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ABSTRACT OF THE THESIS
Neuronal Circuits under Varying Levels of Anesthesia-Induced Burst Suppression
By
Kristoffer Boyle Miller
Master of Science in Biomedical Engineering
University of California, Irvine, 2017
Professor Zoran Nenadic, Chair

Anesthesia is common in research and clinical settings, but its effect on neural activity is
not well understood. Particularly within burst suppression, characterized by quiescent and
active periods of the electroencephalogram (EEG), little has been reported about varying
levels of anesthesia. We sought to explore this state using bilateral, multi-modal cortical
recordings from adult rats under various levels of isoflurane-induced anesthesia.
Specifically, we used a multi-sensor microelectrode to record spike trains and local field
potentials from the right cortical hemisphere and screw electrodes to record intracranial
EEG (iEEG) from the left hemisphere. We investigated action potential firing rate, spike
classification, and both temporal correlation and connectivity between spike train and
cross-hemisphere iEEG.
Our study shows that a spike train in the right hemisphere is nearly perfectly correlated
with EEG in the left hemisphere across all data sets. We see that the same spike classes, i.e.
putative neurons are largely active regardless of the level of anesthesia. We demonstrate as
anesthesia is increased and thus the EEG is more suppressed, the rate of action potential
firing increases while active, even though the total number of action potentials over the
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entire recording drops. Finally, we show that connectivity is high during burst suppression,
and generally becomes stronger as the level of supplied anesthesia increases. These results
demonstrate powerful bilateral synchrony and robust neural networks during burst
suppression and strong correlation of single neuron activity with emergent behavior. This
not only elucidates the neural circuits present during isoflurane-induced anesthesia, it may
also have relevance for studies of pathological conditions involving burst suppression, and
provide a reference point for studies of electrophysiological signals at multiple scales
under all brain states.

x

INTRODUCTION
Motivation for the Present Work
General anesthesia in its modern form has been used since 1846 both in clinical and
research settings[1]. Whereas local anesthesia reduces or eliminates feelings of pain in
specific body parts, general anesthesia renders the subject unconscious, allowing both
more complex surgeries and studies, and direct treatment of conditions such as status
epilepticus[2]. Many anesthetic agents are still widely used; isoflurane, in particular, is
often employed in rodent studies due to its stability and low blood solubility.
There are several indicators of successful application of general anesthesia, including the
burst suppression pattern of electroencephalography (EEG). EEG measures the medium- to
large-scale electrical activity of the cortex, and under anesthesia this activity takes on a
pattern of alternating periods of relative quiescence (suppression) and activity (bursts).
Burst suppression (BS) is easily interpreted and analyzed, and provides an objective
measure of the depth of anesthesia.
BS is also associated with multiple severe pathological states. When combined with other
malignant EEG signals, it can reliably predict poor outcome from cardiac arrest [3], [4] and
postanoxic coma [5]. BS and transitions from BS to continuous normal voltage can assist in
prognosis of infant asphyxia [6], [7]. Critically ill patients often receive large doses of
sedatives, and unintentional burst suppression in these patients is associated with
increased mortality [8]. And refractory status epilepticus is often treated by inducing burst
suppression [9], [10].
Despite its extensive history and prevalence in clinical treatment and biomedical research,
the mechanism by which anesthesia produces its effects remain poorly understood, and
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even those effects themselves have not been thoroughly explored. Certainly, there is no
mistaking the difference between awake resting activity and BS. But BS can take place at
various depths of anesthesia, and a thorough understanding of anesthesia’s effects between
levels of BS is important to interpretation of any work involving anesthesia.
While scalp EEG was the first imaging modality used to read the electrical activity of the
brain, the field of electrophysiology now encompasses recordings made at various scales.
Intracranial EEG and electrocorticography (ECoG) refer to mesoscale cortical recordings
made from electrodes placed either in the skull or on the surface of the brain. Compared
with scalp EEG, electrodes on the surface of the brain allow for between 5 to 10 times
higher signal-to-noise ratio and a spatial resolution on the order of 100s of microns vs.
centimeters. Screw electrodes, as used in this study, represent a tradeoff between
recording from the surface of the brain and from the scalp. Smaller scale recordings are
possible with microelectrodes placed within the parenchyma of the brain. Such
microelectrodes can record both extracellular action potentials from individual neurons, as
well as emerging behavior of microscale networks. The former is termed multi-unit activity
(MUA), reflecting the assumption that differing waveforms are sampled from distinct
neurons (i.e. units), and the latter is termed the local field potential (LFP).
Each of these techniques can provide information about the function and dysfunction of the
brain, and it is not my intent to provide an overview of their individual uses. Regardless,
multiple scales are valuable to understand the functioning of the brain as a whole. While
extracellular recordings provide direct insight into the function of single neurons, their
clinical applications are limited due to their invasiveness. In contrast, EEG is completely
non-invasive and has been repeatedly shown to be a valuable tool for neurologists,
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including the use of continuous EEG and quantitative EEG [11], [12]. ECoG is less invasive
than microelectrode recording, and has already been well established as a means of
assisting in procedures such as location of epileptogenic foci [13]. Researchers are
increasingly looking to incorporate multiple modalities in their studies to establish
conditions under which these signals are correlated. To a limited extent, studies of
anesthesia have taken advantage of this paradigm shift, but we believe that our present
work surpasses existing research in several key areas.
Studies of Anesthesia’s Impact on Neural Circuits
Fundamental neurophysiological properties of the anesthetized brain have already been
established. Burst suppression ratio (BSR), which measures the relative duration of
suppression compared to bursts under BS as either a ratio or percentage of total time,
increases as the level of supplied anesthesia increases, until such point that the EEG pattern
is entirely suppressed[14]. MUA activity, as measured by the total number of detected
extracellular action potentials, also decreases with increased anesthesia levels[15]. LFP and
MUA are highly correlated[16], [17], but the relationship between MUA and EEG is highly
dependent on network activity[18]. We would like to elucidate this relationship under
burst suppression.
Many existing explorations of anesthesia’s effect on brain function restrict themselves to a
comparison of anesthetized versus non-anesthetized states[19]–[21]. Sellers et al., in
particular, found that functional connectivity decreased between the visual and prefrontal
cortex in anesthetized versus awake ferrets [22]. Functional connectivity encompasses
comparisons of phase, power, and other characteristics of multiple signals in the brain.
Correlations in these characteristics between different regions of the brain are thought to
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reflect the activity of neural circuits, and have been shown to hold across imaging
modalities [23]. While it is important to establish the difference between awake and
anesthetized states, varying doses of anesthetics can be used to maintain a subject in the
anesthetized state, and these varying doses may induce different patterns of neural activity.
One study which did investigate varying levels of burst suppression was Erchova et al[24].
They found that action potentials are more likely to be restricted to “bursts“ (which we will
term “AP packets“) and correlation of MUA recorded from microelectrode arrays across the
somatosensory “barrel” cortex increases as the rat is put into deeper states of anesthesia.
However, they restricted their study to MUA signals, limiting our understanding of largerscale activity.
Multiple groups have investigated multi-modal activity under anesthesia using functional
magnetic resonance imaging (fMRI). Particularly, Bettinardi et al demonstrated increased
inter-site correlation in rats as they emerge from ketamine and medetomidine
anesthesia[25]. However, they recorded LFP separately from fMRI, rendering a precise
temporal correlation impossible. Furthermore, while fMRI is commonly used, its precise
relationship to neuronal activity remains elusive [26]. In addition, the fundamentally
different time scales of fMRI (seconds) and LFP (milliseconds), further aggravate the
comparison of these signals. Electrophysiological recordings provide a more direct view
into the workings of the brain.
Building on Previous Work
Our research group previously conducted a pilot study attempting to resolve some of these
existing deficiencies [27]. As with our present study, the pilot study involved recording
intracranial EEG (iEEG) with surgically implanted screw electrodes as well as MUA and LFP
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with a seven-channel depth microelectrode, or heptode, from a rat under isoflurane
anesthesia. In general, recording locations and experimental setups for the two studies
were identical. Our group has also used an identical EEG recording setup with other
modalities [28]. In this preliminary study, we found MUA classes (i.e. putative neurons) to
be stable across isoflurane levels using spike classification, and the action potential firing
frequency was found to increase as the supplied isoflurane level increased. Functional
connectivity increased with the isoflurane level, and the MUA was shown to be present only
during EEG bursts.
However, the preliminary study suffered from several limitations. It was not always
possible to obtain clean recordings at consecutive levels of isoflurane, and in one case a
recording was made while the isoflurane level had not yet stabilized. In addition, it
reported on the results from a single animal, therefore we needed to conduct more
experiments to assert the generalizability of these preliminary results. With this in mind,
we refined our protocol to measure from multiple heptode depths per animal, including as
wide a range of anesthesia levels as the subject would allow while remaining in BS. We also
developed supplementary forms of analysis to reinforce our findings.
We hypothesized that the new study would reinforce the four major findings of our pilot
study, namely that MUA would be temporally locked to EEG bursts, and that as the
isoflurane level increased, action potential firing frequency would increase, crosshemispheric functional connectivity would increase, and at least half of the same MUA
classes would remain active.
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CHAPTER ONE- METHODS
1.1 Experimental setup
Four male Wistar rats were included in the study. Three experiments each, distinguished
by varying depths of the heptode, were performed on three of the rats, while the fourth had
four experiments conducted. One rat was included from the pilot study, yielding five
animals in total. Information on the animals is summarized in table 1. All animals were
treated in accordance to University of California, Irvine guidelines and the experimental
procedures were approved by the local Institutional Animal Care and Use Committee.
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Table 1. Subject Information. Depths in bold were selected for analysis. Experiment 1 is derived from the pilot study.

Experiment #

Weight (g)

1

305

2

3

4

5

438

356

339

370

Age (days)

107

73

75

79

Time to first
recording

04:33

03:35

04:54

Depth (µm)
1700

Isoflurane
levels
2-3

1870

1.5,2.5,3

1200

1.5-3.5

1370

1.5-3

1340

1.5-3

950

1-3

1120

1.5-3.5

1290

1.5-3.5

1000

2-3

1170

1.5-3.5

1340

1.5-3.5

1300

2-3

1470

2-3.5

1640

1.5-3.5

1810

1.5-3

04:26
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1.1.1 Recording setup
The animals were anesthetized in a seal-tight induction chamber connected to a vaporizer
which supplied 5% isoflurane gas in 100% oxygen gas at 4L/min for 5 minutes to ensure
loss of consciousness. The rats were removed from the chamber and fitted with a facemask
/ nosecone. Isoflurane at a level between 1.5-2.5% was supplied, sufficient to perform
surgery. Anesthesia depth was determined by absence of corneal, forelimb and/or
hindlimb withdrawal reflex. The rats’ heads were shaved and secured in a stereotactic
frame. A 2.5cm rostral-caudal incision was made after cleaning the skin with iodine and
allowing the iodine to dry.
With the cranium exposed, five 1.5-2mm burr holes were drilled through the skull using a
mini hand drill. Two holes were drilled 2mm anterior to bregma and 2.5 mm to the left and
right of bregma, respectively. These locations correspond to the M1 region of the motor
cortex and are titled A and B. Two holes were drilled 5.5 mm posterior to bregma and 4
mm to the left and right of bregma, respectively. These locations correspond to the V1
region of the visual cortex and are referred to as C and D. The final burr hole was drilled
3mm posterior to lambda over the cerebellum and is referred to as E.
Screw electrodes (Plastics One. Catalog number E363-20) were implanted into burr holes
A, C, D and E. The screw electrodes in holes A and C were used to collect EEG signals,
recorded as channels 1 and 2, respectively. Hole B was used to insert the heptode. The
electrode in hole E served as ground for the EEG recording, while the electrode in hole D
served as ground for the heptode.
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After removal of the dura, a heptode (seven channel extracellular microelectrode, Thomas
Recording) housed in a motorized head stage (Thomas Recording Tetrode Mini Matrix) was
positioned immediately over the burr hole.
1.1.2 Data Recording
EEG data was acquired from the implanted screw electrodes at 1525.88 Hz using a
preamplifier (PZ2, Tucker-Davis Technologies Inc.) and an RZ5D data acquisition system
(TDT). Heptode signals were recorded with a preamplifier (Medusa, TDT) and a data
acquisition system (RX7, TDT) at 24.414 kHz. The data acquisition system recorded both
the raw data and data filtered at 300-3000 Hz. The filtered data was used to derive the
MUA signal, and the raw data was used as the LFP signal.
1.1.3 Experimental Procedure
Once all recording equipment was in place, the heptode was slowly lowered into the cortex.
The heptode depths at which recordings were made are summarized in Table 1. All depths
are recorded from the surface of the fluid collected in the burr hole, which is roughly
equivalent with the outer surface of the skull. However, as this initial depth was judged
visually, these depths should not be taken as absolute. All equipment was shielded to
prevent noise, and we continued lowering the heptode until a suitable amount of both
spiking and LFP activity was found at an acceptable SNR level, between 950 and 1810 µm
from the top of the burr hole.
Before recording, we brought the animal to the lowest level of isoflurane possible while
still maintaining burst suppression, between 1-2%, and waited approximately 10 minutes
for the animal to stabilize. Once stabilized, we made a 2-minute recording of spontaneous
activity. A second recording was made for a future study involving stimulation, and we then
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increased the level of isoflurane by 0.5%. After waiting 5 minutes for stabilization, we
continued with the next recording.
This process was repeated until we reached a level with little to no activity (3-3.5%), all
while monitoring the animal’s breathing and skin color to ensure that it had adequate
respirations. In some cases the recording was extended beyond two minutes to capture
additional activity at the highest level. Recordings with no MUA spiking or EEG bursting are
not included in this study. Once the animal no longer responded to our stimulus protocol,
we reduced the level of isoflurane and lowered the heptode to a new depth 170 µm below
the previous. This depth was selected to be far enough to sample from a separate neuronal
population, while still providing us with multiple experiments per animal. We recorded
from as many depths as possible before the animal showed excessive signs of habituation
to the isoflurane.
1.2 Data Analysis
All signals were imported into MATLAB R2015a for analysis. Analyses were conducted
using MATLAB R2015a, MATLAB R2016b and the signal processing toolbox. From each
animal, the set of recordings from a single heptode depth with the maximum spread of
isoflurane levels and no external noise detected was used as one individual experiment.
One such experiment was included from the pilot study, labeled experiment 1 (see Table 1).
1.2.1 Filtering
The heptode signal was used for both LFP and to derive the MUA spike train. The LFP was
taken from the raw heptode signal, notch filtered to remove 60 Hz noise, and then
bandpass filtered from 2.5-300 Hz As the seven channels are located only 40-80 µm apart,
only channel one was analyzed. The MUA was derived from a signal filtered in the data
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acquisition system from 300-3000 Hz, which was then filtered in MATLAB in the same
frequency band to further reduce activity outside the desired frequency band . The EEG
data was acquired raw, notch filtered to remove 60 Hz noise, and then bandpass filtered
from 2.5-110 Hz. All further analysis was carried out using these three filtered signals.
1.2.2 Burst Detection
As mentioned above, under many levels of anesthesia the electrical signals of the cortex
show a pattern known as burst-suppression (BS). While this pattern is easily recognizable
to the human eye, it is important to quantify when bursts begin and end. This allows
calculation of burst suppression ratio (BSR), temporal correlation between spikes and
bursts, and burst power.
We detected the bursts using a noise-based power threshold method. The signal was meansubtracted and then squared. The maximum value of the two channels at each time point
was taken and used as the test signal. The threshold was defined as 7 times standard
deviation of the test signal under suppression. Wherever the test signal exceeded the
threshold was considered part of a burst, and any two sections of bursting activity within 1
second of each other were considered to occupy the same burst. A margin of 130 ms was
added to the beginning and end of each burst to account for the transition from
suppression to bursting.
This method is both impartial and automated, apart from the selection of a suppression
epoch to determine the threshold. However, there are rare cases where this method may
detect a false burst due to an abnormal amount of noise or other factors, and so all bursts
were visually inspected to ensure that they were of physiological origin.
We defined burst suppression ratio as the percentage of time spent in suppression, i.e.
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𝐵𝑆𝑅 =

1
𝑇

𝑠𝑢𝑝𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛/
/

where T is the total length of the recording, and 𝑠𝑢𝑝𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛/ is the length of a given
quiescent period.
Burst power is important to calculate, as the total power for each recording is grossly
skewed by the amount of suppression time. We calculated burst power using the original
threshold-determined bursts, i.e. without the 130 ms margin. Including the margin
penalizes shorter bursts, as these invariably have a shorter duration and thus a larger ratio
of the relatively low-power margin. Burst power is calculated simply as the square of the
mean-subtracted signal:
1
𝑇01234

A7 − A
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:

Where 𝑇01234 is the duration of the burst, A is the mean amplitude of the iEEG signal during
the burst and A7 is the iEEG signal amplitude corresponding to one sample of the burst.
1.2.3 Action Potential Detection
Detecting action potentials in extracellular data is an ongoing subject of research,
particularly as such data is often noisy. In addition, detection methods for multi-sensor
electrodes such as tetrodes or heptodes are not as developed [29]. While many approaches
work in an unsupervised fashion [30], [31], given the noise characteristics and variable
spike morphology of our recordings, we chose a generalized match filter [32][33]. This
approach, while costlier in terms of operator input and computation, is capable of detecting
spikes in very noisy environments.
To implement this method, sample spikes and noise segments are selected to build the
template and noise covariance matrix, respectively. A threshold must then be selected to
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result in as few false negatives and false positives as possible. This choice is inherently
subjective, as there is no ground truth. However, with careful selection of the template, we
were able to determine an optimum threshold. This training process was carried out
separately for all experiments, but templates and thresholds were consistent within
experiments. The thresholds varied from 6 to 6.5 standard deviations above the noise level.
1.2.4 Action Potential Packet Detection
Once we derived the spike train, a point process of spike arrival times, we then group these
action potentials into packets. Analogous to the burst-suppression pattern seen in EEG,
action potentials in the anesthetized brain tend to occur in tight clusters, generally with
between 1 and 10 action potentials. These packets occur on a shorter time scale than EEG
bursts, and there are often multiple packets in the span of a single EEG burst. There are
multiple reasons to investigate the MUA activity in terms of AP packets. Knowledge of these
packets reveals the ways that MUA activity is clustered. It also allows us to investigate
connectivity in a way that does not over-represent packets with multiple action potentials.
And as with EEG bursts, calculating statistics such as action potential firing frequency over
the entire data set would be highly misleading, as in many recordings the action potentials
occur over just a few packets.
The AP packet detection algorithm defines a packet as a group of one or more action
potentials with at least 40 ms of inactivity on either side. A margin of 5 ms is added on
either side of the packet to facilitate calculation of action potential firing frequency. The 40
ms silent time was chosen empirically, as action potentials tend to be grouped in clusters
with no gaps larger than 40 ms.
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We also chose to use the AP packet epochs to calculate power in the LFP. Although LFP
extends beyond the packets, its power often peaks during AP packets, and thus selecting
only those epochs gives us a truer estimate of peak power than selecting the entire LFP
burst. LFP power was calculated using the same method as EEG power.
1.2.5 MUA-EEG Temporal Correlation
An early observation from our pilot study was that action potentials seemed to only occur
during EEG bursts. However, it was not apparent that this was strictly true during our
experiments. Instead, we developed three complementary statistics to characterize the
degree of correlation: spikes in burst, bursts with spike, and suppression with spike.
Spikes in burst (SIB) is defined as the percentage of all spikes whose arrival time is within
any EEG burst. Bursts with spike (BWS) is the percentage of all EEG bursts during which at
least one spike is detected. Its corollary is suppression with spike (SWS), which is the
percentage of suppression periods during which at least one spike is detected. Suppressed
periods are defined as any period of time which is not considered a burst. Note that SIB and
SWS reflect the same activity, but are not equivalent. Further, SIB has no corollary, as
spikes are a point process and therefore have no inverse.
1.2.6 Action Potential Firing Frequency
Action potential firing frequency (APFF) is an important indicator of the level of activity in
the neuronal population being studied. Often APFF is calculated continuously, using a
sliding window. However, given the clustered nature of action potential arrival times, it is
more telling to calculate the APFF per packet. Thus, we define the APFF as the number of
action potentials in a packet divided by the packet’s duration. As explained above, there is
a 5 ms buffer added to AP packets. This value was chosen to allow for calculation of APFF
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even in packets with a single action potential. While these represent a minority of packets,
this buffer allows them to be included in the APFF calculation.
1.2.7 Spike Triggered Average
The spike triggered average (STA) is a means of demonstrating functional connectivity
between a spike train and a continuous signal, in this case both LFP and intracranial EEG.
With EEG, STA is calculated by isolating the 200 ms window of EEG signal centered around
each spike arrival time. Then, each of these spike-triggered windows is averaged together
to show the average EEG activity that occurs when a neuron fires. The same process results
in the LFP STA. To provide a quantitative measure of the relative activity of these signals
we take the root mean square, a proxy for power.
STA analysis is useful, as it puts no conditions on the causality of the two signals. But it is
limited by the clustered nature of action potentials. Since the STA is an average of
individual spike-triggered EEG windows, when action potentials occur in rapid sequence,
the same signal will be averaged multiple times with a slight phase shift. This favors those
packets with multiple action potentials, while at the same time corroding the resulting
signal.
In an attempt to counteract this effect, we introduce two supplementary forms of STA
analysis. Sparse STA calculates the STA for only one action potential every 200 ms, i.e. the
length of the STA window. This ensures that there is no overlap among the averaged
windows. The downside is clear: there is no guarantee that the selected action potentials
will be more meaningful than those ignored. On the other hand, packet-triggered average
(PTA) calculates the STA only for the first action potential in each packet. This allows us
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some guarantee against excessive overlapping while at the same time preserving an
unbiased reason for the action potentials that we choose.
Another way of visualizing the connection between spike train and EEG or LFP is to create
a raster plot of all EEG windows that are used to calculate the STA. While this makes
comparisons between recordings more difficult, it does allow us to see whether there are
distinct and differing patterns of functional connection within one recording.
1.2.8 Spike Classification
In order to determine how anesthesia affects not just the volume of MUA but the types of
neurons that are active, it is necessary to sort the action potentials into classes, each of
which represents a unit, i.e. a supposed neuron. As with detection, there are a variety of
methods available to solve this problem, each with its own benefits and drawbacks.
Generally, these processes work in two steps- feature extraction and clustering. First, the
signal in question is transformed from the time domain into some sort of feature space,
where the feature should allow for distinction among various units, and then the spikes are
clustered so as to determine which spikes are emitted from which neurons.
Our method uses estimated source location [33], [34] to characterize the spikes with the
location in 3-dimensional space of their presumed neuron of origin. Note that this approach
is only possible due to the fact that action potentials are acquired by a heptode whose
sensors are not confined to a single plane. Thus, each action potential results in a point in
3D space, and the spikes are then automatically clustered using a density-based approach
called the DBSCAN algorithm[35]. The above model is advantageous with our data, as our
signals are too noisy to use spike shape or frequency reliably.
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One limitation of density-based clustering methods such as DBSCAN is that small clusters
cannot be reliably identified. In particular this is a problem with higher isoflurane levels,
but it occurs to some degree at all anesthesia levels. To counteract this, we manually sorted
all spikes that were left unsorted by our automated method. Spikes were visually inspected
to assess the relative amplitude of their channels, as well as their morphology, and similar
spikes were clustered. All clusters with five or more spikes were retained and added to
automatically clustered classes or considered a new class.
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CHAPTER TWO- FINDINGS
2.1 General Findings
Each animal yielded multiple potential experiments, as summarized in Table 1. In each
case, we selected the heptode depth with the widest range of anesthesia levels and without
external noise or other confounding factors as our primary experiments. To assess which
effects vary based on position within the cortex, we analyzed all heptode depths from
animal 5. We refer to this as our single-animal paradigm and where relevant, experiments
will be labeled 5.1-5.4 (experiment 5.3 in this paradigm is the same as experiment 5 of our
primary paradigm). An example of the recorded data is shown in figure 1.
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Figure 1 Example Data. All taken from experiment 2 at 2.0% Isoflurane. From top to bottom, EEG spectrogram, intracranial
EEG, MUA, and LFP. Note close temporal correlation of all signals.

2.1.1 EEG Bursts
Information on EEG bursts is summarized in table 2. Note that both the number of bursts as
well as burst duration trend downward as the isoflurane level increases, leading to the
expected finding that BSR is increased with increasing anesthesia level. It is also worth
noting that at the highest levels, bursts are typically 310-330 ms, or 50-70 ms when
excluding the buffer time.
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Table 2 EEG Burst Information. Burst duration includes 260 ms buffer time.

Experiment
1

2

3

4

5

Isoflurane
Level
2
2.5
3
1.5
2
2.5
3
1.5
2
2.5
3
3.5
1.5
2
2.5
3
3.5
1.5
2
2.5
3
3.5

Total
Recording
Length (s)
90.85
76.25
71.13
122.31
121.21
123.40
121.30
121.63
121.55
121.38
121.30
133.13
125.74
122.81
124.07
132.87
125.58
122.22
121.05
121.38
123.48
223.56

BSR (%)
60.29
77.77
96.76
67.41
82.44
95.52
99.23
56.51
80.35
97.21
98.48
98.60
48.10
70.73
93.58
98.49
99.73
74.52
88.87
94.20
98.46
99.29

# Bursts
31
15
5
30
17
10
3
42
23
8
6
6
30
27
7
6
1
24
17
17
6
5

Burst Duration (s)
1.16 +/- 0.28
1.13 +/- 0.25
0.46 +/- 0.19
1.33 +/- 0.26
1.25 +/- 0.30
0.55 +/- 0.24
0.31 +/- 0.01
1.26 +/- 0.25
1.04 +/- 0.21
0.42 +/- 0.17
0.31 +/- 0.01
0.31 +/- 0.00
2.17 +/- 0.42
1.33 +/- 0.26
1.14 +/- 0.32
0.33 +/- 0.02
0.33 +/- 0.00
1.30 +/- 0.23
0.79 +/- 0.17
0.41 +/- 0.08
0.32 +/- 0.01
0.32 +/- 0.02

Only two bursts were eliminated entirely, as seen in figure 2. The first was a noise spike
that rose above the threshold. The second does not have a ready explanation, but unlike a
physiological EEG burst it is monophasic. Our recording setup also routinely ended the
heptode recording 83 ms before EEG recording, and there were two instances in which an
EEG burst began after the heptode recording had finished. These were retained for the
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purposes of calculating BSR, but were not included in the calculation of MUA-EEG temporal
correlation.

Figure 2 Valid versus invalid bursts

2.1.2 Action Potentials and AP Packets
Results of action potential detection are summarized in table 3. As expected, the total
number of action potential decreases with increasing isoflurane level. Note also that the
number of packets in each EEG burst tends to decrease, as the overall duration of each EEG
burst decreases. In contrast, while the number of action potentials per packet does tend to
increase with higher isoflurane levels, the trend is not consistent.
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Experiment Isoflurane Level Time (s) # APs # Packets
1

2

3

4

5

2
2.5
3
1.5
2
2.5
3
1.5
2
2.5
3
3.5
1.5
2
2.5
3
3.5
1.5
2
2.5
3
3.5

90.85
76.25
71.13
122.31
121.21
123.40
121.30
121.63
121.55
121.38
121.30
133.13
125.74
122.81
124.07
132.87
125.58
122.22
121.05
121.38
123.48
223.56

Spikes /
Packet

Packets / Burst

1184

150

7.89 +/- 1.02

4.81 +/- 1.10

443

64

6.92 +/- 0.99

4.13 +/- 1.22

60

7

8.57 +/- 1.04

1.40 +/- 0.78

653

134

4.87 +/- 0.62

4.47 +/- 0.67

448

77

5.82 +/- 0.97

4.53 +/- 1.19

131

21

6.24 +/- 1.19

1.90 +/- 0.68

26

3

8.67 +/- 1.73

1.00 +/- 0.00

582

221

2.63 +/- 0.22

5.21 +/- 0.87

344

100

3.44 +/- 0.55

4.35 +/- 0.98

53

12

4.42 +/- 1.01

1.50 +/- 0.74

23

6

3.83 +/- 1.55

1.00 +/- 0.00

25

6

4.17 +/- 0.79

1.00 +/- 0.00

576

242

2.38 +/- 0.21

8.07 +/- 1.37

428

149

2.87 +/- 0.33

5.52 +/- 1.08

166

36

4.61 +/- 0.94

5.14 +/- 1.31

26

7

3.71 +/- 1.64

1.00 +/- 0.00

7

1

7.00 +/- 0.00

1.00 +/- 0.00

510

126

4.05 +/- 0.47

5.25 +/- 0.80

199

45

4.42 +/- 1.10

2.65 +/- 0.53

139

25

5.56 +/- 1.26

1.47 +/- 0.30

55

6

9.17 +/- 2.11

1.00 +/- 0.00

28

4

7.00 +/- 1.60

0.80 +/- 0.39
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2.1.3 Signal Power
EEG burst power is shown in figure 3. There is a general trend towards higher burst power
at higher levels of isoflurane, although this is obscured by the significant variation within
isoflurane levels. Channel 2, which is placed over the primary visual cortex (V1), generally
shows higher burst power than channel 1, which is over the primary motor cortex (M1).
Power in packet-restricted LFP, as seen in figure 4, also generally increases with increasing
levels of isoflurane. However, the rate of change varies significantly among experiments,
and the trend is reversed in experiment 1.
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Figure 3 Box plot of EEG burst Power
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Figure 4 Box Plot of LFP Power

2.2 MUA-EEG Temporal Correlation
There were both some spikes which occurred outside of EEG bursts, as well as EEG bursts
that did not coincide with any spikes. Statistics for all experiments are given in table 4.
MUA activity outside of EEG bursts was more common than EEG bursts without MUA
activity. Across all experiments, 99.61% of all spikes coincided with an EEG burst, 99.71%
of EEG bursts coincided with at least one spike, and only 2.47% of all suppressed periods
coincided with one or more spikes.
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Table 3 MUA-EEG Correlation Statistics. SIB- Spike in Burst, BWS- Burst With Spike, SWS- Suppression With Spike. Ratios in
bold deviate from ideal values.

Experiment
1

2

3

4

5

Isoflurane

SIB

BWS

2

98.56%

1167/1184

100%

39/39

5.00%

2/40

2.5

100%

441/443

100%

15/15

12.50%

2/16

3

100%

60/60

100%

5/5

0%

0/6

1.5

100%

653/653

100%

30/30

0%

0/31

2

100%

448/448

100%

17/17

0%

0/18

2.5

98.47%

129/131

100%

10/10

18.18%

2/11

3

100%

26/26

100%

3/3

0%

0/4

1.5

100%

580/582

100%

42/42

4.65%

2/43

2

100%

344/344

100%

23/23

0%

0/24

2.5

100%

53/53

100%

8/8

0%

0/9

3

100%

23/23

100%

6/6

0%

0/7

3.5

100%

25/25

100%

6/6

0%

0/7

1.5

100%

576/576

100%

30/30

0%

0/31

2

100%

428/428

100%

27/27

0%

0/28

2.5

100%

166/166

100%

7/7

0%

0/8

3

96.15%

25/26

100%

6/6

14.29%

1/7

3.5

100%

7/7

100%

1/1

0%

0/2

1.5

100%

510/510

100%

24/24

0%

0/24

2

100%

199/199

100%

17/17

0%

0/18

2.5

100%

139/139

100%

17/17

0%

0/18

3

100%

55/55

100%

6/6

0%

0/7

3.5

100%

28/28

80%

4/5

0%

0/6
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SWS

Of the spikes that occur outside of EEG bursts, most are isolated. Only in experiment 1is
there more than one action potential in a single suppressed period, and these are found
immediately after the end of a burst. These spikes are shown along with an example of a
lone spike in figure 5. All spikes outside of bursts were visually inspected, but none were
clearly the result of noise.
In figure 6 we see the only valid EEG bursts not coinciding with any detected action
potentials. The burst in experiment 2, as mentioned before, occurs after the heptode
recording had ceased, and is not included in our calculations. The burst in experiment 5 is
clearly a physiological burst and there is some activity in the heptode, but no action
potentials were detected. It may be that the heptode signal reflects rapid activity or
multiple spikes superimposed on each other, or it may simply be high frequency noise. We
were unable to conclusively determine that this feature was either noise or true
extracellular spiking, and thus the burst is considered not to coincide with any action
potentials.
In our single-animal paradigm, the trend was similar, with 99.13% of spikes coinciding
with EEG bursts and 99.5% of EEG bursts containing at least one spike. In fact, the one
burst not coinciding with a spike is from the same depth used in our principal experiment
5, meaning that of all data analyzed this is the only EEG burst not coinciding with a spike.
The ratio of suppression periods coinciding with spikes is somewhat higher, largely due to
experiment 5.1 at 2.5% isoflurane. Out of 12 suppression periods in this recording, 5
contain at least one detected spike. The complete table is given in the appendix.
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Figure 5 Spikes Coinciding with Suppression. Experiment 1 at 2% isoflurane has several spikes just outside of a burst.
Experiment 2 has one spike well outside of any burst. Red triangles denote detected action potentials.
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Figure 6 EEG Bursts with no coinciding spikes, labeled with red (start) and black (stop) vertical lines. Burst in experiment 2 is
not included in temporal correlation analysis as the heptode signal ceased during the burst. Heptode activity shown from
experiment 5 did not meet matched filter threshold to be determined to constitute spiking activity.

2.3 Action Potential Firing Frequency
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All 5 experiments show the expected general trend of rising APFF with increased isoflurane
level, as seen in figure 7. There was significant variance within isoflurane levels, and two
experiments had reversals in the trend, but nonetheless the overall trend is clear.
Experiment 5 has one of the most significant deviations going from 3% isoflurane to 3.5%,
although there are only 4 packets at 3.5%. When we look at the single-animal paradigm
there are several prominent deviations from the trend. In several cases this could be a
statistical aberration due to a lower number of packets, although this is unlikely to be the
case in experiment 5.4 at 2.5% isoflurane.

Figure 7 Action Potential Firing Frequency. Mean and standard deviation of APFF calculated across all packets of one
isoflurane level
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Figure 8 Action Potential Firing Frequency, All Depths of Experiment 5. Mean and standard deviation shown.

2.4.1 LFP-STA
STA in both the EEG and LFP showed a slight upward trend as anesthesia level is increased,
however there were some unexpected results. Figure 9 shows a stereotypical LFP-STA
curve, from experiment 3. The LFP has a characteristic negative spike centered about 𝑡 = 0,
the peak time of the detected action potential. The amplitude of the curve increases as the
animal goes deeper into anesthesia. The same effect is demonstrated in Hanrahan et al [36],
although the specific shape of the curves are affected by differing filter parameters.
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Figure 9 STA of LFP, Experiment 3. Amplitude of average LFP increases as isoflurane level increases. Shaded regions indicate
standard errors.

In contrast, figure 10 shows the results from experiment 2. Note that here the
characteristic single spike is only seen in the first two isoflurane levels, whereas 2.5% and
3% isoflurane show multiple depolarizations. And while 3% seems to have the highest
amplitude, it is far from unambiguous. Taking the root mean square, we see that 2.5% is
lower than both 1.5% and 2%. RMS values for both EEG and LFP STA are shown in table 4,
and all STA figures are in the appendix. Broadly speaking, there seems to be significant
variation among test subjects.
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Figure 10 LFP-STA from experiment 2. Note uncharacteristic shape, which varies between isoflurane levels
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Table 4 STA Root Mean Square Values. EEG channel 1 is above M1, across from heptode, channel 2 is above V1. LFP taken
from the heptode.

Experiment #
1

2

3

4

5

Isoflurane Level

EEG Ch1

EEG Ch2

LFP

2

10.10

4.64

29.54

2.5

13.35

12.74

28.29

3

47.13

43.82

75.05

1.5

31.08

12.52

75.17

2

38.70

8.77

79.72

2.5

64.59

30.50

66.10

3

100.01

93.57

87.91

1.5

19.05

12.48

106.91

2

17.28

13.75

141.72

2.5

27.81

23.41

227.25

3

45.41

59.32

307.61

3.5

55.78

40.52

325.87

1.5

19.32

15.22

62.27

2

25.78

23.38

95.98

2.5

44.78

31.52

132.83

3

52.83

88.69

172.51

3.5

85.62

130.20

267.42

1.5

10.12

9.79

79.68

2

20.14

16.89

87.07

2.5

24.09

26.58

123.48

3

28.49

28.75

148.92

3.5

33.02

29.69

164.59
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2.4.2 EEG-STA
Results for the EEG STA also show a definite upward trend in amplitude, indicating
increasing connectivity between M1 in the right hemisphere and M1 and V1 in the left
hemisphere. Experiment 2, whose LFP STA differed significantly from our expectation in
both shape and dependence on isoflurane level, is a nearly ideal model for EEG STA. The
shape of the average curve is roughly consistent from one isoflurane level to the next, and
the amplitude generally trends upward, although there is a slight downtick in channel 2 at
2% isoflurane. Both channels are depicted in figure 11.
Experiment 5, seen in figure 12, shows a much more ambiguous pattern of connectivity.
The curve shapes are more inconsistent, the standard error is large, and it is unclear what
relationship the amplitude has with isoflurane level. Despite these deficiencies, the RMS
values of the STA curves do increase with deepening anesthesia. In fact, across all 5
experiments there are only three instances in which the RMS of an EEG STA curve is lower
than any curves of lower isoflurane level.
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Figure 11 EEG STA, experiment 2. Shape is maintained across isoflurane levels and amplitude increases
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Figure 12 EEG STA, Experiment 5. Note varying shaped curves. Standard errors, represented in shaded colors, significantly
overlap other curves.

2.4.3 Alternative STA calculations
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To investigate these unexpected STA results, we turned to alternative methods of
demonstrating connectivity between the MUA and EEG. First, we tried “sparse STA,” as
seen in figure 13. By sub-sampling spikes, we have solved the problem of overlapping
copies of the same EEG signal, but by and large the resulting curves have the same shape.
The same is true with packet-triggered average (PTA), in which we sub-sample one spike
from each packet, seen in figure 14. Again, while this method attempts to counteract the
overlap of EEG windows, for this experiment it results in by and large the same ambiguous
results found in the conventional STA. The STA amplitude trend is still unclear, wave shape
varies with isoflurane level, and due to the lower number of spikes used, standard errors
are even larger.
We then turned to plotting all spike-triggered EEG, as seen for experiment 5, channel 1,
isoflurane levels 2.5%-3.5% in figures 15 and 16. Rather than averaging, we simply isolate
all EEG signals centered on MUA spike arrival times, and plot. Here we can finally see the
source of our unusual STA curves in detail. Rather than a series of random fluctuations,
these seem to be the result of multiple competing, but individually prominent patterns. At
2.5% isoflurane, for example, there are 14 packets with 52 MUA spikes whose
corresponding EEG pattern contains a significant negative deflection about 𝑡 = 0, and 11
packets containing 87 MUA spikes whose corresponding EEG pattern contains either a mild
negative deflection or positive deflection.
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Figure 13 Sparse STA. Spikes are sub-sampled such that no two spikes are within 200 ms of each other. This solves the problem
of overlapping EEG signals.
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Figure 14 Packet-Triggered Average. This method sub-samples one spike from each packet. However, the resulting curves are
similar to full STA.
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Figure 15 Spike-Triggered EEG plot of experiment 5, 2.5% isoflurane. Each row represents the EEG window centered around
one spike, centered on spike arrival time at t=0, with black horizontal lines dividing AP packets. (b) is reordered by packet to
show competing waveforms.

41

Figure 16 Spike-Triggered EEG plot of experiment 5, 3% and 3.5% isoflurane. (b) and (d) are rearranged by packet to
demonstrate competing waveforms.

42

2.5 Spike Sorting
Of the four experiments carried out beyond the pilot study, spike classes with a minimum
of 5 units were detected for 3 isoflurane levels in 3 experiments, and 4 isoflurane levels in
one experiment. 85% of spikes were classified, although the rate within each isoflurane
level varied between 30%-93%. Typically, the rate of classified spikes was lower at higher
isoflurane levels, partially as a result of the lower total numbers of spikes combined with
the 5 spike threshold. Results are presented in figures 17 and 18.
Half of all sorted spike classes, 14 of 28, were maintained through all successfully classified
isoflurane levels. Another 11 dropped off after a certain level of isoflurane, while the
remaining 3 were either intermittently active or appeared in a single isoflurane level. Some
units were already relatively inactive before dropping off, raising the possibility that they
may have remained active, but at a level that would not meet our threshold.
In the single animal paradigm, 84% of spikes were successfully classified. Spike classes
were detected for the first 3 isoflurane levels in experiments 5.1, 5.2 and 5.4, while 5.3 had
spike classes for the first 4 levels. In contrast to our primary paradigm, only 5 classes
overall were present at all isoflurane levels in their experiment, 21 dropped off, and 2 were
intermittently active or appeared in higher isoflurane levels without appearing in lower
levels. Results for these experiments can be seen in figures 19 and 20.
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Figure 17 Sorted MUA Spike Classes, (a) Experiment 2, (b) Experiment 3. Each waveform is the average of all MUA spikes in its
class, number of spikes given above each waveform. Total number of detected APs is show with isoflurane level to the left.
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Figure 18 Sorted MUA Spike Classes, (a) Experiment 4, (b) Experiment 5. Each waveform is the average of all MUA spikes in its
class, number of spikes given above each waveform. Total number of detected APs is show with isoflurane level to the left.
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Figure 19 Sorted MUA Spike Classes, (a) Experiment 5.1, (b) Experiment 5.2. Each waveform is the average of all MUA spikes
in its class, number of spikes given above each waveform. Total number of detected APs is show with isoflurane level to the left.
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Figure 20 Sorted MUA Spike Classes, (a) Experiment 5.3, (b) Experiment 5.4. Each waveform is the average of all MUA spikes
in its class, number of spikes given above each waveform. Total number of detected APs is show with isoflurane level to the left.
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CHAPTER 3. DISCUSSION
3.1. Conclusions
From our correlation analysis we see that action potentials typically occur only during EEG
bursts, with only 0.39% of all detected action potentials found during suppressed periods
and 0.29% of EEG bursts not coinciding with at least one action potential. Indeed, the only
EEG burst not coinciding with a detected action potential did coincide with some activity in
the heptode, raising the possibility that there were one or more action potentials present
but undetected. Visual inspection revealed high frequency activity of an ambiguous nature,
either overlapping action potentials or noise of unknown origin.
The spikes detected outside of bursts were more common, appearing in 5 separate
recordings. All such spikes were visually inspected and none could be conclusively
attributed to external sources of noise. Only one suppressed period contained more than
one spike. There was no discernible pattern to these isolated action potentials, occurring
both at high and low isoflurane levels, sometimes twice in the same recording, and both
proximate and distant from EEG bursts.
We also conclude that action potential firing frequency (APFF) increases with increased
levels of isoflurane, as hypothesized. We believe that calculating APFF using our packet
method is more representative of the rate of neuronal activity than the sliding window
method, as the packet method calculates APFF only based on periods of activity. There are
cases where a single isoflurane level may have a mean APFF lower than the level below it,
but in general across experiments the trend is for APFF to rise with isoflurane level.
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Our hypothesis that functional connectivity increases with isoflurane level was proven to a
limited degree, in that all STA curves have a significantly higher amplitude than baseline,
i.e. noise STA. This can partially be explained by the fact that spikes are highly temporally
correlated with EEG burst as shown previously. But while some STA curves are clearly
influenced by multiple competing patterns, many are composed primarily of a single
pattern, indicating a high degree of cross-hemisphere correlation between MUA and EEG
activity.
Still, the lack of a stereotypical STA curve across isoflurane levels indicates that the nature
of any functional connections between MUA and EEG is not fixed. We established that these
unusual STA curves are often the result of multiple competing connectivity regimes. The
varying STA results may be due to random fluctuations in the prominence of these
competing regimes, or they may be tied to the specific neuronal populations we sampled.
The increase in RMS on its own certainly indicates increasing degrees of connectivity,
although this can largely be accounted for by the increasing EEG burst power. Thus, while
we can reasonably conclude that there is a high degree of cross-hemisphere connectivity
between MUA and EEG during burst suppression, we cannot demonstrate that this
connectivity increases in relation to the depth of anesthesia.
Finally, we see that by and large, the same MUA classes remain active at all levels of
isoflurane. This is only possible to show up to levels with enough spikes, which generally
restricts our analysis to the first three levels. While only precisely half of all detected
classes were maintained throughout all significant levels of anesthesia, many of those that
dropped out may have done so as a result of statistical variance.
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In experiment 2, the first unit to drop out is also the least active, and the second to drop out
is the second most active at 2% isoflurane. There is one unit present only at 2%, but it may
be present at other levels in levels not sufficient for detection. In experiment 3, there is
very little activity at 2.5% isoflurane, and if we exclude this level then all classes are
maintained. Experiment 4 has one intermittently active unit, although this, as well as the
unit that is no longer found at 2.5%, is relatively less active than other units. Experiment 5
may be the most unusual, in that the two units that drop out at 2% are more active at 1.5%
than the final two.
This result may not hold across all depths within the cortex, as seen in our single animal
paradigm. Of all 28 classes detected in these experiments, only 5 were active throughout all
isoflurane levels. In multiple cases, the most active unit at a given level was no longer active
at the next level, while units in experiments 5.1 and 5.3 became more active with higher
levels of isoflurane.
This study was undertaken to improve our understanding of the brain’s function under
anesthesia, and from our STA and classification results it appears that the same networks
are largely involved at all levels of anesthesia. They become more sparsely active as the
level of anesthesia deepens, but while active, both the rate of AP firing and EEG power are
increased at higher anesthesia levels. Whereas fMRI studies found isoflurane to have little
impact on connectivity [37] or a negative correlation [38], we showed that crosshemispheric connectivity increases with increasing amounts of isoflurane.
Our results can also be generalized to other conditions involving burst-suppression such as
post-cardiac arrest recovery and encephalopathy, and more broadly to brain studies as a
whole. The temporal correlation shown here suggests that, when looking at gross measures
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of activity, ECoG or even scalp EEG may be acceptable substitutes for microelectrode
readings in the cortex. If it can be shown that these findings hold in all states causing burstsuppression, that could lead to increased insight into the brain’s ability to recover from
cardiac arrest and coma.
3.2 Future Directions
In order to strengthen our finding of correlation between EEG and MUA signals, it will be
important to develop the ability to record from essentially the same location. This would
serve as a control for our exploration of interhemispheric connectivity, and would be
particularly interesting if we expand the study to include awake animals. Our experimental
setup also only enabled us to record from two sites in the brain. Increasing the number of
screw electrodes or replacing them with an ECoG grid would allow us to establish the
degree of connectivity with multiple brain regions. We could also expand the region
sampled by our microelectrode, either with the current equipment or by using a
microelectrode array. However, this would likely necessitate a change in detection and
spike sorting algorithms, as the current methods require extensive training and manual
sorting.
We were also unable to determine the precise depth of our electrode. While our recording
setup allowed us to determine the relative depth with great precision, the initial depth was
established by eye, and so could vary significantly. With an accurate assessment of depth,
we could ensure that all experiments are sampling from the same cortical layer, and further
prioritize experiments coming from similar depths.
As mentioned above, the potential applications of this study on clinical use of EEG are
enormous, but further studies will be necessary to investigate whether our results hold
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with other conditions involving burst suppression. If so, this would indicate that invasive
treatments are unnecessary, and would also lead to a greater understanding of the neural
circuits involved in cardiac arrest, encephalopathy, and sedation.
Finally, our experimental procedure included taking recordings while stimulating the
animal. We plan to use these recordings for a pilot study assessing the reactions to differing
stimuli and how these reactions vary depending on their timing. The results of our present
study will be used as a baseline to compare spontaneous activity to stimulated activity.
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APPENDIX A. ALL STA RESULTS
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APPENDIX B. SPIKE-TRIGGERED EEG PLOTS
All plots are from experiment 5, channel 1.
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