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SUMMARY

Many anesthetics cause loss of consciousness despite having diverse underlying molecular and circuit ac

tions. To explore the convergent effects of these drugs, we examine how anesthetic doses of ketamine and 

dexmedetomidine affect bilateral oscillations in the prefrontal cortex of nonhuman primates. Both anes

thetics increase phase locking in the ventrolateral and dorsolateral prefrontal cortex, within and across hemi

spheres. However, the nature of the phase locking varies. Neighboring prefrontal subregions within a hemi

sphere show decreased phase alignment with both drugs. Local analyses within a region suggest that this 

finding could be explained by broad cortical distance-based effects, such as large traveling waves. In 

contrast, homologous areas across hemispheres become more aligned in phase. Our results suggest that 

both anesthetics induce strong patterns of cortical phase alignment that are markedly different from those 

during waking and that these patterns may be a common feature driving loss of responsiveness from different 

anesthetic drugs.

INTRODUCTION

Many different anesthetics exist and are widely used in medicine 

for similar purposes, despite having distinct mechanisms of ac

tion. The common elements by which these drugs induce similar 

outcomes, namely loss of consciousness (LOC), is an open 

question.1,2 Their convergence is likely at a higher level, in the 

network dynamics driven by each drug’s unique molecular ef

fects. Previous studies have shown that various anesthetics 

cause an increase in delta (1–4 Hz) power3–8 and coherence6,7

in humans and non-human primates (NHPs). However, previous 

studies have not examined the phase alignment between these 

signals. Phase alignment may be critical in information transfer 

across cortex and in consciousness.9–14 Thus, we examined 

whether changes in phase alignment might underlie the conver

gent effects (i.e., LOC) across different anesthetics.

We used ketamine and dexmedetomidine, two anesthetics 

with distinct molecular actions on different pathways. Ketamine 

is an N-methyl-D-aspartate (NMDA) receptor antagonist. Dexme

detomidine agonizes α2 adrenergic receptors, mainly in the lo

cus coeruleus, which reduces norepinephrine in the cortex. At 

anesthetic doses, they both produce the same behavioral 

outcome: LOC.

We examined bilateral recordings from the prefrontal cortex 

(PFC) of macaques before and after administration of ketamine 

and dexmedetomidine. Most studies of NHPs have recorded ac

tivity from one hemisphere. Our recordings afforded us the op

portunity to examine phase alignment with and between 

hemispheres, both in the awake state and after LOC. We quan

tified phase locking, a common measure of the consistency of 

local field potential (LFP) signals between different areas. We 

also examined the phase offsets at which these LFPs were 

locked, which gives additional insights into cortical synchrony 

patterns.

We found evidence that ketamine and dexmedetomidine had 

similar effects in how they changed phase relationships be

tween low-frequency LFPs. The drugs increased phase locking 

across all recorded regions of PFC, but the nature of this phase 

locking was not homogeneous. Between different regions 

within a hemisphere, both of the drugs reduced the alignment 

of LFP activity. Between homologous regions across hemi

spheres, they caused activity to become more consistently 

aligned. These shifts suggest that anesthetics act through com

plex changes in phase alignment of oscillatory dynamics that 

are common across drugs despite their different molecular 

actions.
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Figure 1. Anesthetics increased phase offsets within hemispheres and decreased them across hemispheres 

(A) Behavioral responses to the lever-pressing task. Black dots indicate lever presses; black line at time 0 indicates drug administration. Gray areas indicate time 

without the lever task (further analysis focuses on data from this period). 

(B) Difference (during–before anesthetics) in phase locking value (PLV). 

(legend continued on next page) 
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RESULTS

We examined simultaneous recordings from electrode arrays in 

the right and left dorsolateral (R-Dor, L-Dor) and ventrolateral 

(R-Ven, L-Ven) PFC. A lever-pressing task, which involved press

ing a lever for a reward after a tone, was used to assess loss of 

responsiveness as a measure of LOC. The task was conducted 

before, during, and after anesthetic administration, as indicated 

by periods with a white background in Figure 1A. Anesthetic 

doses of ketamine (10 mg/kg) and dexmedetomidine (20 μg/kg) 

caused monkeys to stop responding (dots indicate responses) 

shortly after their administration (vertical line at time zero), indi

cating the onset of anesthetic effects (Figure 1A). To minimize 

movement- and reward-related differences, neural data for all an

alyses were taken from periods without the lever task (gray boxes, 

Figure 1A). Animals remained unresponsive even after the lever 

task was reinstated at 25 min post-drug. LFPs were pre-pro

cessed using a statistically robust common average referencing 

technique (rCAR), which better preserves phase accuracy than 

other methods15 (see LFP Processing in STAR Methods for a 

discussion of referencing techniques).

Ketamine and dexmedetomidine at anesthetic doses 

increased low-frequency LFP power (Figure S1B). Across all 

sessions, both drugs caused an increase in power below 

16 Hz that was especially prominent in the delta (1–4 Hz) and 

theta (4–8 Hz) bands (Figure S1B).

Anesthetics increased LFP phase locking

Both drugs caused an increase in phase locking at low fre

quencies. Figure 1B shows the change in phase locking 

induced by each anesthetic, as measured by the phase locking 

value (PLV) (values before and during anesthesia shown in 

Figures S2B and S2C). It shows the average phase locking be

tween LFPs from all possible pairs of electrodes in the four arrays 

implanted in the L-Dor, R-Dor, L-Ven, and R-Ven PFC. Here and 

elsewhere, comparisons within hemispheres are colored green 

and those across hemispheres are colored purple.

After drug delivery, there was a significant increase in average 

phase locking at low frequencies (1–8 Hz) between the dorsolateral 

and ventrolateral PFC within each hemisphere and across the two 

hemispheres (Figure 1B). The increase indicated that the relative 

phase between pairs of LFPs became more consistent. Note 

that this increase in phase locking did not necessarily mean the 

phases were aligned, a point we take up below. There was a nega

tive change in phase locking between ventrolateral PFC in either 

hemisphere in the beta range (13–30 Hz), as well as in the gamma 

range for dexmedetomidine (60–100 Hz), due to higher PLVs in this 

range during waking. Additional significant changes in phase lock

ing occurred at higher frequencies, but these effects were smaller 

than those seen at the low frequencies. The PLV metric is indepen

dent of power,16–18 so the increased phase locking was not due to 

higher delta power during anesthesia.

We confirmed this effect using another measure of phase lock

ing, coherence. In contrast to PLV, coherence uses both phase 

and power to measure how linearly predictable one signal is from 

another. This analysis yielded similar results: an increase in signal 

consistency at low frequencies (Figure S2A). There were also 

similar trends for the ‘‘diagonal’’ comparisons across both subre

gions and hemispheres (R-Dor vs. L-Ven and L-Dor vs. R-Ven), 

although these effects did not always reach significance due to 

increased variability (Figures S3A and S3B). While there was varia

tion between the two monkeys, likely due to a combination of bio

logical variation and slight differences in array placement, these ef

fects in the low frequencies were generally directionally consistent 

across different monkeys and sessions (Figures S2F and S2G).

Anesthetics reduced alignment within hemispheres but 

increased it across hemispheres

The increase in low-frequency phase locking caused by ketamine 

and dexmedetomidine at anesthetic doses did not necessarily 

mean that the phases in all areas became more aligned. We found 

that the phase offsets shifted out of alignment within hemispheres 

while becoming more aligned across hemispheres.

Figure 1C shows the distribution of phase offsets in the 1- to 

4-Hz range. The gray bars show the phase offsets before drug 

delivery. They were nearly uniform across hemispheres and 

biased toward in-phase (0◦ offset) within hemispheres. The 

colored bars show phase offsets after anesthetic administration. 

They indicate decreased phase alignment between ventrolateral 

and dorsolateral arrays (L-Ven vs. L-Dor, R-Ven vs. R-Dor; 

Figure 1C, green). By contrast, there was increased phase align

ment across hemispheres (L-Ven vs. R-Ven, L-Dor vs. R-Dor; 

Figure 1C, purple).

The changes in phase offsets were mainly in the lower 

frequencies. To quantify this effect, we calculated a phase 

alignment index, measuring the average cosine of the phase 

offsets. Figure 1D shows the change in phase alignment index 

with anesthetics (values before and during anesthesia shown in 

Figures S2D and S2E). Anesthetic doses of both ketamine and 

dexmedetomidine caused a significant decrease in phase align

ment within hemispheres (negative alignment index, more toward 

180◦) at frequencies in the 1- to 4-Hz range (Figure 1D, green lines). 

Across hemispheres, there was a significant increase in phase 

alignment (positive alignment index, more toward 0◦) for the 

same frequency range (Figure 1D, purple lines). Ketamine also 

caused a significant increase in within-hemisphere phase align

ment in the 20- to 40-Hz range, and both drugs had a range of small 

but statistically significant effects on higher-frequency phase 

alignment. The effects were directionally consistent across ani

mals, sessions, and drugs (Figures S2H–S2K). Along the diagonal 

comparisons (L-Ven vs. R-Dor, R-Ven vs. L-Dor) we also found a 

slight decrease in phase-aligned signals with dexmedetomidine, 

but the effect was not significant with ketamine (Figures S3C and 

S3D). In addition, we tested the changes in phase offsets with 

(C) Histogram of phase offsets between all channel pairs in indicated regions before (gray) and during (colored) anesthetics in the 1- to 4-Hz range. 

(D) Phase alignment index difference (during–before anesthetics). Line plots show mean and 99% confidence intervals across sessions. Asterisks indicate 

significant differences before and during anesthetic effects (p < 0.01, corrected for multiple comparisons). Gray bar at 60 Hz due to line noise-filtering effects. 

See also Figures S2–S4.
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multiple LFP referencing techniques to ensure that our findings did 

not rely upon the referencing scheme. In addition to the method 

used here, rCAR, we tested no re-referencing and global mean 

subtraction (see STAR Methods for further discussion of refer

encing). All techniques led to similar trends in changes in phase off

sets with anesthetics (Figure S4).

Increased phase offset with distance was amplified by 

anesthetics

To explore whether the observed cross-region phase offsets 

could be explained by distance effects, we quantified how the 

phase locking and phase offsets changed with distance between 

electrodes within an array, where precise relative locations of 

recording sites were known. We found that in the awake PFC, 

phase locking decreased and phase offset increased slightly 

with distance within each recording array. These effects were 

stronger with anesthetics. The phase locking and phase offsets 

were relatively linear as a function of distance (example of low- 

frequency PLV in Figure 2A), so we also examined the slopes 

of these lines.

Before drug delivery, phase locking decreased with electrode 

distance within each array in the low-frequency range (1–4 Hz) 

A

B

C

D

Figure 2. Phase locking weakened, and LFPs became less phase aligned with distance 

(A) PLV vs. distance within an array, before (gray) and during (blue) anesthetics, in the low-frequency range (1–4 Hz). 

(B) Slope of PLV vs. distance (as in A) as a function of frequency. 

(C) Phase offset (absolute value) vs. distance (1–4 Hz). 

(D) Slope of phase offset (absolute value) vs. distance (as in C) as a function of frequency. Line plots show mean and 99% confidence intervals across sessions. 

Asterisks indicate significant differences before and during anesthetic effects (p < 0.01, corrected for multiple comparisons). Gray bar at 60 Hz due to line noise-filtering 

effects.
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(Figure 2A). This effect existed across a wide range of fre

quencies (Figure 2B, decrease indicated by all negative slopes). 

Phase offset with distance was positive but nearly flat before 

drug delivery for the low frequencies (gray lines, Figure 2C). By 

contrast, the mid-range frequencies (15–40 Hz) showed a 

marked increase in phase offset with distance before drug deliv

ery (Figure 2D), likely due to the higher activity of mid-range fre

quencies during waking.

Both ketamine and dexmedetomidine amplified these trends. 

At low frequencies, the drugs caused a sharper decline in phase 

locking and sharper increase in phase offset with distance 

(Figures 2A and 2C). Note that there are fewer pairs in an array 

at farther distances, which could lead to the greater variability 

shown, in addition to the decreased phase locking at those dis

tances. At higher frequencies, the results were mixed. The effect 

of ketamine on phase locking in the gamma band (40–100 Hz) 

was similar to low frequencies (Figure 2B). Dexmedetomidine, 

by contrast, caused a flattening of the slope of PLV vs. distance 

between 30 and 70 Hz. Neither drug had large effects on the 

overall phase offsets at high frequencies (Figure 2D).

A continuation of these distance trends amplified under drug 

influence could explain the phase offsets between arrays in 

ventrolateral and dorsolateral PFC. The cortical surface distance 

between these arrays was ∼20 mm, so given the ∼20◦–30◦

phase offset between channels at either end of the array 

(∼2.5 mm apart), extrapolating across distance could explain 

the observed ∼180◦ phase offset across regions. The phase 

locking at the farthest distance within an array is still above 

values seen between arrays, but likely levels off at longer 

distances.

Sub-anesthetic doses of ketamine and 

dexmedetomidine produced weaker effects

Sub-anesthetic doses of both drugs (1 mg/kg ketamine, 5 μg/kg 

dexmedetomidine) produced effects that were weak and more 

variable but that trended toward those seen in anesthetic doses. 

Sub-anesthetic ketamine caused no change in low-frequency 

power and a smaller increase in gamma power. For dexmedeto

midine, there was a smaller increase in low-frequency power 

(Figure S1C). Between arrays, there were significantly smaller 

effects in phase locking at low frequencies compared to the 

higher doses of each drug (indicated by horizontal bars) with 

few consistent trends within or across hemispheres (indicated 

by asterisks) (Figure 3A). The phase offset effects were smaller 

under sub-anesthetic doses but often trended in the same direc

tion (Figures 3B and 3C), and they reached significance for fewer 

comparisons. Within the arrays, the local distance effects were 

reduced. Sub-anesthetic doses caused a smaller decrease in 

phase locking (Figure 3D) and a smaller increase in phase offset 

(Figure 3E) with distance than anesthetic doses.

DISCUSSION

Ketamine and dexmedetomidine, while acting on different mo

lecular and circuit pathways, induce similar changes in low-fre

quency oscillatory dynamics. These dynamics may be a marker 

of LOC and suggest a fundamental role for broad, low-frequency 

activity in driving and disrupting consciousness. We found that 

both anesthetics did not simply increase low-frequency cortical 

dynamics, they realigned them (Figure 4A). The alignment within 

PFC was reduced (examples highlighted in green boxes, 

Figure 4B), while alignment between homologous regions across 

hemispheres increased (purple boxes, Figure 4B). The drugs had 

varying effects at higher frequencies, but the low-frequency 

effects were the common feature between them.

The increase in low-frequency power is consistent with studies 

of cortical LFPs in animals and in electroencephalogram signals 

in humans for these drugs,3–8 as well as propofol,19–24 another 

widely studied anesthetic. We also observed increased LFP 

phase locking, as previously observed in various cortical regions 

with ketamine,7 dexmedetomidine,6 and propofol.23,24 However, 

our study shows that underlying the phase locking is a realign

ment of phases, which may affect conscious function.

Within a hemisphere, the ventrolateral and dorsolateral PFC 

became less phase aligned at low frequencies, with phase off

sets shifting away from 0◦. These offsets may fragment within- 

hemisphere communication as periods of excitability become 

misaligned.9–14,25 In fact, propofol has been shown to fragment 

activity and decrease information transfer across long dis

tances (>2 cm) in the human cortex,26–28 and to prevent sen

sory signals from reaching the macaque frontal cortex.29,30 In

formation transfer in the cortex is also disrupted by ketamine31

and NMDA receptor antagonism.32 While phases were not mis

aligned at all times, LFPs were more often out of phase, and 

such ‘‘relative coordination’’ can still strongly influence network 

activity.33

In contrast to the fragmentation of activity within a hemi

sphere, homologous regions across hemispheres became 

more aligned. The increase in interhemispheric alignment of 

activity by anesthetics seems to reverse the pattern observed 

in the awake, cognitively engaged brain. In such a case, the 

two hemispheres can function semi-independently, at least for 

visual cognition.34 During quiet wakefulness and anesthesia, 

however, cross-hemispheric synchrony increases in mice,35 in 

line with our observations. This synchrony in mice was depen

dent upon the corpus callosum,35 which preferentially connects 

homologous regions.36 Such synchrony could also be partially 

mediated by subcortical regions like the thalamus, a potential 

hub of interhemispheric communication.37,38 Experimental and 

modeling work show that low-frequency oscillations and thala

mocortical connections may be involved in information transfer 

between cortical regions,39,40 which may be disrupted during 

anesthesia, thus leading to unconsciousness.29,41,42

Our observations of low-frequency changes in LFP signals 

could also be explained by the activity of cortical layer 5 pyrami

dal neurons, which anesthetics influence.43–47 These neurons 

contribute significantly to the LFP and have low pass filtering 

properties at their somas.48–50 They may be involved in the in

creases in power and phase locking observed during anesthesia. 

They also play a prominent role in thalamocortical loops.51 Tha

lamocortical connectivity is hypothesized to play a major role in 

consciousness13,45,52–56 and in anesthetic-induced dissocia

tion57 or unconsciousness.23,24,41,42,58–62 Simultaneous record

ings and stimulation in the cortex and thalamus during anes

thesia will clarify the role that these interactions play in driving 

the broad phase-offset activity observed here.
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The low-frequency offsets that we observed were consistent 

across entire arrays, suggesting the observed effects come from 

spatially broad oscillations. Furthermore, there was a gradient of 

phase offsets. Extrapolating the local phase-offset effects within 

an array to longer distances between arrays could explain the 

reduced phase alignment between the ventrolateral and dorsolat

eral PFC during anesthesia. In fact, this relationship suggested that 

these effects could be due to large traveling waves that move be

tween the areas; Figure 4C shows an example from our recordings 

of such a wave traveling across a single electrode array with anes

thesia. Large-scale cortical traveling waves are known to occur 

spontaneously during anesthesia.63–65 These waves may play an 

essential role in shaping neural activity when awake66–70 and 

severely limiting it during anesthesia.65,71

A

B

C

D

E

Figure 3. Sub-anesthetic doses of ketamine and dexmedetomidine produce weaker effects 

(A) Change in PLV. 

(B) Histograms of phase offsets. 

(C) Change in phase alignment index. 

(D) Phase locking slope vs. frequency within array. 

(E) Phase offset (absolute value) slope vs. frequency within array. Line plots show mean and 99% confidence intervals across sessions. Asterisks indicate 

significant differences before and during anesthetic effects (p < 0.01, corrected for multiple comparisons). Gray bar at 60 Hz due to line noise-filtering effects. 

Horizontal bars in (A) and (C) indicate significant differences between low and high doses of anesthetics (p < 0.01, corrected for multiple comparisons).
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Limitations of the study

We observed changes in oscillatory alignment during different 

types of anesthesia, with the strength of phase alignment corre

lating with anesthetic dose. However, we did not establish a 

causal link between these oscillations and LOC. Further research 

is needed to uncover causal mechanisms. More anesthetics will 

need to be tested before we can conclude that similar effects un

derlie all LOC due to anesthesia.

Conclusion

Our results suggest that LOC from anesthetic doses of ketamine 

and dexmedetomidine is associated with changes in the alignment 

of low-frequency signals within and between cerebral hemi

spheres. These effects were severely weakened by sub-anesthetic 

doses insufficient to cause loss of responsiveness. Despite their 

different molecular-level mechanisms, we found similar network- 

level effects between the two drugs. Thus, cortical network-level 

activity may be the optimal viewpoint for understanding the 

convergent mechanisms of different anesthetics. General anes

thesia can exacerbate disorders such as dementia, anxiety, 

depression, attention-deficit/hyperactivity disorder, and bipolar 

disorder, especially in children, the elderly, and vulnerable popula

tions.72–76 It can also interact dangerously with medications that 

treat mental illness.77 Current anesthesia monitoring focuses on vi

tal signs rather than brain activity,78 risking overmedication and 

thus increased incidence of these disorders. Identifying common 

neural signatures of unconsciousness will improve real-time moni

toring in medical practice, enabling precise anesthetic dosing and 

reducing risk for a broad population.78,79
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(A) Ketamine and dexmedetomidine both cause phases of low-frequency oscillatory activity to become less aligned between different regions of PFC and more 

aligned between homologous regions across hemispheres. 

(B) Sample delta (1–4 Hz) range filtered LFP signals before anesthesia (top), with ketamine (middle), and with dexmedetomidine (bottom). Raw LFP traces shown 

in Figure S1A. Purple boxes show examples of increased across-hemisphere phase alignment, and green boxes show examples of decreased within-hemisphere 

phase alignment. 

(C) Example of a traveling wave. Phase of low-frequency (1–4 Hz) LFP signal in an electrode array across time from a recording with ketamine. Each square 

represents one electrode contact, colored according to its instantaneous phase at the indicated time.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Experimental design

All surgical and animal care procedures were approved by the Massachusetts Institute of Technology (MIT)’s Committee on Animal 

Care and were conducted in accordance with the guidelines of the National Institute of Health and MIT’s Division of Comparative 

Medicine. Experiments were performed using two rhesus macaques (Macaca mulatta), referred to as Monkey S and Monkey P. Mon

key S was a male, age 11, weighing approximately 10.2 kg, with no previous procedures. Monkey P was a male, age 14, weighing 

approximately 13.3 kg, who had previously had headpost and chamber insertion procedures. Animals were pair-housed on 12 h day/ 

night cycles and maintained in a temperature-controlled environment (80◦F).

Ketamine and dexmedetomidine were administered as an intramuscular bolus to monkeys at sub-anesthetic (1 mg/kg ketamine, 

5 μg/kg dexmedetomidine) and anesthetic (10 mg/kg ketamine, 20 μg/kg dexmedetomidine) doses. There were 13 sub-anesthetic 

dose ketamine sessions (6 with Monkey P, 7 with Monkey S), 16 sub-anesthetic dose dexmedetomidine sessions (8 with Monkey P, 8 

with Monkey S), 12 anesthetic dose ketamine sessions (6 with Monkey P, 6 with Monkey S), and 16 anesthetic dose dexmedetomi

dine sessions (8 with Monkey P, 8 with Monkey S). One anesthetic ketamine session with monkey P was excluded from analysis due 

to noise from an unknown source. Induction of anesthetic effects was measured by loss of responsiveness in a lever-pressing task. In 

this task monkeys were trained to press a lever in response to a tone and received a juice reward for a correct response. All monkeys 

responded regularly before anesthetic injection, then stopped responding to the lever-pressing task before the period from which the 

‘‘during anesthetic’’ data was taken for analysis. Changes in spectral LFP power consistent with known effects of ketamine and 

dexmedetomidine began around 3–4 min after anesthetics were injected and could be seen throughout the period analyzed during 

anesthetics (Figure S1B), which began 10 min after drug administration.

To study the effects of anesthetics on neural synchrony in PFC, neural activity was recorded continuously throughout the exper

iment (before, during, and after anesthetic injection) with chronically implanted Utah arrays placed in the left and right ventrolateral 

PFC and dorsolateral PFC (referred to as L-Ven, R-Ven, L-Dor, and R-Dor). Arrays were placed on either side of the principal sulcus in 

ventrolateral and dorsolateral PFC. Each array had a regularly spaced grid of 6x6 electrodes, 400 μm apart (minus the four corner 

locations, for a total of 32 channels per array). All channels were referenced to a wire inserted under the dura in one of the 

craniotomies.

In periods before and during anesthetics, the monkeys were presented with a separate passive auditory task, in which varying 

tones were played but monkeys were not required to respond. All analysis was performed on time periods during which the auditory 

task was happening. Results were indistinguishable during and between blocks of sounds within the auditory task period, so we 

pooled data across the entire period for analysis.

METHOD DETAILS

LFP processing

LFPs were recorded at 1kHz. For sessions with Monkey P (excluding three anesthetic-dose ketamine sessions), noise was removed 

at 60, 120, and 180 Hz with online Butterworth notch filtering, resulting in a dip in power around 60 Hz (higher frequencies were not 

analyzed here). For Monkey S (and the three monkey P sessions), filtering was performed offline, after data collection. We estimated 

the line noise at the 1st through 8th harmonics of 60 Hz (i.e., 60–480 Hz in steps of 60) by fitting the raw data on each channel with a 

temporally adaptive sine function at each given frequency. The fitted sinusoids were then subtracted from the data. Due to the effects 

of the notch filtering, the 60 Hz region is blocked off in further analyses.

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Rhesus macaque (Macaca mulatta) ONPRC (Monkey S), Covance (Monkey P) RRID: NCBITaxon_9544

Software and algorithms

Python Python Software Foundation RRID: SCR_008394

Spynal Brincat80 https://github.com/sbrincat/spynal

Other

Utah Array Blackrock Microsystems https://blackrockneurotech.com/products/ 

utah-array/
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To remove common noise and signal from the reference in the LFPs, we used Lepage et al.’s rCAR.15 Many methods exist for 

removing noise from LFPs, which each have different benefits and drawbacks81,82; we chose this method due to its reduced impact 

on phase relationships. Methods such as no re-referencing or global mean subtraction can both distort phase relationships between 

signals. No re-referencing can lead to an increase in phase alignment at the frequency of any common noise or signal inserted by the 

reference channel. Global mean subtraction can induce spurious phase offsets.83 rCAR uses a robust maximum-likelihood type esti

mator to calculate the reference signal, and it is shown to be empirically better at preserving the phase of signals than a global mean 

reference 15. We compare these methods in Figure S4, finding slight variation in the phase distributions for each method, but consis

tent overall trends in the changes in phase relationships during anesthesia.

To identify outlier channels, we calculated the standard deviation of the LFP from each electrode in a session. We then found the 

interquartile range of standard deviations for all channels in a session, and we removed channels with a standard deviation more than 

5 interquartile ranges outside of the overall range, with an average of 3.8 channels out of 128 removed per session.

Spectral analysis

We used multitaper spectral estimation on a series of overlapping time windows to analyze data in the frequency domain. LFPs were 

split into 1 s time windows, beginning every 0.1 s (so each window had 0.9 s overlap with the next one). We selected 1 s time windows 

because ketamine anesthesia causes up and down states in which alternating bands of frequency are higher in power, and these 

states have been found to last about 1 s on the lower end in monkeys.8 However, we found that the results did not change significantly 

when using a 2 s time window (Figure S4). We calculated the multitaper spectrogram84–86 for each window using a time-half band

width product of 2 with 3 tapers (as in Garwood et al.8) over the frequency range of 1–100 Hz. Analyses were performed using the 

spynal Python package.80

PLV, coherence, phase offset

PLV, coherence, and phase offset were calculated between pairs of channels on indicated arrays. For a comparison between two 

given arrays, we analyzed all possible pairs of channels between the two arrays. We calculated the cross spectrum CXY by multiplying 

signal X by the complex conjugate Y∗ of signal Y (in the frequency domain) at each time window/taper for each channel pair. We also 

calculated auto spectra CXX and CYY by multiplying a signal by its own complex conjugate at each time window/taper.

To calculate the PLV, we took the absolute value of the average normalized cross spectrum. To calculate coherence, we divided 

the cross spectrum of two channels by the square root of the product of each channel’s auto spectrum. To calculate the phase offset, 

we took the angle of the cross spectrum. We then averaged over the tapers, which are independent estimates of the signal. For 

within-array analyses, we took all possible pairings of channels within an array (excluding self-pairs) and then sorted the pairings 

by distance between sites.

CXY = X(f)⋅Y∗(f);CXX = X(f)⋅X∗(f);CYY = Y(f)⋅Y∗(f)

PLVXY = |CXY |

CohXY =

⃒
⃒
⃒
⃒

CXY
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
CXX ⋅CYY

√

⃒
⃒
⃒
⃒

ΔϕXY = arg(CXY)

PLV and coherence are dimensionless measures ranging from 0 to 1. Phase offsets range from − 180◦ to 180◦. Analyses were per

formed using the spynal Python package.80

Phase histograms

Phase offset histograms show the distribution of phase offsets between all channel pairs in indicated regions, accumulated across all 

time points within a given recording period (before or during anesthetics). Phase offsets were calculated as indicated above and 

normalized by the total count of phase values contained in each histogram. The histograms show the distribution over time points 

and channel pairs (neither time nor channel pairs were averaged out). The histograms have 50 bins, so a uniform distribution across 

all phase offsets would result in values of 0.02 across all bins. We tested the histograms with finer-grained binning (500 bins) to ensure 

that no aspects of the distribution were occluded by the choice of bin size and confirmed that they were qualitatively similar. The 

histograms show phase offsets for the 1–4 Hz frequency range.

Phase alignment index (as in Figure 1D) was calculated by taking the cosine of each phase offset and averaging over time and 

channel pairs within a session. We chose to take the cosine of the phase offset because the peaks of the phase histograms tended 

toward 0◦ and 180◦. In this metric, a circular uniform distribution of phases has an average value of zero, while distributions with more 

weight toward 0◦ or 180◦ have positive or negative values, respectively. Note that distributions weighted toward +/− 90◦ would also 

have a phase alignment index of zero; however, the distributions investigated here were not weighted in those directions. Phase 

alignment index is a dimensionless measure ranging from − 1 to 1.
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Instantaneous phase

The instantaneous phase of the example traveling wave in Figure 4 was calculated by forward and reverse bandpass filtering the LFP 

using a 3rd order Butterworth filter in the 1–4 Hz range, then taking the Hilbert transform and calculating the angle of the signal at the 

indicated time points.

QUANTIFICATION AND STATISTICAL ANALYSIS

Line plots represent averages across sessions and shaded regions represent 99% confidence intervals on across-session averages. 

Confidence intervals are nonparametric bootstraps across session means with 100,000 replicates. Stars indicate significant differ

ences between metrics before and during anesthesia at p < 0.01 level, calculated with a pairwise permutation test using 100,000 

replicates. Bars (in Figures 3A and 3C) indicate significant differences between metrics calculated for low and high doses of anes

thetics at p < 0.01 level, calculated with a permutation test using 100,000 replicates. p-values were corrected for multiple compar

isons across the different frequencies using the Benjamini/Hochberg procedure for controlling the false discovery rate.
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