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Abstract

Recently we introduced a robust measure, integrated local correlation (ILC), of local connectivity in
the brain using fMRI data which reflects the temporal correlation of brain activity in every voxel
neighborhood. The current work studies ILC in fMRI data obtained in the absence and presence of
sevoflurane anesthesia (0%, 2%, and 1% end-tidal concentration, respectively) administered to
healthy volunteers. ILC was determined specifically in regions of the default mode network (DMN)
to address local changes in each state. In addition, a potential confound in analyses based on
correlations due to signal-to-noise variations was addressed by wavelet denoising. This
accommodated decreases in signal power commonly seen during anesthesia without artificially
reducing derived correlations. Results showed that ILC was significantly reduced in the entire DMN
during 2% sevoflurane yet recovered in the posterior and anterior cingulate cortices as well as inferior
parietal cortex during 1% sevoflurane. By contrast, ILC remained attenuated prefrontally in the 1%
condition, which indicates uncoupling of the frontal areas of DMN during light anesthesia. These
results confirm widespread anesthetic-induced cortical suppression but also demonstrate that the
local connectivity of the prefrontal cortex is rapidly reduced by sevoflurane. It remains to be seen
whether these alterations arise locally as a direct consequence of anesthetic action on local neurons
or are driven by distant changes in oscillations and activity elsewhere in the brain.
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1. INTRODUCTION

The loss and recovery of consciousness and their corresponding neural substrates is a central
conundrum in anesthesiology and neuroscience. Rather than focusing on an isolated anatomical
structure or neuronal process, network models (Crick et al., 2003; Mashour, 2004) take
multiple, distributed regions of the brain into consideration and have attributed loss of
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consciousness as induced by anesthesia to cognitive unbinding that result from reduced
connectivity of functional networks in the brain. In support of this view, functional
neuroimaging studies have demonstrated disrupted connectivity in thalamo-cortical networks
(Ries et al., 1999; White et al., 2003), inter-hemispheric cortico-cortical networks (Peltier et
al., 2005) and the default mode network (Peltier et al., 2006; Greicius et al., 2008) in the
presence of anesthetic drugs. Another emerging view is that a complex of posterior brain areas
is a common target for anesthetic-induced unconsciousness, and affects the brain's ability to
integrate information, especially the flow of information between the front and back of the
brain (Alkire, Hudetz & Tononi, 2008). In light of these hypotheses, inspection of local
connectivity in the brain will further specify how different regions function and consequently,
may contribute to normal brain activity and behavior. In this paper we investigate a measure
of local connectivity in the brain by computing the temporal correlation of functional magnetic
resonance imaging (fFMRI) signals within a finite neighborhood of each voxel in the brain at
different concentrations of an inhaled anesthetic.

fMRI-based local connectivity is conceptualized as carrying information about the
coordination among neighboring sub-regions of the brain and will depend on the local anatomic
structure and homogeneity of neuronal processes. Although fMRI correlates significantly with
local field potentials and as such reflects key components of neural activity (i.e., the synaptic
input and intracortical processing of a given area, Logothetis et al., 2001), temporal correlations
in the fMRI signal may not necessarily be based on underlying anatomic connectivity (Honey
et al., 2009). Therefore, measures such as ILC, as implemented in the current study, reflect
local neural “synchrony” analogous to focal fMRI activations reflecting local neural “activity”.
However, changes in local connectivity can be driven by altered neuronal dynamics in a distant
region. Therefore, ILC is a valuable measure for assessing regional functional homogeneity
rather than localized anesthetic action. As such, it yields a new perspective on anesthetic action
that emphasizes network effects on a local scale.

The concept of fMRI-based local connectivity has gained significance in neuroimaging
literature with studies (Deshpande et al., 2009; Liu et al., 2006; Zang et al., 2004)
demonstrating how information on local connectivity complements information on distributed,
long-range connectivity. The latter captures synchronous activity between remote regions of
interest (ROISs) rather than neighboring sub-regions within an ROI. For example, increased
local connectivity in Alzheimer's patients is thought to compensate for decreased distributed
connectivity observed in these patients (Liu et al., 2008). Local connectivity functionally
parcellates the brain, and the parcellation is distinctly different in individuals with
schizophrenia as compared to healthy controls (Shi et al., 2007). In addition, local connectivity
changes can be a marker of various neurophysiological disorders such as attention deficit/
hyperactivity disorder (Zhu et al., 2008), clinical depression (Yuan et al., 2008; Yao et al.,
2009) and Parkinson's disease (Wu et al., 2009), as well as normal cognitive development in
healthy children (Pang et al., 2009). Among the various approaches to measure local
connectivity, we recently introduced a robust measure, integrated local correlation (ILC), to
measure local connectivity in the brain from fMRI data (Deshpande et al., 2009). In the present
study, ILC was applied to resting state fMRI data from human subjects inhaling 1% and 2%
sevoflurane, a commonly used volatile anesthetic.

The effects of sevoflurane on brain function have been studied with fMRI in sensory, motor
and higher association areas (Kerssens et al., 2005; Ramani et al., 2007; Marcar et al., 2006;
Heinke et al., 2001). While it is evident that sevoflurane dose-dependently attenuates task-
related fMRI responses, effects on task-independent and spontaneous fMRI activity were so
far examined only in the motor cortex (Peltier et al., 2005). These spontaneous, very low-
frequency fluctuations (<0.1 Hz) are observed while subjects are not engaged in a particular
task (hence, “resting-state") and have been shown to be correlated across brain regions that
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serve the same function (hence, “functional connectivity', Biswal et al., 1995). Previous studies
have shown that functional connectivity in the motor cortex is attenuated by sevoflurane
(Peltier et al., 2005). Given their functional specialization, motor regions and many other
regions in the brain are typically more engaged during an active task as compared to resting
state. In contrast to these task-networks, a specific set of regions has been found to be more
active during rest instead. This “default mode network' (DMN) almost invariably includes the
posterior and anterior cingulate cortices, dorsolateral and medial prefrontal cortex,and inferior
parietal cortex (Raichle et al., 2001; Greicius et al., 2003). Though its precise role and function
is yet unclear, the DMN appears to be involved in some form of self-awareness and
introspection, which renders it relevant to studies of consciousness Reduced or absent DMN
connectivity is seen in brain dead but not vegetative state patients (Boly et al., 2009),), during
meditation (Pagnoni et al., 2006; 2008) and under pharmacologically induced sedation
(Greicius et al., 2008), ostensibly subserving altered states of consciousness. Most recently,
the network was shown to uncouple during deep sleep when reduced functional connectivity
of the frontal cortex was observed (Horovitz et al., 2009). Even in fully awake subjects, the
prefrontal region appears to interact preferentially with parietal attention networks whereas the
posterior cingulate region interacts with prefrontal motor control circuits (Uddin et al., 2009)
suggesting that the DMN may be less homogeneous that previously thought. Both regions seem
to directly modulate activity in these respective networks rather than the other way around
(Uddin et al., 2009). This may explain why DMN activity and resting states in general are
relevant to task-related brain activity and normal behavioral function (Boly et al., 2007; Eichele
etal., 2008; Wig et al., 2008). Also, these studies indicate that functional differentiation within
the DMN is important and valuable to examine.

We have hypothesized that anesthesia alters DMN activity and provided preliminary evidence
in support of this notion by demonstrating reduced distributed DMN connectivity during
sevoflurane anesthesia (Peltier et al., 2006). Functional differentiation within the DMN,
however, can be readily examined with local connectivity measures such as ILC. By inspecting
the functional integrity of individual regions as measured by ILC, changes within network
components that go unnoticed in examinations of distributed connectivity (which captures the
temporal correlation between regions), may be observed. Consequently, ILC could be a useful
tool for testing brain differentiation hypotheses and information integration theories of
anesthetic action.

A serious source of confound in any analysis of time series correlations is a reduction in signal
power, which degrades the signal to noise ratio (SNR) and may artificially lower correlation
values. Critically, the intrinsic state of the brain may not have changed yet conclusions to the
contrary are drawn based on the correlation values. The vasodilatory effect of sevoflurance
(Mattaetal., 1999; Kolbitsch etal., 2001; Kaisti et al., 2002; 2003) has the potential to decrease
the BOLD signal power (Stefanovic et al., 2006), a confound we addressed in our analysis by
denoising the fMRI time series using wavelets, thereby preventing the degradation of SNR.

2. RESULTS AND DISCUSSION

2.1 Physiological Parameters

All subjects maintained normal physiologic parameters during anesthetic administration and
no adverse events occurred at any time during or after the study. End-tidal carbon dioxide
increased marginally between the 1% and 2% sevoflurane conditions (light vs. deep state, mean
+ standard deviation: 38.2 £ 3.1 vs. 38.7 + 4.6 mmHg, respectively) but not significantly
(Wilcoxon Ranks Test, p=0.35). Respiratory rates in the light state (18 + 2 breaths per minute,
brpm), deep state (21 + 3 brpm) and the awake state (no anesthesia, 24 = 5 brpm) were not
significantly different from each other (Friedman Test, p=0.07). We note that breathing was
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regular at all times and no volunteer stopped breathing at any time nor were any volunteers
excluded due to respiratory irregularities.

Heart rate showed a similar, dose-independent trend over time between the awake (55.9 £ 5.4
beats per minute, bpm), deep (53.4 £ 7.5 bpm), and light states (51.9 + 6.6 bpm, Friedman
Test, p=0.22). Mean arterial pressure decreased significantly as a function of dose (awake: 87.5
+12.1 mmHg; Light: 70.8 + 3.4; Deep: 68.5 + 4.5 mmHg, Friedman test, p<0.01). These data
are consistent with the literature and suggest modest hemodynamic and respiratory changes in
the presence of sevoflurane (Matta et al., 1999; Lorenz et al., 2001; Cho et al., 1996).

2.2 Physiological Artifacts

The mean value of Cean(f), which is the mean spectral cross-coherence in the neighborhood
of the voxel, obtained from all the subjects from each of the three states are shown in Fig. 1.
Note that the frequency ranges from 0.01 Hz to 0.665 Hz, which is half the sampling frequency.
Intuitively, the spectral cross-coherence in the neighborhood of the voxel provides a frequency-
specific decomposition of the corresponding ILC. The following observations are pertinent.
The high frequency coherence components (>0.1 Hz), which typically contain the effects of
physiological artifacts, were significantly lesser in magnitude and remained relatively constant
between the three states in comparison to the low frequency coherence components (<0.1 Hz)
which are thought to be physiologically relevant (Razavi et al., 2008). Therefore, it can be
inferred that the ILC differences between the three states were mainly driven by the differences
in the low frequency coherence components. A comparison of the mean spectra obtained from
the fMRI time series inside the brain and downsampled physiological data revealed that in
comparison to the power in the fMRI time series, the latter's power was negligible (Fig. 2).
This verified that downsampling did not alias the physiological rhythms into the low frequency
band, which is to be expected since the TR (750 ms) was relatively small. Therefore, neither
the physiological measurements themselves nor their purported effect on local correlation
suggested that the dependence of ILC on anesthesia could be attributed to physiological
confounds.

2.3 Local Connectivity during Anesthesia

The group ILC maps in the awake, deep and light states, which were studied in that order, are
shown in Fig. 3. It can be seen that there was a general reduction in local connectivity between
the awake and deep states., and the mean ILC of all grey matter regions in the brain (global
mean ILC) significantly decreased between the two (p<0.05). In the light state that followed
the deep state, the mean ILC significantly increased in comparison to the deep state (p<0.05).
These results indicate dose-dependent changes in local connectivity in all grey matter regions
of the brain.

Although 2% end-tidal sevoflurane reduced ILC globally including the DMN, notable
differences between local connectivity in the DMN and other grey matter areas were apparent.
First, the default mode regions had a significantly higher ILC compared to the global mean
ILC across all subjects and states (p<0.05). This may be tied to the exceptionally high metabolic
rate exhibited by these regions in resting state (Raichle et al., 2001). Second, unlike the global
mean ILC, the prefrontal regions of the DMN did not show a significant difference between
ILC in the deep and light states. The overall observation is that normalization of local
connectivity in the light state was substantial in posterior cingulate cortex, anterior cingulate
cortex and inferior parietal cortex but negligible in the medial and lateral prefrontal regions.
Default-mode-specific ILC values for individual subjects are shown in Fig. 4. Based on these
observations, it is evident that the changes in local coherence in the DMN did not simply reflect
those seen globally in the presence of sevoflurane anesthesia. Instead, local coherence remained
remarkably high in some regions of the DMN, but was markedly disrupted in prefrontal regions.
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We focused on the DMN given the network's relevance to altered states of mind and
consciousness. Previous work has shown reduced connectivity between the regions of the
DMN with increasing concentrations of sevoflurane (Peltier et al., 2006) and in the presence
of midazolam, an intravenous sedative agent (Greicius et al., 2008). We demonstrate here that
local connectivity within individual regions of the DMN is also reduced by sevoflurane
anesthesia. However, local connectivity did not change uniformly across anesthesia
concentrations, but was lost in prefrontal regions of the DMN at concentrations of sevoflurane
that left the local connectivity in posterior regions intact. Effectively, a disconnect between the
front and back of the brain, which may be interpreted as uncoupling of the frontal areas of
DMN, was found at 1% sevoflurane. At higher concentrations (2% sevoflurane), all studied
DMN regions exhibited reduced local connectivity.

At the concentrations studied here, sevoflurane is known to reduce cerebral blood flow and
oxygen metabolism especially (i.e., beyond any global reductions) in the midbrain (thalamus),
posterior lateral and medial cortex (cuneus, precuneus, inferior parietal lobule) and cerebellum
(Kaisti et al, 2002; 2003). Therefore, the loss of local connectivity we observed prefrontally
may not necessarily suggest that the anesthetic acted locally in the prefrontal regions per se
but rather may suggest a change in neural dynamics that is at least in part driven by a region
elsewhere in the brain on which the anesthetic acts directly.. Irrespective of whether the
anesthetic acts directly on the prefrontal regions or not, our results do suggest that the prefrontal
cortex is sensitive to anesthesia and shows reductions in local connectivity at relatively low
anesthetic concentrations. This sensitivity may explain why front-to-back interactions, as
measured by transfer entropy in rats, decrease markedly during anesthesia while feed-forward
interactions from the back of the brain remain intact (Imas et al., 2005). Resting-state fMRI
data sets do not provide insight into the temporal order of events within a single experimental
scan, but an outline of local and global cascades can be tentatively inferred from the differential
response of brain regions to anesthesia exposure obtained in this study.

The dissociation between regions of the DMN during inhalation of 1% end-tidal sevoflurane
clearly confirms that general anesthesia is not a uniform entity (Veselis et al., 2001; Franks,
2006) but affects regions differentially and perhaps on more than one level (i.e., local effects
on neuronal activity vs. distributed effects on brain connectivity). To the extent that the DMN
supports elements of consciousness, our study strongly supports network theories of
consciousness that emphasize the integrity of the frontal and parietal cortex, as well as the
interactions between them (Alkire, Hudetz & Tononi, 2008). Although we did not examine
such interactions directly, a fronto-parietal disconnect is implied in our results. These results
tie in with anterior-posterior dissociations that have been reported to occur upon loss of
consciousness as measured by scalp EEG in humans (John et al., 2001) and event-related
potential studies in rats (Imas et al., 2005). In contrast to these existing studies, however, the
present findings are based on a hemodynamic measure (fMRI) rather than electrophysiology
and derive from very low frequency oscillations (<0.1 Hz) as opposed to fast (30 — 80 Hz).
Nevertheless, a similar phenomenon - front-to-back disconnect — was observed. This suggests
that resting-state fMRI has merit in investigations of cognitive function and impairment,
especially because it is readily applied in humans, is noninvasive and task-independent.
Furthermore, the inspection of local connectivity using ILC seems to add specificity to
measures of distributed connectivity, in this study by implicating the prefrontal cortex rather
than other brain regions in connectivity changes at low anesthesia concentrations.

While these physiological changes presumably underlie some of the behavioral impairments
associated with sevoflurane anesthesia (Galinkin et al., 1997, Ibrahim et al., 2001), such
associations were not addressed in the current study because probing function, by definition,
is incompatible with assessment of the resting state. We, therefore, cannot comment on the
functional status of subjects at the time of study. However, we speculate that consciousness
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was virtually absent under 2% end-tidal sevoflurane and was disrupted during 1% sevoflurane.
This sits well with the clinical concept of MAC, the minimum alveolar concentration required
to prevent response to a painful stimulus (surgical incision) in half the population, which is
roughly 2% sevoflurane in this age group (Nickalls & Mapleson, 2003). Future studies are
recommended to include a low-level (passive) task that allows collection of response data such
as reaction times or accuracy, or to collect more complex task data in a run in close succession
of the resting-state acquisition.

The limitation of the current study is that the link between our measurement and neuronal
function is only as tenuous as that between fMRI and neuronal function. According to
Logothetis et al (2001), fMRI can be construed as a convolution of the local field potentials
(LFP) with the hemodynamic response function and subsequent downsampling due to the slow
speed of MR acquisition. Since both convolution and downsampling are linear operators,
instantaneous covariance between LFPs from neighboring neuronal units will still be preserved
in the fMRI time series obtained from the neighboring voxels corresponding to those neuronal
units (See Wei, 1982 for a theoretical proof), albeit with a different magnitude. The neuronal
units under consideration are “neighboring” only with respect to the spatial resolution of fMRI
and may not be adjacent on a neuronal scale. However, it may still correspond to a functionally
homogeneous region. Since LFPs are indicative of the pre-synaptic input activity of a neuronal
population, covariance between neighboring LFPs and hence between neighboring fMRI voxel
time series may be indirectly linked to synchronous pre-synaptic neuronal activity. It is to be
noted here that since the covariance in LFPs is translated into covariance in fMRI, the link
between our measurement and neuronal function is only as good as the link between fMRI and
neuronal function.

Notwithstanding the discussion so far, the results presented here should be only cautiously
generalized, if at all. The effect of anesthetic agents and their mechanism of action on brain
cells and systems are not properly understood yet known to diverge (Franks, 2006). Indeed, it
should be recognized that recent studies have reported increased temporal synchrony in the
fMRI BOLD signal depending on the region of interest using intravenous drugs such as
midazolam (Kiviniemi et al., 2005; Greicius et al., 2008) and propofol (Kerssens et al.,
2008). Moreover, entities such as consciousness may not be a monolith and its neural substrates
could vary depending on whether changes are induced artificially (sedatives) or naturally
(sleep) (Mashour, 2004). In light of these notions, our results should be interpreted within the
specifics of our experiment.

2.5 Summary

We report gradual changes in local connectivity in the human brain at 1 and 2% end-tidal
sevoflurane. ILC, a robust measure of local connectivity derived from fMRI data, was
examined in core regions of the default mode network (DMN). Data were denoised using
wavelets in order to remove the dependence of ILC on changes in signal power and hence,
SNR. The results suggest that local connectivity was reduced globally and in the DMN during
2% end-tidal sevoflurane. During 1% end-tidal sevoflurane, however, local connectivity
recovered in posterior cingulate, anterior cingulate, and inferior parietal cortices but not the
prefrontal cortex. These results suggest uncoupling of the frontal areas of DMN at low levels
of anesthesia and a sensitivity of the prefrontal cortex to anesthetic action. Further studies are
required to ascertain whether this is a result of local anesthetic action on the frontal areas or
are driven by local action by the drug elsewhere in the brain. This work demonstrates the utility
of ILC for noninvasive characterization of local brain function within and across different brain
states.
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3. EXPERIMENTAL PROCEDURES

3.1 Participants

Six right-handed male volunteers (22 — 24 years old) took part in this study which was approved
by the institutional review board of Emory University. As part of the consent process
participants were informed of the overall anesthetic procedure, the different concentrations
that would be used, and associated effects on sleepiness. They were specifically informed of
“invasive” procedures such as placement of a laryngeal mask airway (breathing device) and
intravenous needle, and known risks associated with such procedures and anesthesia. In order
to reduce the probability of adverse events and in adherence to good anesthetic practice,
subjects were required to fast for 8 hours prior to study and they were carefully screened prior
to inclusion as to assure their health and to minimize risk. Screening consisted of a physical
exam and medical history (performed by PS) which identified risk factors for receiving
anesthesia. Additionally, a self-report questionnaire assessed risk factors for MRI scanning. If
there were doubts about the appropriateness of subject participation in relation to a number of
predetermined exclusion criteria, subjects were not included in the study.

3.2 Anesthesia

The study was designed to assess the graded effect of sevoflurane on brain function using three
states: awake, deep and light, in that order. This order was preferred over one progressing from
light to deep in order to critically test dose-dependency of anesthesia effect on brain activity:
If dose-dependent, brain function should recover (partially) in the light state following a deep
state. If not, carry-over effects from the deep state may be implicated and/or the dose-response
relationship may be nonlinear. By having the light state follow the deep state, both issues could
be explored. States were achieved by administering 0%, 2% and 1% end-tidal sevoflurane,
respectively. At each level, resting state and task-related BOLD fMRI data were acquired, in
that order, the latter of which were reported elsewhere (Kerssens et al., 2005). For present
purposes, the awake state corresponded to a normal resting-state scan without anesthesia.

An anesthesiologist (PS) was responsible for the anesthetic procedure and continuously present
in the scanner room during sevoflurane administration together with an anesthetist. Prior to the
induction of anesthesia, volunteers gargled with 4% viscous lidocaine in order to facilitate
subsequent placement of a breathing tube (laryngeal mask airway). Anesthesia was then
induced with sevoflurane in oxygen using the single-breath technique. After securing a
laryngeal mask airway, sevoflurane concentration was held constant at 2% for 15 minutes in
order to allow pseudo-equilibration with brain and achieve a steady-state deep anesthetic. At
this point, resting state scans corresponding to the deep state were obtained. Subsequently, the
end-tidal sevoflurane concentration was adjusted to 1% and held constant for 15 min prior to
scanning in order to achieve the light anesthetic state and corresponding resting state scans.
Volunteers breathed spontaneously throughout the anesthetic procedure and oxygen flow was
not adjusted after induction. Standard anesthetic monitoring was employed throughout the
experiment, including end-tidal carbon dioxide monitoring via a sample line attached to the
anesthetic circuit. The monitoring was in accordance with the American Society of
Anesthesiologists practice standard parameters and included inspired and expired respiratory
gases (including sevoflurane), pulse oximetry (blood oxygen saturation), blood pressure, heart
rate, and respiratory rate. The physiological data were continuously collected and monitored
yet manually recorded at regular intervals for data reporting purposes. After the anesthesia
procedure, subjects were taken to the post-anesthesia care unit until they met Aldrete score 10
(oriented, awake, stable/normal physiology). They had something to eat and drink and were
tested for recognition memory once the subject and anesthesiologist felt anesthesia recovery
was complete. Subjects were told not to drive for the remainder of the day and had arranged
for appropriate means of transportation or an escort home. We followed up on their physical
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and mental well being per telephone call the next day. All subjects indicated to feel fine upon
follow-up.

3.3 Data Acquisition

Resting-state echo planar imaging (EPI1) data were acquired on a 3T Siemens Trio, with pulse
sequence parameters: TR= 750 ms; TE= 35 ms; FA= 20°; FOV= 22 cm; 10 axial slices with
5 mm slice thickness, 280 volumes per slice and an in-plane resolution of 3.44 mm x 3.44 mm.
In addition, T1-weighted anatomical images with 1 mm isotropic resolution were acquired
using a magnetization prepared rapid gradient echo (MPRAGE) sequence with TR/TE =
2600/3.93 ms and FA=8°.

3.4 Data Analysis

3.4.1 Pre-processing—The motion parameters for all the subjects were reviewed using
Brainvoyager™ 2000 (Ver 4.9 © Rainer Goebel and Max Planck Society, Maastricht, The
Netherlands. www.brainvoyager.com). One subject was excluded from the analysis due to
severe gross head motion at the beginning of scanning under anesthesia. In the remaining
subjects motion was not significant and was corrected using the Brainvoyager™ 2000 software.
Subsequently, slice scan time correction and linear detrending (<0.008 Hz) were performed to
remove very low frequency scanner drifts. The regions corresponding to the default mode
network were identified in the resting-awake state using independent component analysis
(ICA) (Greicius et al., 2004) and a mask formed from the anatomic data. The resting-state
default mode mask was transformed into the MNI (Montreal Neurological Institute) space
(Evans et al., 1993) and is shown in Fig. 5. The default mode masks for analyzing the deep
and light states were generated by transforming the MNI space mask to their respective native
EPI space. The transformations between EPIl and MNI space were carried out using SPM2
(Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk).

3.4.2 Wavelet Denoising—Wavelet denoising is a procedure where in the time series is
decomposed into “approximate” and “detail” wavelet coefficients by using a filter bank
comprising complementary low pass and high pass filters, respectively. In the wavelet
transform domain, the signal energy gets packed into a few coefficients, enabling the separation
of the signal from noise. Soft thresholding the noise coefficients (Donoho, 1995) and inverse
wavelet transforming (Strang et al., 1996) the remaining coefficients will render the signal in
the time domain without the noise. It is to be noted that, unlike global signal regression, wavelet
denoising only separates the signal from the noise using the representation of the time domain
signal in a vector space spanned by the wavelet basis functions and hence does not alter the
properties of the signal of interest and does not reuse any part of the data, as a consequence of
which, it does not introduce anti-correlations in the data. We performed simulations to show
that wavelet denoising is effective in minimizing the contribution of noise in the correlation
coefficient between time series and hence ILC (see the appendix for details). Further, we
demonstrated using real fMRI data that the autocorrelation function (ACF) of the difference
time series (original-denoised time series) inside the brain significantly correlated with the
ACF of the time series outside the brain (Pearson’s correlation coefficient 0.87, p<0.01),
proving the applicability of denoising for fMRI (Appendix). Subsequent to pre-processing,
every voxel time series within the brain mask was denoised using sixth order Daubechies
wavelets with five levels of wavelet decomposition and soft thresholding. The choices of these
parameters were not critical to denoising performance and most of the choices using soft
thresholding (Donoho, 1995) showed that the ACF of the difference time series inside the brain
significantly correlated with the ACF of the time series outside the brain. The denoised data
was used to calculate ILC as described below.
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3.4.3 Integrated Local Correlation—ILC of a voxel is defined as the integral of the spatial
correlation function at that location as given below (Deshpande et al., 2009). The spatial
correlation function represents the temporal correlation of the voxel under consideration with
its neighbors.

S [ 00 by )]

ILC () = ZZ N—nl 0 — 2
t \/ gola? )] .golbx_v )]

(1)

where 2 is the position of the voxel under consideration and a-; (n) is the time course for that
voxel. The neighboring voxels are represented by byy(n) where x and y are indices relative to
the voxel under consideration.

As in Deshpande et al. (2009), we employed a neighborhood size of 60 x 60 mm? in this work.
ILC calculations were performed using custom software written in MATLAB (The MathWorks
Inc, Massachusetts). ILC maps were generated by calculating ILC values corresponding to
each voxel within the brain using the denoised data. This procedure was carried out in the
native EPI space of the data. The ROI specific ILC values for the default mode network regions
— posterior cingulate cortex (PCC), anterior cingulate cortex (ACC), bilateral inferior parietal
cortex (IPC) and frontal cortex (FC) — were derived by applying the default mode masks to the
ILC maps and calculating the mean ILC values within each ROI. Within the default mode
mask, the four ROIs were identified based on their anatomical location. Although these ROIs
are not inclusive of all the regions in the default mode network, they were consistently
identifiable in the ICA components of all the subjects and include the main regions identified
and studied by others (Raichle et al., 2001; Greicius et al., 2003, 2004; 2008). The frontal ROI
consisted of medial and lateral prefrontal regions. The statistical significance of the change in
ILC values from awake to deep state and that from deep to light state was ascertained by
performing a Wilcoxon rank sum test (Wilcoxon, 1945) between the voxel ILC values of each
ROI in different states. The non-parametric Wilcoxon rank sum test was employed instead of
the t-test since ILC distributions have been shown to be not normal (Deshpande et al., 2009).

3.4.4 Physiological Artifacts—In order to determine whether the ILC obtained from
denoised data had any contribution from physiological confounds such as respiratory and
cardiac pulsations, the local correlation in the neighborhood of each voxel was spectrally
decomposed using spectral cross-coherence. Accordingly, for each voxel time series a- (n) and
its neighbor byy(n), their auto power spectral densities P(f, s) and Py(f, X, y) as well as the their
cross power spectral density Pop(f,s,x,y) were calculated using Welch's method (Hayes,
1996). The spectral cross-coherence between the time series, which spectrally decomposes the
contribution of different frequency components to the time-domain cross-correlation between
a (n) and its neighbor, byy(n), was evaluated as follows.

C(f,_s),x,y)
|pal) ’ ’x y)
P (£F) % Py (f.x.) (2)

The mean spectral cross-coherence in the neighborhood of the voxel under consideration
a- (n) was calculated as given below.
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%};C (f,?, X, y)

Cinean (f,—S)) = xy— 1 )

The mean and standard deviation of the quantity in Eq. 3 was evaluated over all the voxel
positions inside the brain for which ILC was calculated, to obtain one cross-spectral coherence
function Cyean(f) for each of the three states — awake, deep and light. This quantifies the
contribution of different frequency components to the global changes in ILC between the three
states. First, we evaluated whether the high frequency coherence components (>0.1 Hz), which
typically contains the effects of physiological artifacts, were significant in comparison to the
low frequency coherence components (<0.1 Hz) which are thought to be physiologically
relevant (Razavi et al., 2008). Second, we ascertained the band of frequency which drove the
ILC changes between the three states. Third, we downsampled the cardiac and respiratory data
to match the sampling rate of fMRI data in order to ascertain whether the high frequency
components that they carry may have been aliased to the low frequency band.
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APPENDIX

A.l Simulations

When examining correlation between two signals, the power of the signals versus the noise
variance needed to be considered. In the absence of noise, the correlation coefficient between
two fMRI time series does not depend on the signal power. This is not the case in the presence
of random noise, in which case the correlation of the two signals decreases with the SNR of
the data, i.e. decreasing with the signal power if the noise variance remains the same. The effect
of noise, hence the dependence on the signal power, can be lessened if the noise component
of the time series is reduced. We addressed this issue by wavelet denoising. The effectiveness
of denoising is first illustrated using simulations described below.

Let x(t) and y(t) be two heavy sine time series as shown below.

x(t)=A@x sin(4dxnmxt)—sign(t—0.3)—sign(0.72 — 1)) (A1)

() =A@ Xsin(4dxXnX1t)+4 X cos (4 X xt)—sign(t—0.3) — sign(0.72 — 1)) (A2)

Where sin, cos and sign are the sine, cosine and signum functions, respectively. The heavy sine
functions have been previously used to illustrate the effectiveness of wavelet denoising
(Donoho, 1993).

The amplitude scaling factor of both x(t) and y(t), A, varied from 1 (no scaling) to 0.33
(amplitude decreased by three times). Gaussian distributed random noise of a standard
deviation of one, generated using a random number generator, was added to x(t) and y(t) to
produce x'(t) and y’(t). The noise corrupted time series were denoised using wavelets resulting
in time series x"(t) and y”(t). For each scaling factor, the correlation coefficients R’ and R”
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between the noise corrupted and denoised time series, respectively, were obtained. The mean
values of R and R” over 1000 realizations of the noise process were computed.
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Original (top) and scaled (bottom) time series x(t) with and without denoising (right and left
panels, respectively). This illustrates the effectiveness of wavelet denoising for removing only
the random fluctuations introduced by noise while retaining the signal of interest.

A.2 Simulation Results

Fig. Al shows the original and scaled simulated time series with and without denoising. Fig.
A2 illustrates the variation of mean R’ and R” as a function of the signal amplitude. R’ decreased
with the reduction of signal amplitude as predicted. However, R"” remained relatively constant
illustrating that denoising has the potential to lessen the SNR dependence of the correlation
coefficient. Also, the correlation coefficient between the original time series x(t) and the
denoised time series x"(t) was 0.997. This shows that wavelet denoising effectively removed
the noise introduced by the random number generator.

The denoising is valid to fMRI data if the difference time series between original and denoised
time series contains only noise and not the signal of interest. We verified that this was the case
by calculating the autocorrelation function (ACF) of the difference time series inside the brain
and compared it to that of the noise time series outside the brain. ACF is depictive of the rate
of the decrease in correlation with increasing temporal distance from a reference time point
within the time series. Since the time series outside the brain mainly contains random noise
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whose adjacent time points are not highly correlated, its ACF should decrease exponentially
as a function of time. Fig. A3 compares the ACFs of the mean of all the difference time series
inside the brain and the mean of all the time series outside the brain. It can be seen that both
ACFs exponentially decreased suggesting that they arise from random noise. Furthermore, the
two ACFs were very similar (Pearson's correlation coefficient 0.87, p<0.01) indicating that the
difference time series inside the brain and the noise time series outside the brain, correspond
to the random noise of similar nature. These results show that wavelet denoising removes
mainly the noise and retains the signal of interest in the fMRI data. Therefore, post wavelet
denoising, decreased correlation within a neighborhood in the brain during anesthesia can be
attributed to lower synchrony between fMRI time series rather than degraded SNR resulting
from lower signal power under anesthesia.
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Figure A2.

The variation of mean R’ (dotted line) and R” (solid line) as a function of the scaling factor.
This illustrates that, in the presence of noise, a decrease in signal amplitude (i.e. increase in
scaling factor) can lead to artificially reduced correlation even though the synchrony between
the signals remain unaltered. With wavelet denoising, the dependence of correlation on signal
amplitude is largely reduced as shown by the relatively flat line obtained from denoised data
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Figure A3.

The autocorrelation functions of the difference time series between the original and denoised
signals inside the brain (solid line) and the mean time series outside the brain (dotted line)
obtained from fMRI data acquired during the deep anesthetic state. The difference time series
between the original and denoised signals inside the brain is a measure of the noise removed
by wavelet denoising from brain tissue. The mean time series outside the brain represents the
measurement noise introduced by the scanner. Since the autocorrelation function, which is a
signature of noise characteristics, of both the time series were closely matched, it can be inferred
that wavelet denoising removed only the measurement noise and not the signal of interest from
the brain tissue.

Non-standard Abbreviations

(ILC) Integrated local correlation

(DMN) Default mode network

(ICA) Independent component analysis

(ACF) Autocorrelation function

(PCC) Posterior cingulate cortex

(ACC) Anterior cingulate cortex

(IPC) Inferior parietal cortex

(FC) Frontal cortex

(MAC) Minimum alveolar concentration
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The cross coherence function obtained from all the subjects in the awake (left), deep (middle)
and light (right) states. The mean curve is shown in red and standard deviation as blue bars.
The cross coherence function provides a frequency-specific decomposition of ILC. The high
frequency coherence components (>0.1 Hz), which typically contain the effects of
physiological artifacts, were significantly lesser in magnitude and remained relatively constant
between the three states in comparison to the low frequency coherence components (<0.1 Hz)
which are thought to be physiologically relevant. The arrow in the figure shows the cut off
frequency of 0.1 Hz. Therefore, it can be inferred that the ILC differences between the three
states were mainly driven by the differences in the low frequency coherence components
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Figure 2.

The mean power spectra of the fMRI time series inside the brain (blue) and the downsampled
physiological time series (red) for the awake (left), deep (middle) and light (right) states. Note
that the power on the y-axis is represented on a logarithmic scale and is different for the deep
state in order to highlight the fact that downsampled physiological time series had a power less
than one compared to a power of 10-100 for fMRI time series inside the brain. Therefore, it
can be inferred that downsampling did not alias the physiological rhythms into the low
frequency band (<0.1 Hz)
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Figure 3.

Group ILC maps for the awake (top), deep (middle) and light (bottom) anesthetic states in EPI
space. Slices containing the default mode network are displayed. ILC was greater in areas of
high metabolism such as posterior cingulate in the awake state. Global reduction of ILC was
observed in the deep state. ILC recovered in the posterior areas in the light state, but remained
attenuated in the frontal areas
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Figure 4.

ROI-specific ILC values for all the five subjects. The awake and deep states were statistically
different (p<0.05) for each ROl in every subject while the deep and light states were statistically
different (p<0.05) for PCC, ACC and IPC in all the subjects. The arrow indicates that the ILC
transition from deep to light state was not significant (p>0.05) for FC in all subjects. PCC:
Posterior cingulate cortex, ACC: Anterior cingulate cortex, IPC: Inferior parietal cortex, FC:
Frontal cortex. The color of the bar indicates the anesthetic state. Blue: awake, Green: deep

and Red: light
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Figure 5.

The resting-state default mode mask in MNI space. Abbreviations — PCC: posterior cingulate
cortex, ACC: anterior cingulate cortex, IPC: inferior parietal cortex, FC: frontal cortex, BA:
Brodmann area
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