci. Lett. 382, 242–247 (2005). URL
https://doi.org/10.1016/j.neulet.2005.03.017. DOI 10.1016/j.neulet.2005.03.017.

27. de Sousa, S. L., Dickinson, R., Lieb, W. R. & Franks, N. P. Contrasting synaptic actions of the inhalation gneral anesthetics
isoflurane and xenon. Anesthesiol. 92, 1055–1066 (2000). DOI 10.1097/00000542-200004000-00024.

28. Ferron, J.-F., Kroeger, D., Chever, O. & Amzica, F. Cortical inhibition during burst suppression induced with isoflurane anes-
thesia. J. Neurosci. 29, 9850–9860 (2009). URL https://www.jneurosci.org/content/29/31/9850. DOI
10.1523/JNEUROSCI.5176-08.2009. https://www.jneurosci.org/content/29/31/9850.full.pdf.

29. Brown, P. L. et al. Isoflurane but not halothane prevents and reverses helpless behavior: A role for eeg burst suppression?
J. Neuropsychophramacology 21, 777–785 (2018). DOI 10.1093/ijnp/pyy029.

30. Cimenser, A. et al. Tracking brain states under general anesthesia by using global coherence analysis. Proc. on Natl. Acad.
Sci. 108, 8832–8837 (2011). DOI 10.1073/pnas.1017041108.

31. Supp, G. G., Siegel, M., Hipp, J. F. & Engel, A. K. Cortical hypersynchrony predicts breakdown of sensory processing
during loss of consciousness. Curr. Biol. 21, 1988–1993 (2011).

32. Baker, R. et al. Altered activity in the central medial thalamus precedes changes in the neocortex during transitions into
both sleep and propofol anesthesia. J. Neurosci. 34 (2014). DOI 10.1523/JNEUROSCI.1519-14.2014.

33. Imas, O., Ropella, K., Wood, J. & Hudetz, A. Isoflurane disrupts anterio-posterior phase synchronization of flash-induced
field potentials in the rat. Neurosci. Lett. 402, 216–221 (2006).

13/14

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 13, 2021. ; https://doi.org/10.1101/2021.07.12.452032doi: bioRxiv preprint 

https://www.frontiersin.org/article/10.3389/fncir.2019.00038
https://pubmed.ncbi.nlm.nih.gov/26424252
https://www.ncbi.nlm.nih.gov/pubmed/22877315
https://www.ncbi.nlm.nih.gov/pubmed/25741277
https://doi.org/10.1097/ALN.0000000000000436
https://pubs.asahq.org/anesthesiology/article-pdf/121/5/990/267752/20141100_0-00019.pdf
https://pubs.asahq.org/anesthesiology/article-pdf/121/5/990/267752/20141100_0-00019.pdf
https://www.pnas.org/content/109/8/3095
https://www.pnas.org/content/109/8/3095
https://www.pnas.org/content/109/8/3095.full.pdf
http://www.sciencedirect.com/science/article/pii/S146729871630993X
http://www.jstor.org/stable/2346101
https://doi.org/10.1152/jn.00299.2018
https://doi.org/10.1152/jn.00299.2018
https://doi.org/10.1152/jn.00299.2018
http://www.sciencedirect.com/science/article/pii/S1521689605000650
http://www.sciencedirect.com/science/article/pii/S1521689605000650
https://doi.org/10.1016/j.neulet.2005.03.017
https://www.jneurosci.org/content/29/31/9850
https://www.jneurosci.org/content/29/31/9850.full.pdf
https://doi.org/10.1101/2021.07.12.452032
http://creativecommons.org/licenses/by-nc-nd/4.0/


34. Ching, S., Cimenser, A., Purdon, P. L., Brown, E. N. & Kopell, N. J. Thalamocortical model for a propofol-
induced α-rhythm associated with loss of consciousness. Proc. on Natl. Acad. Sci. 107, 22665–22670 (2010). DOI
10.1073/pnas.1017069108.

35. Aggarwal, A. et al. Coherence of visual-evoked gamma oscillations is disrupted by propofol but preserved under equipotent
doses of isoflurane. Front. Syst. Neurosci. 13, 19 (2019). DOI 10.3389/fnsys.2019.00019.

36. Li, D., Li, X., Hagihira, S. & Sleigh, J. W. Cross-frequency coupling during isoflurane anaesthesia as revealed by
electroencephalographic harmonic wavelet bicoherence. BJA: Br. J. Anaesth. 110, 409–419 (2012). URL https://doi.
org/10.1093/bja/aes397. DOI 10.1093/bja/aes397. https://academic.oup.com/bja/article-pdf/
110/3/409/18255557/aes397.pdf.

37. Russel, W. & Burch, R. The principles of humane experimental technique. (Wheathampstead (UK): Universities Federation
for Animal Welfare., 1959).

38. Gargiulo, S. et al. Mice anesthesia, analgesia, and care, part i: Anesthetic considerations in preclinical research. ILAR J.
53, E55–E69 (2012). URL https://doi.org/10.1093/ilar.53.1.55. DOI 10.1093/ilar.53.1.55.

39. Geddes, L. A., Baker, L. E. & Moore, A. G. Optimum electrolytic chloriding of silver electrodes. Med. biological
engineering 7, 49–56 (1969). URL https://doi.org/10.1007/BF02474669. DOI 10.1007/BF02474669.

40. Cesarovic, N. et al. Isoflurane and sevoflurane provide equally effective anaesthesia in laboratory mice. Lab. Animals 44
(2010).

41. Newson, J. J. & Thiagarajan, T. C. Eeg frequency bands in psychiatric disorders: A review of resting state studies. Front.
Hum. Neurosci. 12, 521 (2019). URL https://www.frontiersin.org/article/10.3389/fnhum.2018.
00521. DOI 10.3389/fnhum.2018.00521.

42. Pedregosa, F. et al. Scikit-learn: Machine learning in Python. J. Mach. Learn. Res. 12, 2825–2830 (2011).

43. Hastie, T., Tibshirani, R. & Friedman, J. The Elements of Statistical Learning. Springer Series in Statistics (Springer New
York Inc., New York, NY, USA, 2009), 2 edn.

44. Breiman, L., Friedman, J., Olshen, R. & Stone, C. J. Classification and regression trees. In Classification and Regression
Trees (1983). DOI 10.2307/2530946.

14/14

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 13, 2021. ; https://doi.org/10.1101/2021.07.12.452032doi: bioRxiv preprint 

https://doi.org/10.1093/bja/aes397
https://doi.org/10.1093/bja/aes397
https://academic.oup.com/bja/article-pdf/110/3/409/18255557/aes397.pdf
https://academic.oup.com/bja/article-pdf/110/3/409/18255557/aes397.pdf
https://doi.org/10.1093/ilar.53.1.55
https://doi.org/10.1007/BF02474669
https://www.frontiersin.org/article/10.3389/fnhum.2018.00521
https://www.frontiersin.org/article/10.3389/fnhum.2018.00521
https://doi.org/10.1101/2021.07.12.452032
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Introduction
	Results
	Quality of Extracted Features
	Estimator Performance

	Discussion
	Methods
	Animal Experiments
	Feature Extraction
	Hysteresis

	Estimation

	Acknowledgments
	Author contributions statement
	References

