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S1. Concatenated Statistics
Critical exponents in presented in the main paper are

obtained on a per-recording basis. However, for clarity,
figures show statistics concatenated to form one curve
so that comparison between QW, isoflurane, ketamine,
and pentobarbital is visually clear. Fig. S1 shows that
the concatenated statistics are fairly representative of
individual recordings. Estimation ranges tended to be
about an order of magnitude shorter for the concate-
nated statistics, reflecting the variability across animals.
For duration distributions however, which only had typ-
ically one order of magnitude of estimation range on a
per-recording basis, it was not possible to find a mean-
ingful region where our estimation criterion could be es-
tablished.

Table SI shows the avalanche size exponents obtained
for the concatenated data and agrees fairly well with Ta-
ble 1 in the main text. These are labeled p-value con-
strained as the method to get the estimation region re-
quires constraining the p-value to be greater than 0.1.
However, its possible that this could lead to differences
simply based off where this region is. As such we also
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FIG. S1. Per-animal comparison of avalanche statistics.
Avalanche size (a) and durations (b) for individual quiet
wakefulness recordings (n = 12), compared with the con-
catenated data (black curve). Source data are provided as
a Source data file.
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condition p-value constrained range constrained

QW 1.14(4) N/A
Iso. 1% 1.16(6) 1.23(4)
Iso. 2% 1.14(4) 1.13(5)
Ket. 10 mg/kg 1.06(4) 1.10(4)
Ket. 100 mg/kg 1.08(5) 1.04(5)
Pent. 12.5 mg/kg 0.93(5) 0.95(3)
Pent. 80 mg/kg 0.89(5) 0.94(4)

TABLE SI. Exponent τ estimated for the different conditions
using the p-value and range constrained methods. Brackets
denote uncertainty on the last digit.

test exponent estimates by constraining the fitting do-
main to the QW estimation domain. This ensures that
differences in the exponent do not arise from the choice
in domain, but does not guarantee that the p-value of
the fitting is significant. Table SI shows that the two
methods give similar results

S2. Avalanche Duration and Scaling Relation

Unlike avalanche sizes, avalanche durations are strictly
discrete (i.e., in terms of frames), and their overall range
is much shorter (see Fig. S2a) such that a continuous esti-
mator is not a good approximation. In this case a differ-
ent estimator must be used for maximum likelihood [1].
In particular we use:

p(α|T ) = T−α

ζ(α, Tmin)− ζ(α, 1 + Tmax)
, (S1)

where ζ(α, Tmin) is the Hurwitz zeta function. This is
the same as the estimator shown in [1], with the added
feature that the distribution has a finite upper cutoff
Tmax. The choice of Tmin and Tmax is the same as for
the avalanche sizes — it is the largest range for which the
p-value of a KS-test against a theoretical distribution is
above 0.1. Typically these ranges were on the order of a
single decade, though this is largely due to the fact that
avalanche durations scarcely span over two decades.
We also analyzed the typical avalanche duration for a

given avalanche size, written ⟨T ⟩(S) (Fig. S2b). This is
calculated by finding the mean duration of avalanches in
size bins [Si, Si+1). The exponent γ describes the rela-
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FIG. S2. Avalanche duration analysis. a) Example of
avalanche duration distribution in quiet wakefulness for a sin-
gle recording. The dashed line extends over the estimation
region and has a slope α. b) For the same recording, the
avalanche duration against avalanche size. Red dots represent
the average duration for a given size, ⟨T ⟩(S). The estimation
for γ via robust linear fitting is shown, as well as the value
obtained from the scaling relation, γ(α, τ), given by Eq. 2.
Source data are provided as a Source data file.

tionship between S and ⟨T ⟩ and is calculated by using
a robust linear fit (robustfit, MATLAB) to the loga-
rithm of both S and ⟨T ⟩. This value is compared against
the γ(α, τ) which is calculated from the scaling relation-
ship in Eq. 2, and the uncertainty δγ(α, τ) is calculated
from the uncertainties δτ and δα via standard error-
propagation:

δγ(α, τ) =

√
(α− 1)2

(τ − 1)4
δτ2 +

1

(τ − 1)2
δα2 (S2)

S3. Altered Dynamics Reflected in Phase Space
Representation

Surgical plane levels of isoflurane and ketamine induce
calcium dynamics markedly different from those observed
during quiet wakefulness (QW). Despite the high dose
of anesthetic, we also observed several recordings that
displayed dynamics similar to QW, which we referred to
as ‘awake-like’.

To characterize the differences in the dynamics and
separate these recordings, we analyzed the correspond-
ing Hilbert transforms. The Hilbert operator, Ĥ, im-
parts a π/2 phase shift to each frequency of the real-
valued signal x(t), and returns the analytic signal X(t) =

x(t) + iĤ[x(t)]. We transform each pixel (hilbert, MAT-
LAB), and plot the phase-space representations (i.e.,

when plotting x(t) against Ĥ[x(t)]) as a density plot.
Such phase-space representations is particularly useful
for oscillatory dynamics [2] as they appear as rings in
phase-space.

Figures S3 through S5 show the Hilbert transform den-
sity plots, all normalized in the same way and with the
same color axes for allow for direct comparison. Fig-
ure S3 shows two representative Hilbert transforms for
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FIG. S3. Hilbert transform analysis of different drug cases.
Representative Hilbert transform density plots for quiet wake-
fulness (QW), isoflurane 1%, ketamine 10 mg/kg, pentobar-
bital 12.5 and 80 mg/kg. Bottom and top rows are different
recordings for the case specified at the top of column.
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FIG. S4. Hilbert transform density plots for all seven ke-
tamine 100 mg/kg recordings. Recording marked with an
asterisk is awake-like.

QW. These were found to be roughly Gaussian shaped,
reflecting the lack of characteristic oscillations. Likewise,
all recordings of low-dose anesthetics, and pentobarbi-
tal 80 mg/kg, also had similar Hilbert transform profiles
(Fig. S3). Surgical-plane levels of ketamine (100 mg/kg)
induced prominent oscillations in the calcium dynamics
of six out of seven recordings. These oscillations man-
ifest as clear rings in phase space (Fig. S4). The final
recording had no clear oscillations, and the corresponding
Hilbert transform was similar to QW and thus labeled as
awake-like (marked by asterisk in Fig. S4). On the other
hand, seven of ten Isoflurane 2% recordings displayed
small amplitude system-wide fluctuations, punctuated by
brief system-sized (large amplitude) bursts. The remain-
ing three recordings did not show these dynamics. The
fluctuations manifest as sharp peaks in phase space where
as the bursts appear as rings, with the prominence of the
ring being related to the rate of bursting in the record-
ing S5. Again, the three recordings for which this was
not the case had phase space representations similar to
QW (marked by asterisk in Fig. S5).

A. Avalanche Analysis of Surgical Plane
Anesthesia Exhibiting Awake-Like Behavior

For the aforementioned awake-like recordings under
surgical plane anesthesia (1 out of 7 for ketamine and 3
out of 10 for isoflurane), Fig. S6 shows both the calcium
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FIG. S5. Hilbert transform density plots for all ten isoflu-
rane 2% recordings. Recordings marked with an asterisk are
awake-like.
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FIG. S6. Avalanche analysis of awake-like dynamics for sur-
gical plane anesthesia. a Examples of (z-scored) traces of the
total calcium activity. b The mean estimated PCF for awake-
like isoflurane 2% (n =3) and ketamine 100 mg/kg (n = 1)
with quiet wakefulness (QW) for reference. Shaded area de-
notes standard deviation of QW and is omitted from others for
clarity. The vertical line shows the first zero crossing for QW.
c Avalanche statistics along with QW for reference. Inset
shows the KS distance between individual recordings, against
the concatenated QW distribution. Source data are provided
as a Source data file.

activity as well as the avalanche analysis. The corre-
sponding avalanche initiations maps are shown in Fig. S7.

S4. Continuous Measurement of Heart Rate as
Physiological Indicator of Anesthetic Depth

To monitor the anesthetic depth in animals over the
course of our recordings, we extracted the heart beat
from the original raw calcium signal in all cases. To do
this, a global signal was generated by averaging across
pixels. The global signal is filtered between 4 and 15 Hz
(240 to 600 bpm), which was the same for all record-
ings for consistency. Peak detection was then used to
determine the time between subsequent heart beats in
order to extract the heart rate over time. To establish
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FIG. S7. Avalanche initiation maps as in Fig. 4 but for the
awake-like conditions. Colorbars indicate the number of times
a pixel was classified as an initiation site, averaged over all in-
group maps, weighted by the number of observed avalanches
with the Gini coefficient G indicated.

the robustness of our findings, we also used a continuous
wavelet transform (cwt, MATLAB) as an alternative ap-
proach to estimate the heart rate and obtained very sim-
ilar results. Examples of the extracted heart rate traces
are shown in Fig. 5a. Fig. 5b shows the average heart
rate and its variability for each recording. Our measure-
ments show minimal variability and, hence, stationar-
ity in this physiological indicator of anesthetic depth in
animals with high-dose anesthesia over the course of a
given recording. The average heart rates were found to
be consistent with reports in the literature, though these
too can vary and some cases (in particular ketamine 10
mg/kg and pentobarbital 12.5 mg/kg) have not been as
broadly studied [3–10]. For each drug we compared the
distribution of average heart rate values between QW,
low dose, and high dose, and in each comparison the
three were found to be statistically different from each
other (one sided ANOVA test, isoflurane: [F (2,22) = 110,
p = 10−12], ketamine: [F (2, 24) = 146, p = 10−14], pen-
tobarbital: [F (2, 19) = 44, p = 10−8]). We also tested
whether awake-like recordings observed under high-dose
anesthetics would exhibit heart rates different from their
respective in-group recordings of high-dose anesthetics.
This was not the case however, awake-like recording heart
rates were consistent with other in-group recordings (hol-
low dots in Fig. 5b). This together with the stationary
behavior of the heart rate for all animals with high-dose
anesthesia is consistent with the observed time invariance
of the avalanche statistics (see S6).

S5. Excitation-inhibition Balance Maps

While anesthetics can disrupt excitation-inhibition
(EI) balance [11], it is not clear that this disruption would
occur globally and uniformly across the cortex. To test
this, we utilize a novel method to estimate EI balance
from time series [12]. Briefly, this method uses an ex-
tension of the Critical Oscillations model of neuronal ac-
tivity. By looking at changes in the envelope (obtained
a Hilbert transform) they estimate a function EI bal-
ance measure, where EI = 0 means balance, EI < 0
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FIG. S8. Excitation-inhibition (EI) balance maps averaged over all animals belonging to a particular category. EI is the average
(with standard deviation) over the field of view and G is the Gini coefficient. Color-bars show the (logarithmic) value of each
color, with a value of EI < 1 means inhibition dominated while EI > 1 means excitation dominated.

means inhibition dominated, and EI > 0 means excita-
tion dominated. Using the default settings provided in
the public code, this analysis was conducted on a per-
pixel basis, and averaged across in-group conditions to
form the EI balance maps in Fig. S8. We emphasize
that this method was developed for oscillatory signals
EEG signals. While we believe the oscillatory nature of
relative calcium fluctuations bares some similarity, our
analysis based on wide-field optical imaging of calcium
should be regarded as preliminary.

Caveats aside, as Fig. S8 shows for QW, the mean
EI, averaged across pixels, is 0.90(6), which is close to
the value of one expected in criticality [11, 12]. Impor-
tantly, this is distributed rather homogeneously across
the cortical surface, as reflected in the small Gini coef-
ficient (G, as shown in Eq. 3 of the main text). Anes-
thetics, however, can alter the EI map substantially in a
multitude of ways. For example, both low-dose isoflurane
and ketamine largely preserve EI globally, but locally EI
is increased in the anterior, and for isoflurane decreased
in the posterior. This decrease, which is not observed
in ketamine, perhaps explains why isoflurane had such
avalanche statistics essentially identical to QW. In high
doses, ketamine preserves global EI balance but the dis-
tribution of EI is extremely heterogeneous, while isoflu-
rane has an extremely low global EI. We also observe the
awake-like recordings have a global EI nearly identical
to QW, and their EI maps are drastically different from
the predominant maps. Lastly, for completeness, pento-
barbital is harder to classify. Low-dose maps suggest a
greater reduction in global EI, while the high-dose sees
an increase back to QW levels, but more localized than
before.

S6. Temporal Invariance of Avalanche Statistics
Over Course of Recording

We recorded additional three surgical-plane level ke-
tamine and isoflurane recordings at twice the length of

those used in the manuscript. Each recording was then
divided in half into an early and late epoch and avalanche
analysis was repeated for each epoch. These are shown
in Fig. S9, and include for reference the avalanches in
Fig. 3 (yellow curve), as well as a QW reference (dotted
curve). We find that avalanche statistics between the
early and late epochs are consistent with those reported
in Fig. 3. This together with the observations in S3 in-
dicates that the anesthetic depth is maintained over the
course of each recording for the surgical-plane level anes-
thetics. Note that these longer recordings were not used
for the results in the main manuscript.
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FIG. S9. Avalanche statistics for the early and late epochs for
surgical plane isoflurane (left) and ketamine (right). Both the
yellow and dot-dashed curve in each panel are the same as in
manuscript and serve as reference. Source data are provided
as a Source data file.

S7. Alternate Avalanche Definitions

Avalanches in the main text are defined by the clus-
tering of pixels with above threshold signals, where the
signal may be above threshold for multiple frames. An
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alternative approach is to use a point-processed signal,
where only the initial crossing of the threshold from be-
low is used [13, 14]. Using the same interaction radius as
in the main text (r = 8 pixels) and a per-pixel threshold
of one standard deviation above the mean, we find distri-
butions generated from point-processed signals follow the
same distribution as those in the main text, albeit with
a different cutoff (Figure S10). Additionally, one could
use neighbouring pixels for clustering instead of a wider
radius, such as in [14]. Fig. S11 shows this approach
with both the non-point-processed and point-processed
method, and we observe similar critical exponents.

Calcium signals have long decay times which could af-
fect avalanche statistics. This is (partially) addressed
by the point-processed approach, though a potentially
more rigorous approach is to use deconvolution meth-
ods, which we did as well. We applied the code provided
in [15], using default parameters. While deconvolution
methods are primarily used in 2P imaging, the repre-
sentative pixel in Fig. S12a shows the deconvolved sig-
nal appears rather faithful. Due to the computational
time required for this method, we restricted our analy-
sis to a single hemisphere of QW recordings. As each
pixel collects bulk fluorescence from a ∼40µm2 column
of cortex, the pixel-wise signal represents the average cal-
cium fluorescence of hundreds of neurons. Consequently
the deconvolved signal estimates the multi-unit activity
(MUA) of this population of neurons, and we extracted
calcium transients or population ‘spikes’ from this MUA,
which are shown in Fig. S12(a,c). We then repeated the
avalanche analysis in the same manner as in the main
manuscript. As Fig. S12d shows, the size distribution
of calcium transients-derived avalanches is largely indis-
tinguishable from the original distribution. Most impor-
tantly, the decay exponent (which is the relevant aspect
for criticality) is statistically indistinguishable between
the two cases. Avalanche durations also follow similar
statistics as the original (Fig. S12e), albeit with a shift in
the mean due to the calcium decay. In summary, regard-
less of which approach is used to define avalanches, our
overall conclusions remain the same — power-law statis-
tics in quiet-wakefulness are disrupted in a non-universal
fashion by the different anesthetics.

S8. Alternate Hypothesis Testing

Common alternate hypothesis testing functions to
power-law are exponential, stretched-exponential,and
log-normal [1], all of which were tested. Of these, log-
normal distributions were the closest to the power-law
hypothesis and are shown in the main text. The other
two distributions fared generally much worse and are
shown in table SII. Note that for pentobarbital 12.5
and 80 mg/kg the analysis returned infinite values for
the stretched-exponential estimation. This is likely due
to the shallower slope of the two distributions, which is
below 1 (assuming it is power-law). This results in the
estimator used by mle (MATLAB) to return infinite val-
ues for the β parameter estimation, which could not be
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FIG. S10. Point-processed avalanche analysis. Comparison
of distributions presented in main text (solid) with the point-
processed versions (dashed). The dot-dashed line (same in
every panel) corresponds to the estimated exponent for quiet-
wakefulness (QW), along with the fitting domain. Insets
show awake-like distributions for the corresponding condition.
Source data are provided as a Source data file.
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FIG. S11. Nearest-neighbour avalanche analysis. a) Quiet-
wakefulness (QW) avalanches using adjacent pixels rather
than the expanded neighbourhood used in the main paper.
Distributions are shown for point-processed (dashed) and
non-point-processed signals (solid), with their associated es-
timated exponents. b) The non-point-processed distribution
from panel a) is compared against the equivalent distribution
across different drug cases (not including awake-like cases).
Each curve is rescaled to the τ = 1.2 obtained in QW to show
differences more clearly. Source data are provided as a Source
data file.

resolved.

S9. Connected Correlation Function
It has been suggested that at criticality the zero cross-

ing of the connected correlation function, r0, should scale
linearly with the linear dimension of the box (at least up
to L/2, where L is the system size) [16]. We do indeed
observe linear scaling up to a window length close to 100
pixels (Fig. S13(a)), which is consistent with our sys-
tem size. Note that our system size is limited – a box of
around 200 × 100 pixels – as we need to exclude the right
hemisphere due to the high symmetry. In addition, this
box contains masked-out pixels that do not correspond
to the cortical surface, roughly about 10%.
Interestingly, we find similar results for all conditions,

i.e., there are neither significant differences between QW
and the different drug conditions nor deviations from lin-
ear scaling (Fig. S13(b)). While naively one could take
this as evidence that all high-dose cases can be considered
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FIG. S12. Avalanche analysis on a deconvolved calcium signal. a) An example showing the original calcium signal (blue)
along with the deconvolved signal (orange) for a single pixel. Triangles show times at which calcium transients were identified.
Dotted-vertical lines show the segment where panels in (b) and (c) are taken from. b) Sample calcium transience signal over
the FOV used in the original analysis (only a single hemisphere), with time going from left to right. Red square indicates the
pixel corresponding to the trace in a). c) The calcium transients obtained from the deconvolved calcium signal for the same
panels as in b). d) Avalanche sizes distributions obtained from the calcium transients shown in c) compared with the original
calcium signal (concatenated over all quiet wakefulness recordings). e) Same as d) but for avalanche durations, re-scaled by
their respective averages. Source data are provided as a Source data file.

Exp (1) StrExp (2)

QW 856 1919 3775 20 81 210
Iso. 1% 491 654 2150 2 92 183
Iso. 2% 364 2658 4303 41 206 Inf
ket. 10 mg/kg 490 757 1552 1 16 98
ket. 100 mg/kg - 2628 - - 54 -
pent. 12.5 mg/kg 185 283 542 -2 18 Inf
pent. 80 mg/kg 158 271 540 2061 Inf Inf

TABLE SII. Likelihood ratio test results for the exponen-
tial (Exp) and stretched-exponentioal (StrExp) alternative
hypothesis. Only cases where plausibility of power-law for
avalanche sizes can be established (i.e., an exponent with
p > 0.1 for a one-sample Kolmogorov-Smirnov distance test
statistic) are considered. The numbers in the brackets indi-
cate the number of estimated parameters for that distribution.
The middle number in each cell denotes the median of the
boot-strapping procedure, while the left and right numbers
are the 10-th and 90-th percentiles. Note only one recording
for Ketamine 100 mg/kg had an exponent with p > 0.1 and
so uncertainties could not be established with this method.

critical — in contrast to our findings based on avalanche

statistics — it is important to realize that within the
small range of box sizes we have available, all of the
sub/super/critical cases basically look the same — con-
sistent with the work presented in [16]. Thus, the analysis
of the correlation length scaling is not sensitive enough
given our experimental limitations.

S10. Clustering Algorithm for Avalanches

Let Γ be the graph with N nodes, and vi(t) ≥ 0 be the
signal at node i ∈ [1, N ] at discrete time t ∈ [1, Tmax].
The set of graph-neighbours of i will be denoted Γ(i).
We assume there exists some set of times T̄ ⊂ [1, Tmax],
for which vi(t ∈ T̄ ) = 0. We will use An to denote the
n-th cluster.

1. At time t, find the set of active nodes: S(t) = {i}
such that vi(t) > 0.

2. For all i ∈ S(t), find the neighbours of i active in
the previous time step: Ωi(t− 1) = Γ(i)∩S(t− 1).
Depending on the size of Ωi(t−1), three options are
available. Either start a new avalanche, continue
an existing avalanche, or merge multiple existing
avalanches:



7

(a) (b)

low-dose
high-dose

Slope = 0.41(3)

FIG. S13. Box-scaling analysis. (a) Characteristic length de-
termined by the first zero crossing of the connected correlation
function, as a function of the box window length, averaged
across all quiet-wakefulness recordings. (b) Measured slope
for all conditions, not including the high-dose cases do not
including awake-like recordings. Source data are provided as
a Source data file.

(a) if Ωi(t − 1) = ∅, then i has no previously ac-
tive neighbours which could explain its acti-
vation. Assume i is the start (root) of a new
avalanche, labeled by An (n is arbitrary, but
it can’t have been previously used). The new
avalanche has vi(t) and a start time of t.

(b) if |Ωi(t−1)| = 1, then i belongs to a previously
existing avalanche, with an existing label An.

Add i to An and add vi(t) to the size of An.

(c) if |Ωi(t − 1)| = m > 1, then there exists m
previously active neighbours. These m neigh-
bours belong to a set of n ≤ m necessarily
disjoint avalanches {Ak1 , ..., Akn}, where we
assume the set is ordered so that k1 < k2 <
... < kn. Merge the avalanches in the following
way:

Ak1
→ Ak1

=

n⋃
j=1

Akj
.

The roots of the new Ak1
is the union of all

the roots of the disjoint avalanches involved.
The size of Ak1

is now the sum of all the sizes
of the avalanches involved in the union, and
the start of the avalanche, which is used to
calculate its duration, is the minimum of the
start times of the individual avalanches. All
labels other than Ak1 can now be discarded
and re-used. Finally, add i to the new Ak1 ,
and add vi(t) to the size of Ak1 .

3. Continue to time t+ 1.

At the end of the algorithm we have a set of M
avalanches {Akj}Mj=1. Each avalanche will have a set of
participating nodes, the times at which they participated,
a size (the sum of vi(t) across all nodes i at their times
t), a duration (the number of time units the avalanche
was active for), and a set of roots.
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bey, M. Classical heart rate variability and non-linear
heart rate analysis in mice under na-pentobarbital and
ketamine/xylazine anesthesia. Turkish Journal of Medi-
cal Sciences 52, 858–869 (2022).

[11] Bellay, T., Klaus, A., Seshadri, S. & Plenz, D. Irregular
spiking of pyramidal neurons organizes as scale-invariant
neuronal avalanches in the awake state. Elife 4, e07224
(2015).

[12] Bruining, H. et al. Measurement of excitation-inhibition
ratio in autism spectrum disorder using critical brain dy-
namics. Scientific reports 10, 9195 (2020).

[13] Scott, G. et al. Voltage imaging of waking mouse cortex



8

reveals emergence of critical neuronal dynamics. Journal
of Neuroscience 34, 16611–16620 (2014).

[14] Tagliazucchi, E., Balenzuela, P., Fraiman, D. & Chialvo,
D. R. Criticality in large-scale brain fmri dynamics un-
veiled by a novel point process analysis. Frontiers in
physiology 3, 15 (2012).

[15] Pnevmatikakis, E. A. et al. Simultaneous de-
noising, deconvolution, and demixing of calcium
imaging data. Neuron 89, 285–299 (2016). URL
https://www.sciencedirect.com/science/article/

pii/S0896627315010843.
[16] Martin, D. A. et al. Box scaling as a proxy of finite size

correlations. Scientific Reports 11, 15937 (2021).


