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Abstract

■ A critical component of anesthesia is the loss of sensory per-
ception. Propofol is the most widely used drug for general anes-
thesia, but the neural mechanisms of how and when it disrupts
sensory processing are not fully understood. We analyzed local
field potential and spiking recorded from Utah arrays in auditory
cortex, associative cortex, and cognitive cortex of nonhuman pri-
mates before and during propofol-mediated unconsciousness.
Sensory stimuli elicited robust and decodable stimulus responses
and triggered periods of stimulus-related synchronization
between brain areas in the local field potential of Awake animals.

By contrast, propofol-mediated unconsciousness eliminated
stimulus-related synchrony and drastically weakened stimulus
responses and information in all brain areas except for auditory
cortex, where responses and information persisted. However,
we found stimuli occurring during spiking Up states triggered
weaker spiking responses than in Awake animals in auditory cor-
tex, and little or no spiking responses in higher order areas. These
results suggest that propofol’s effect on sensory processing is not
just because of asynchronous Down states. Rather, both Down
states and Up states reflect disrupted dynamics. ■

INTRODUCTION

General anesthesia is used in nearly 60,000 procedures
every day in the United States (Brown, Lydic, & Schiff,
2010). A critical component of general anesthesia is
unconsciousness, during which a patient is unaware of
their environment (Brown et al., 2010). Intraoperative
awareness occurs when this goal is not achieved
(Ghoneim, 2000). Although the phenomenon is rare
(Sebel et al., 2004), patients that experience it report
severe trauma (Kotsovolis & Komninos, 2009). Most
studies of anesthetic effects on the brain have focused
on physiological state change. However, if we are to
understand how anesthesia renders unconsciousness
and how this fails in intraoperative awareness, we need
to understand its effects on processing of sensory inputs.
We aimed to do so using propofol, one of the most com-
monly used anesthetics.

Propofol is a gamma-aminobutyric acid-agonist
(Hemmings et al., 2005, 2019; Bai, Pennefather, MacDonald,
& Orser, 1999). Although propofol’s molecular mechanism
of action is well understood (Sahinovic, Struys, & Absalom,
2018), we have less understanding of how it works at the
level of functioning networks (Lewis et al., 2012, 2013;
Purdon et al., 2013; Brown, Purdon, & Van Dort, 2011).
Propofol induces overall increases in slow oscillations

(0.1–4 Hz) in EEG and local field potential (LFP) recordings,
and a broad reduction in spiking activity (Bastos et al., 2021;
Redinbaugh et al., 2020; Purdon, Sampson, Pavone, &
Brown, 2015). Spiking becomes strongly coupled to the
phase of the slow oscillations, creating alternating irregu-
lar “Up” and “Down” states of high and low activity, respec-
tively (Bastos et al., 2021; Lewis et al., 2012). This may
disrupt long-range synchronization between cortical
regions, a putative mechanism for cortical communica-
tion (Bastos et al., 2021; Redinbaugh et al., 2020; Pesaran
et al., 2018; Fries, 2015; Crowe et al., 2013; Lewis et al.,
2012). Support for this comes from observations that
sensory responses are weakened in higher cortex but
can be preserved in lower (sensory) cortex (Nourski
et al., 2017, 2021; Krom et al., 2020; Ishizawa et al.,
2016). However, few studies, especially in animals, have
followed the chain of sensory processing from lower to
higher cortex.
We did so using data collected in two nonhuman pri-

mates (NHPs) from our previous study on propofol
anesthesia (Bastos et al., 2021). We compared and con-
trasted cortical responses to auditory and tactile stimula-
tion before and after loss of consciousness (LOC). This
analysis includes simultaneous recordings of LFP and
spiking activity frommultiple cortical levels: sensory (tem-
poral) cortex, associative (parietal) cortex, and higher
(frontal) cortex. Our results suggest propofol anesthesia
leaves intact sensory processing in the sensory cortex,
but these signals fail to be transmitted to higher level
cortical areas.
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METHODS

Experimental

Two NHPs (rhesus macaques: Macaca mulatta) partici-
pated in the study (Bastos et al., 2021). NHP 1 was male,
aged 14 years and weighed 13.0 kg. NHP 2 was female,
aged 7 years and weighed 5.0 kg. Twenty-one sessions
(11 from NHP 1, 10 from NHP 2) were used. Each session
consisted of 15–90 min of Awake baseline electrophysio-
logical recordings. Then propofol was intravenously
infused via a computer-controlled syringe pump. To
induce unconsciousness, a high-rate infusion was given
for 30 min (285 μg/kg/min for NHP 1; 580 μg/kg/min for
NHP 2). Immediately following the high-rate infusion
was 30 min of a maintenance dose (142.5 μg/kg/min for
NHP 1; 320 μg/kg/min for NHP 2). The infusion rates were
determined based on the animals’ age and weight. Infu-
sion was performed via a subcutaneous vascular access
port at the cervicothoracic junction of the neck with the
catheter tip reaching the termination of the superior vena
cava via the external jugular vein. The animals were neither
paralyzed nor intubated in the experiments. Both NHPs
were chronically implanted with four 8 × 8 iridium-oxide
contact microelectrode arrays (Utah arrays, MultiPort:
1.0-mm shank length, 400-μm spacing, Blackrock Micro-
systems), for 256 electrodes. Arrays were implanted in
the prefrontal (Area 46 ventral and 8A), posterior parietal
(Area 7A/7B), and temporal-auditory (caudal parabelt
area STG [superior temporal gyrus]) cortices. We refer
to the recorded brain areas in the text as STG, posterior
parietal cortex (PPC), Region 8A (8A), and ventrolateral
prefrontal cortex (vlPFC; Figure 1A).
LFPs were recorded at 30 kHz and filtered online via a

lowpass 250-Hz software filter and downsampled to 1 kHz.
Spiking activity was recorded by sampling the raw analog
signal at 30 kHz, bandpass filtered from 250 Hz to 5 kHz,
and manually thresholding. Blackrock Cereplex E head-
stages were utilized for digital recording via two to three
synchronized Blackrock Cerebus Digital Acquisition
systems. Single units were sorted manually offline using
principal component analysis with commercially available
software (Offline Sorter v4, Plexon Inc.). All other prepro-
cessing and analyses were performed with MATLAB (The
Mathworks, Inc.). The number of sorted units per brain
area differed between NHP 1 and NHP 2, and also differed
slightly across sessions. For NHP 1: ∼50 units were
recorded in STG, ∼80 in PPC, ∼40 in 8A, and ∼40 in vlPFC.
For NHP 2: one to five units were recorded in STG, ∼20 in
PPC, ∼20 in 8A, and ∼80 in vlPFC. For further information
on neural recording and propofol delivery methods, see
Bastos and colleagues (2021). All procedures followed
the guidelines of the MIT Animal Care and Use Committee
(Protocol Number 0619–035-22) and the U.S. National
Institutes of Health.
Three different stimuli were presented to the NHPs

throughout each session to characterize sensory pro-
cessing under anesthesia (Figure 1B). Two distinct brief

(500 msec) auditory tones were used. The first (“Cond
Tone” [conditioned tone]) consisted of a pure (constant
frequency) tone and always preceded an airpuff (“Cond
Puff” [conditioned puff]; 16–18 psi, Airstim, SD-
Instruments) by 500 msec. The second was a ringing tone
and was presented alone (“UC Tone” [unconditioned
tone]). An airpuff, identical to the Cond Puff, was also
presented alone (“UC Puff” [unconditioned puff]). Facial
movements were monitored throughout the experi-
mental sessions (Eyelink 1000 Plus, SR-Research), and
the LOC (Figure 1C) was determined by the moment
the eyes closed and remained closed for the remainder
of the infusion (i.e., not responding to airpuffs). Recov-
ery of consciousness (ROC; Figure 1C) was marked
when the eyes opened after cessation of propofol
administration.

We analyzed the cortical responses to sensory stim-
uli under two different conditions: Awake (before
administration of propofol) versus Unconscious (after
LOC, during the maintenance dose). Data from the
maintenance dose were used for two reasons. First, the
brain state was unchanging during the maintenance dose
(Figure 1C). This consistency allowed for more reliable
data pooling across stimulus presentations and compari-
son with the pre-anesthesia Awake state, which was also
consistent over time. Second, the maintenance dose
was designed to mimic the portion of human clinical
procedures when there is also steady-state maintenance.
Thus, understanding how propofol alters cortical sen-
sory processing has the most clinical relevance during
this interval.

Sensory stimuli were delivered continuously through-
out the experimental sessions. They were spaced approx-
imately 5 sec apart, randomly interleaved, and provided
samples sizes comparable to previous studies (Ishizawa
et al., 2016; Purdon et al., 2013). In the Awake state, the
average number of stimulus presentations in a given ses-
sion was 67 (range: 47–80) for UC Tone, 67 (57–75) for UC
Puff, and 67 (58–84) for Cond Tone/Cond Puff. In the
Unconscious state, the average was 78 (range: 68–89) for
UCTone, 74 (61–100) for UC Puff, and 73 (61–84) for Cond
Tone/Cond Puff.

We used data from both NHPs in our analyses of LFP
data (Figures 3–5), where data quality and results were
consistent across animals. We excluded areas STG, PPC,
and 8A in NHP 2 from the analysis of spiking responses
(Figure 6). In the STG of NHP 2, we were unable to
resolve Up and Down states because of the low number
of neurons. Up states were observed in the PPC and 8A
of NHP 2, but had very short duration, and hence too
few stimuli occurred within them to estimate a response
with high confidence. Because our LFP results were
consistent across animals and sessions, and the spiking
results for NHP1 were in agreement with prior studies,
inclusion of these results is in line with the Journal of
Cognitive Neuroscience’s policy for NHP studies (Fries
& Maris, 2022).
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Data Analysis

Spectral Analysis

All spectrograms were computed using 400-msec length
windows with 50-msec step sizes. We used multitaper
spectral estimation to improve power spectral density esti-
mation (Babadi & Brown, 2014). The number of tapers
were selected using floor(2TW − 1) tapers, where T is
the length of the window in seconds and W is the half-
bandwidth of our desired spectral resolution. We used
W = 4, which resulted in two tapers.

Average spectrograms for each brain area were com-
puted across electrodes and trials for a given session.
Reported averages were then calculated across sessions.
Spectrograms are reported as total power (Cohen,
2014). To display the change in power related to stimulus
presentation, baseline power was calculated using 500–
200 msec before the stimulus was given. The change from
baseline was then calculated as:

ΔdB ¼ 10log
power

baseline power

� �

Two different measures were used for quantifying
synchronization between brain areas. Coherence, which
measures the across-trial correlation in phase-offset and
amplitude between electrodes, was calculated for each
frequency ω as described in Kramer and Eden (2016):

coh ωð Þ ¼
1
N

PN
n¼1 Snxy ωð Þ

��� ���ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

PN
n¼1 S

n
xx ωð Þ 1

N

PN
n¼1 S

n
yy ωð Þ

q

where N is the number of trials; Snxx and Snyy are the power
on trial n for signal x and y, respectively; and Snxy is the
cross-spectrum on trial n. The phase-locking value (PLV)
is designed to capture consistent phase relationships
between signals without any effect of signal amplitude
(Lachaux, Rodriguez, Martinerie, & Varela, 1999). Letting
ϕn
x ωð Þ be the phase of signal x and ϕn

y ωð Þ be the phase
of signal y on trial n, the PLV for frequency ω is then:

PLV ωð Þ ¼ 1
N

XN

n¼1
ei ϕn

x ωð Þ−ϕn
y ωð Þð Þ

����
����:

The average coherence or PLV reported for each brain
area pair was found by taking the average coherence
across all pairs of electrodes from the two areas. Base-
line normalization was performed by subtracting the
average baseline coherence value (500–200 msec before
stimulus). PLV was averaged and baseline-normalized
similarly. Non-phase-locked (induced) coherence and
PLV were calculated by subtracting the trial-averaged
time domain response from each trial before computing
the frequency response. All spectrograms and synchrony
measures were computed using the Spynal Python
library (Brincat, 2023).

Stimulus Decoding

Stimulus decoding was performed using LFP data and the
UC Tone, UC Puff, and Cond Tone stimuli. Stimulus trial
data were first binned in 20-msec intervals. For each
20-msec bin, the population data were “flattened” by

Figure 1. LFP and spiking data
were recorded from four
cortical areas whereas stimuli
were delivered in Awake and
Unconscious animals. (A)
Implanted locations of Utah
arrays. STG (auditory); PPC
(associative); 8A (cognitive);
vlPFC (cognitive). (B) Stimuli
delivered during Awake and
Unconscious states. UC
(unconditioned) Tone and
Cond Tone are two distinct
sounds, both lasting half a
second. Cond Tone is followed
by an air puff delivered to the
animals’ face following a half-
second delay. UC Puff is an
identical air puff without any
preceding tone. (C) Spike rates
are stable during maintenance
dose. Average firing rates (1-min
bins) displayed for each brain
area (mean ± SEM ). Horizontal
black bars (top) indicate the
time course of propofol infusion dosage. A high dose was given for 30 min (onset) followed by 30 min of a lower dose (maintenance). Purple bars mark
the average time for LOC and recovery of consciousness (ROC). Time ranges used for Awake and Unconscious states are indicated by gray boxes.
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concatenating timepoints. That is, a matrix of size (elec-
trodes, time) would be transformed to an array of
length (electrodes × time). This method was chosen
to retain all available information. For each bin of data,
we used a linear support vector classifier (SVC in
Python’s sklearn package (Pedregosa et al., 2011), with
default regularization parameter C = 1) for decoding
analysis, which was performed separately on each
experimental session (Hastie, Tibshirani, & Friedman,
2009; Cortes & Vapnik, 1995). For a given session, a
decoder was trained on labeled data (UC Tone, UC Puff,
and Cond Tone) from a given time bin. Accuracy was
then assessed on held out test data. Average test accu-
racy from a 10-fold cross-validation was calculated for
each session. (That is, we held out a test set containing
10 percent of trials and trained on the remaining 90 per-
cent of the data.) The session test accuracy was com-
puted by repeating this process of 10 non-overlapping
test sets that partitioned the data and taking the
average test accuracy. The final reported means and
standard errors were then calculated using the test
accuracies from each session.

Statistical Analysis

Statistical tests for changes in coherence were performed
by first transforming the values to be normally distributed
and then using standard t tests ( Jarvis & Mitra, 2001).
Nonparametric tests (Wilcoxon) were used for all other
statistical comparisons (one-sample for stimulus vs. base-
line, two-sample for Awake vs. Unconscious). Multiple
comparison corrections were performed using false dis-
covery rate correction with a family-wide error rate of
0.01 (Seabold & Perktold, 2010).

Hidden Markov Model for Estimating
Spiking Responses

Model Specification

To account for the presence of Up and Down states in the
Unconscious state, we designed a Hidden Markov Model
(HMM) to estimate spiking stimulus responses (Rabiner,
1989; summarized in Figure 2). Before introducing the
formal structure of the model, we provide a brief concep-
tual description. Each neuron has two mean firing rate

Figure 2. HMM used for estimating spiking stimulus responses in the Unconscious state. (A) Model notation. (B) Graphical model structure of the
HMM. (C) The CIF for a neuron in the model. Each neuron has a distinct mean rate parameter that differs between Up and Down states. Self-history
and stimulus response parameters are shared across neurons. (D) Stimulus response schematic. In the Down state, neurons hypothetically will have a
low firing rate (red arrows) and minimally respond to the stimulus (red box). In Up states, baseline firing rates increase (blue arrows), and stimulus
response is heightened (blue box). (E) Raster plot showing 30 sec of spiking data from NHP 1 during the Unconscious state. Up and Down spiking
states are visible in each brain area. Gray boxes indicate Up state labels produced by the HMM algorithm.
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parameters, one for Up states and one for Down states
(Figure 2A–D). In the absence of a stimulus, each neu-
ron’s firing rate is a function of the mean rate parameters,
the hidden state (Up or Down), and the neuron’s spiking
history (Figure 2C). Finally, the stimulus response is
modeled using a spline basis and separate sets of coeffi-
cients depending on which state stimulus onset occurs in
(Figure 2C–D). We are interested in quantifying the aver-
age response across neurons within a given brain area,
and thus the parameters governing the stimulus response
are shared across neurons.

Let k 2 {0, …, K} be the discrete states in the system.
In the analysis of spiking responses in the Unconscious
state, we let K = 2 with k = 1 and k = 0 representing
the Up and Down states, respectively. Next, we define
an indicator function z k

t , which equals 1 if the system
is in state k and 0 otherwise. Let zt ¼ z1t ;…; z K

t

� �
refer

to the vector of indicator functions for all hidden states.
The state transition probabilities are represented in a
state transition matrix:

Aj;k ¼ P z k
t ¼ 1jz j

t−1 ¼ 1
� 	

(1)

which is treated as an unknown parameter to be estimated.
We use π to denote the initial state probabilities.

The spiking observations for neuron c 2 {1, …, C} are
modeled as a point process (Kass, Ventura, & Brown, 2005;
Daley & Vere-Jones, 2003). Letting Nc

a;bð � denote the

number of spikes occurring in the time range (a, b]
for a < b and Hc

t denote the history of the process Up to
time t, the conditional intensity function (CIF) for neuron
c is defined as:

lim
Δ→0

P Nc
t;tþΔð � ¼ 1 j zt;Hc

t

� 	
Δ

¼ λc
t (2)

where Δ is the time-bin width and Hc
t ¼ nc

t−1;…;nc
t−L

� �⊤
is the neurons self-history for time lag ‘ 2 {1, …, L}. We
assume that for a small Δ (typically 1 msec as in our study),
we can make an accurate discrete-time approximation to
the continuous-time CIF at time t as

P nc
t ¼ 1jzt;Hc

t

� � ¼ λc
t Δ (3)

where λc
t Δ is linked to the hidden states by:

λc
t ¼

YK
k¼1

λk;c
t

� �z k
t (4)

Next, let s 2 {1, …, S} represent the different stimulus
types (e.g., UC Tone). We define the CIF for each state
k to be a function of a mean rate, spiking history, and
the sensory stimulus:

log λk;c
t ¼ μk;c þ

XL
‘¼1

α‘nc
t−‘ þ

XS
s¼1

XJ

j¼1

βk�; s
j Bk�; s

t; j (5)

where we have history coefficients (α1,…, αL)
⊤, s 2 {1,…,

S} is the stimulus type, k* is the hidden state in which
stimulus onset occurred, and the Bk�; s

t;j serves as a basis
for modeling the stimulus response. We note that the
history terms create conditional dependencies across
observations over time, which is not standard in
HMMs. However, because these dependencies occur in
the observation equation, no major changes to the
estimation algorithm are required (this structure is
commonly seen in autoregressive HMMs; Murphy,
2023; Hamilton, 1990).
We model the stimulus response with parameters

shared across neurons, rather than modeling response
parameters for each neuron individually, for two reasons:
First, as we cannot ensure identical neuron populations
are recorded in each session, we target a mean population
response that can be easily combined across sessions.
Second, limited stimulus response data per session might
preclude reliable individual parameter estimates for each
neuron. Although we acknowledge this is an oversimplifi-
cation biophysically, we argue that a model estimating a
mean population response in each area, alongside individ-
ual mean firing rates, strikes a balanced compromise
between accuracy and practicality, and is sufficient for
our study’s research questions.

Expectation Maximization Algorithm

Given the observed spiking data, our objective is to esti-
mate the parameters:

θ ¼ πk;A; μk;c;α‘;β
k�; s
j ; k�

n oK ;C;L; J;S

k¼1;c¼1;‘¼1; j¼1;s¼1
(6)

We estimate the parameters and hidden states using the
expectation maximization (EM) algorithm (Dempster,
Laird, & Rubin, 1977), a standard approach for HMMs
and latent variable models more generally (Murphy,
2023; Bishop, 2006). The EM algorithm works by iterating
between (1) taking the expected value of the complete-
data log likelihood with respect the conditional distribu-
tion of the hidden states given the data and (2)maximizing
the expected complete-data log likelihood over θ. We
define the Q-function Q(θjθ(r)) as the expectation of
the complete-data log likelihood, on iteration r + 1 of
the EM algorithm, using the parameters θ(r) from the
previous iteration.

E-Step. In the E-Step, the conditional distribution of the
hidden states given the observed data is computed. We
use the standard approach of the forward–backward algo-
rithm and refer the reader to Murphy (2023), Bishop
(2006), and Rabiner (1989) for details.

M-Step. In the M-Step, we maximize θ in the Q-function.
The state parameters π and A have standard closed form
solutions. Closed form solutions do not exist for the point
process parameters, and they must be found numerically.
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We use the Broyden-Fletcher-Goldfarb-Shanno algorithm
(Virtanen et al., 2020; Fletcher, 2013) for this purpose.
Finally, after updating the other parameters, we run the
Viterbi algorithm to determine the most likely state path,
which is used to update the k* assignments.
In preliminary work, we found that the Up and Down

state labels produced by our model switched between
states too frequently, likely because of the high time reso-
lution andbinarynatureof thedata.We found that the labels
were improved by putting a Dirichlet prior distribution on
theAmatrix to favor self-transition (i.e., higher probabilities
along the diagonal) (Linderman, Antin, Zoltowski, &Glaser,
2020). Specifically, denoting the jth row of the matrix A as
A j,1:K, we put a prior distribution on each row:

A rð Þ
j;1:K ∼Dirichlet ϕj

� �
(7)

where

ϕj ¼ ϕj;1;…;ϕj;K

� 	
Thesameparametersvalues areused foreachrow,adjusting
for thepositionof therowentry thatcorrespondsto thediag-
onal element of A. Noting that the Dirichlet distribution is
the conjugate prior for the categorical distribution, the
closed-form parameter update is (Murphy, 2023):

A rþ1ð Þ
j;k ¼

cj;k þ ϕj;k − 1PK
k¼1 cj;k þ ϕj;k − 1

� 	 (8)

using

cj;k ¼
XT
t¼2

E z j
t−1z

k
t

h i
:

Estimated Stimulus Response and Confidence Intervals

For visualization purposes (Figure 6), we defined an
estimated stimulus response summary across all neurons
for a session:

loĝλk;s
t ¼ μ̂k þ

XJ

j¼1

β̂k�; s
j Bt; j (9)

where

μ̂k ¼ 1
C

XC
c¼1

μ̂k;c

The variance of parameter estimates was calculated using
the method of Louis (1982), which enables calculating the
observed Fisher information when using the EM algorithm
to produce maximum likelihood estimates (Efron &
Hinkley, 1978). On some sessions, we found that the
variance of a small number (fewer than 10 percent of
neurons) of the μk,c parameters were very high. These
neurons typically showed very low firing rates and were
removed for the calculation of the stimulus response.

Confidence intervals were then calculated using the delta
method (Cramér, 1999; Doob, 1935). Further details on
parameter estimation and confidence intervals are pro-
vided in Appendix B.

We combined session-level results and uncertainty by
taking an average of the parameter estimates across ses-
sions. Within sessions, the μk,c were assumed to be inde-
pendent from each other and from the βk�; s

j parameters.
Following the asymptotic normality of maximum likeli-
hood estimators, we assume the parameter estimates from
each session are Gaussian distributed and combined
estimates across sessions following the properties of
summation for Gaussian random variables (Pawitan,
2001; Sweeting, 1980).

Implementation

We implemented our model as a custom observation class
in the SSM package (Linderman et al., 2020). We first
applied a Poisson HMM to the data and used the fitted
values to initialize π,A and the μk,c parameters in our
model. The α‘ and βk�; s

j parameters were initialized at 0.
We applied the HMM to spiking data during the Uncon-
scious state, which contained Up and Down states. We
used a value of 1 × 1012 for the “diagonal component”
of ϕj for NHP 1 in all brain areas and 1 × 108 for vlPFC
in NHP 2. The off-diagonal elements of ϕj were set to 1,
and the row was then normalized to sum to one
(Linderman et al., 2020). A separate model instance was
used to estimate the Awake response using K = 1 (i.e.,
constant hidden state). In this case, the EM algorithm is
not needed. Rather, the parameter estimation described
in the M-Step above is simply performed once.

For self-history, we used L=10 to account for refractory
periods. For the stimulus response basis Bk�; s

t;j , we used
natural cubic splines with knots spaced 50 msec apart
(Bartels, Beatty, & Barsky, 1995; Wegman & Wright,
1983). This basis used J= 24 and spanned from 200 msec
before stimulus to 1000 msec after stimulus. To ensure
that the basis functions were non-overlapping across
stimulus types, we started the basis for the Cond Puff at
stimulus presentation time, resulting in J = 20. When
plotting the estimated response for the Cond Puff, we
used the βk�; s

j parameters from the end of the Cond Tone
estimated response that occupied the 200msec preceding
the Cond Puff stimulus.

RESULTS

We administered propofol to two NHPs. Twenty-one
experimental sessions were performed (11 sessions NHP
1, 10 sessions NHP 2). They were first given a high dose of
propofol (285–580 μg/kg/min) for 30 min to induce LOC.
This was followed by 30 min of a lower maintenance dose
(70–320 μg/kg/min), similar to that used to maintain
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anesthesia in human surgeries (see Methods section for
details about propofol administration). LFP and spiking
were recorded simultaneously fromUtah arrays implanted
in four cortical areas: STG, a secondary auditory center;
PPC, an associative region; 8A and vlPFC, cognitive areas
of prefrontal cortex (Figure 1A).

Three different stimuli were presented to the NHPs
throughout each session to characterize sensory process-
ing under anesthesia (see Methods section). One was a
puff of air to the face. As in our previous study, the lack
of behavioral response to the airpuff, along with other
measures such as eyes opening and closing, was used to
determine loss and subsequent recovery of consciousness
(see Methods section). We also presented two distinct
brief (500 msec) auditory tones (Figure 1B). One tone
always preceded an airpuff by 500 msec. We call this the
Cond Tone. A second tone (UC Tone) was always pre-
sented alone. We also presented airpuffs alone without
any preceding tone (UC Puff ). Although these stimuli
were designed with a conditioning component, we did
not investigate the effect of propofol on conditioned
responses, focusing instead on propofol’s general impact
on sensory responses across cortex. Nonetheless, all the
stimuli are included in our analyses, and we use their orig-
inal nomenclature for completeness. We also note that we
cannot rule out that the NHPs were dreaming, which has
been shown to occur during propofol anesthesia in
humans and is a form of consciousness ( Valli et al.,
2023; Leslie et al., 2009). We thus limit our definition of
unconsciousness in this study to the loss of Awake-like
behavior (eyes closed and no response to airpuff ), which
is commonly used in the field (Tasserie et al., 2022;
Redinbaugh et al., 2020;Ma, Liu, &Hudson, 2019; Ishizawa
et al., 2016; Liu et al., 2015).

Anesthesia Alters Cortical Responses to
Sensory Stimuli

Cortical responses to stimuli were altered during the
Unconscious state relative to the Awake state. We com-
pared LFP spectral power in the Awake versus Unconscious
states (Figure 3). During the Awake state, the Cond Tone,
Cond Puff, and UC Puff evoked an increase in power
(relative to prestimulus baseline; see Methods section)
in the alpha–beta (8–25 Hz) band for all cortical areas
(Figure 3B–C, contour lines indicate p < .05, Wilcoxon).
During the Awake state, the STG also showed a broad-
band increase in higher frequency power (> 30 Hz) to
all stimuli (Figure 3A–C). The higher frequency response
was weaker in the higher cortical areas. The UC Tone
elicited weaker responses than the Cond Tone, Cond
Puff, and the UC Puff (Figure 3A, contour lines indicate
p < .05, Wilcoxon). During the Unconscious state, the
alpha–beta response was decreased in STG and virtually
disappeared in the higher cortical areas (Figure 3B–C). In
STG (but not other areas), there was an increase in the
higher frequency broadband response to the Cond Tone,

UC Tone, and UC Puff (but not the Cond Puff ) relative to
the Awake state (Figure 3A–C).

Stimulus Information Is Progressively Lost through
the Cortical Hierarchy during Unconsciousness

Next, we turn to measures of stimulus information. We
used a linear classifier to decode stimulus identity using
LFP data (see Methods section for details). To isolate the
activity to individual stimuli, we looked at decoding for
stimuli for which there was no immediately preceding
stimulus (i.e., UC Tone, Cond Tone, and UC Puff ).
During the Awake state, stimulus informationwas found

in all regions of cortex (Figure 4A). During the Uncon-
scious state, stimulus information showed a significant
decrease in all areas, as measured by change in the maxi-
mum decoding performance achieved during a 50- to
250-msec poststimulus time range (Figure 4B; Wilcoxon;
p < .001). In STG, the decrease in stimulus information
was relatively modest. Classifier decoding remained well
above chance (Figure 4A; Wilcoxon; p < .001). This sug-
gests that a significant amount of stimulus information still
reaches intermediate-level sensory cortex. By contrast, in
the Unconscious state, stimulus information progressively
decreased across areas and was near chance levels in
vlPFC, relative to the Awake state.

Inter-area Synchronization Is Disrupted
during Anesthesia

Our results suggest that propofol anesthesia disrupts feed-
forward transmission of sensory information from sensory
(e.g., STG) to higher cortical areas (e.g., PPC, vlPFC, 8A).
One potential explanation is decreased communication
between the areas. Oscillatory synchronization is thought
to underlie such communication (Kramer & Eden, 2016;
Kass, Eden, & Brown, 2014; Fries, 2005; Singer, 1993).
Thus, we looked for evidence of altered patterns of
LFP synchronization during the Unconscious state. We
measured stimulus-related synchronization as either
“induced,” meaning the trial-averaged (evoked) response
was subtracted from individual trials in the time-domain,
or “total,” in which the evoked response was not sub-
tracted from each trial (Cohen, 2014; David, Kilner, &
Friston, 2006). We quantified synchronization with PLV
and coherence, two measures of phase-offset consistency
between signals (seeMethods section for details). Figure 5
displays results for induced PLV. Figures A1–A3 show
results for the other synchronization measures.
During the Awake state, we found significant stimulus-

related alpha–beta synchrony between 8A-vlPFC for the
UC Puff and Cond Tone stimuli (Figure 5B–C, contour
lines indicate p < .05, Wilcoxon). Stimulus-related syn-
chrony was also observed in the Awake state in response
to the UC Puff stimuli within the alpha and low-beta fre-
quency bands for all area pairs except PPC-vlPFC and
STG-vlPFC, as well as in response to Cond Tone/Cond Puff
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stimuli for PPC-vlPFC and PPC-8A (Figure 5B–C, contour
lines indicate p< .05, Wilcoxon). No stimulus-related syn-
chrony was observed for the UC Tone in the Awake state
(Figure 5A). During the Unconscious state, there was little
or no stimulus-related synchrony for any of the pairs of
cortical areas to any of the stimuli (Figure 5A–C). Similar
results were also found using induced coherence as amea-
sure of synchrony (Figure A1). Total PLV and coherence

showed a similar trend, with stronger synchrony in the
Awake state (Figures A2–A3).

Stimulus Responses during Spiking Up States Are
Not Awake-like

Next, we examined the spiking response to sensory stim-
ulation. Previous work has shown propofol anesthesia

Figure 4. Stimulus information
is lost progressively through
cortical hierarchy during
anesthesia. (A) Decoding
accuracy between the UC Tone,
UC Puff, and Cond Tone stimuli
on LFP in each cortical area.
Shaded region represents ±
SEM. (B) Change in average
decoding accuracy between 50
and 250 msec poststimulus for
each experimental session.
Significance markers indicate
difference between Awake
and Unconscious (Wilcoxon;
p < .001).

Figure 3. Alpha–beta frequency range responses are lost in higher order cortical areas during anesthesia. (A–C) Change in time–frequency power
relative to prestimulus baseline in Awake and Unconscious state for each stimulus. Vertical gray bar indicates stimulus onset time. The rightmost part
for each stimulus shows the difference in power between Awake and Unconscious responses. Contour lines show regions of statistical significance
(Wilcoxon test with false discovery rate correction for multiple comparisons). Stimulus-induced alpha–beta responses disappear during anesthesia,
especially in the higher level cortical areas. Area STG also shows an increase in higher frequency power relative to baseline under propofol.
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creates alternating periods of high and low spiking
activity referred to, respectively, as Up and Down states
(Bastos et al., 2021; Lewis et al., 2012). This raised
the possibility that cortical signal transmission might

only be impaired during Down states and relatively
preserved during Up states. Because standard methods
relying on linearity, independence, and identical
trials are inadequate in this context, we followed a

Figure 5. Propofol eliminates stimulus-related synchronization between cortical areas. Synchronization was calculated using PLV (see Methods
section). (A–C) Stimulus-related change from baseline synchrony in Awake (left) and unconscious (middle) for indicated stimuli. The right column
shows the difference between Unconscious and Awake. Contour lines show regions of statistical significance (Wilcoxon). Sensory stimulus-related
alpha–beta synchronization observed between cortical areas in the Awake state is largely lost during propofol anesthesia.

Figure 6. (A–D) Estimated population spiking responses to sensory stimuli for Awake (black), Down states (red), and Up states (blue) during
unconsciousness. For NHP 2, estimated responses are only reported for vlPFC (see Methods section). Shaded regions show 95% confidence intervals.
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model-based time-series approach to estimate stimulus
responses.
HMMs are widely used in statistics andmachine learning

to model time-series data that alternates between discrete
underlying “states” (Cajigas et al., 2021; Garwood et al.,
2021; Song et al., 2019; Chen, Vijayan, Barbieri, Wilson,
& Brown, 2009; Rabiner, 1989). We designed and applied
an HMM to simultaneously (1) label Up and Down states
and (2) estimate an average stimulus response within an
area, taking account of the Up and Down states (see
Methods section for details). Although LFP data quality
and results were consistent across animals, spike record-
ings in NHP 2 suffered from complications (see Methods
section). For this reason, spiking responses for NHP 2 are
only reported for vlPFC. We found the average duration of
Up states produced by the model was 0.97 ± 0.09 sec
for STG, 0.89 ± 0.06 sec for PPC, 2.07 ± 0.37 sec for
FEF, 1.13 ± 0.10 sec for vlPFC of NHP1, and 0.69 ±
0.06 sec for vlPFC of NHP2. The average duration of
the Down states was 0.86 ± 0.06 sec for STG, 0.79 ±
0.06 sec for PPC, 1.18 ± 0.10 sec for FEF, 0.97 ± 0.4 sec
for vlPFC of NHP1, and 0.70 ± 0.07 sec for vlPFC of
NHP2. These are in line with Up and Down state durations
described previously as being between light and deep
anesthesia (Torao-Angosto, Manasanch, Mattia, &
Sanchez-Vives, 2021). We also note Up states showed
reduced baseline firing rates compared with the Awake
state in all areas (Figure 6A–D).
We found that during the Awake state in NHP 1, there

were spiking responses to all stimuli in STG and 8A
(Figure 6A–D, shaded regions display 95% CIs). The
PPC did not show a spiking response to the UC Tone
whereas the other stimuli elicited excitatory responses.
The vlPFC showed a decrease in spiking in both NHPs
to the Cond Tone and the airpuffs, but not the UC Tone
(Figure 6A–D). By contrast, in the Unconscious state,
responses were drastically reduced. All areas showed
minimal spiking to stimuli occurring during Down states.
Stimuli that occurred during Up states in STG of NHP 1
evoked responses similar to that observed in the Awake
state, but with reduced baseline and maximum firing
rates (Figure 6A–D). In PPC and 8A of NHP 1, stimuli
occurring in Up states were either absent or dramatically
reduced compared with the Awake state (Figure 6A–D).
The vlPFC of both animals did not show spiking responses
to stimuli occurring in Up states (Figure 6A–D).

DISCUSSION

We found that in the Unconscious state, auditory cortex
neural responses to sensory stimuli persisted. However,
in higher order cortex, information was progressively lost.
In the Awake state, stimulus information was present at all
levels of cortex (auditory, parietal, and prefrontal). In the
Unconscious state, there was a modest reduction of stim-
ulus information in auditory cortex. In parietal cortex and

8A (frontal cortex), information was greatly reduced. In
vlPFC, stimulus information was reduced to near zero.
This could have been because of a breakdown in cortical
communication. Stimulus-related alpha–beta synchroniza-
tion between areas was evident in the Awake state. How-
ever, this synchronization disappeared in the Unconscious
state. Finally, disruption of sensory processing in the
Unconscious state consisted of Down states with highly
sparse spiking and Up states in which sensory stimulus
responses persisted in auditory cortex. Stimulus responses
seen in higher order brain areas in the Awake state were
largely lost in Unconscious state.

Many previous studies have examined overall neural
state changes because of propofol anesthesia. These
changes include an increase in slow-frequency cortical
oscillations, a decrease in spiking and high-frequency
activity, and a shift of alpha–beta oscillations from poste-
rior to frontal cortex (Bastos et al., 2021; Redinbaugh et al.,
2020; Lewis et al., 2015; Purdon et al., 2013; Vijayan, Ching,
Purdon, Brown, & Kopell, 2013; Lewis et al., 2012; Ching,
Cimenser, Purdon, Brown, & Kopell, 2010). Propofol’s
effect on sensory processing is less well understood but
has been investigated previously (Krom et al., 2020; Banks
et al., 2018; Nourski et al., 2017, Ishizawa et al., 2016; Liu
et al., 2012; Supp, Siegel, Hipp, & Engel, 2011). Broadly,
these studies reported results in line with ours, namely,
persistent but altered stimulus responses in sensory
cortex. It is worth noting one study in rodents found that
alterations of sensory responses and information in
auditory cortex occurred before behavioral changes that
reflect LOC, so this may not be a necessary condition for
unconsciousness (Banks et al., 2018).

In humans, previous studies have also found differential
effects of propofol on sensory and higher order cortex
(Nourski et al., 2017, 2018, 2021; Liu, Lauer, Ward, Li, &
Hudetz, 2013; Liu et al., 2012; Heinke et al., 2004). A recent
study using intracranial electrodes in humans found
weaker spiking to auditory stimuli in associative cortex
but a relative preservation in auditory cortex (Krom
et al., 2020). A human EEG study attributed the loss of sen-
sory responses in higher cortex to increased alpha syn-
chronization in frontal cortex (Supp et al., 2011). In NHPs,
Ishizawa and colleagues (2016) also found that spiking
responses to sensory inputs persisted in sensorimotor
cortex but were reduced in the higher order premotor
area. Our study confirms and expands these observations
to additional cortical areas. Under propofol-mediated
unconsciousness, we found that stimulus-induced inter-
area alpha–beta synchronization disappeared. Previous
studies in humans have provided divergent results on
propofol’s effect on functional connectivity, with both
decreases (Lee et al., 2013; Boly et al., 2012; Boveroux
et al., 2010) and increases (Banks et al., 2020; Lee et al.,
2017; Monti et al., 2013) being reported. Increased
functional connectivity was also found in the oculomotor
circuit of NHPs (Ma et al., 2019). These studies measured
functional connectivity in the absence of sensory stimuli,
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whereas in our study, we found propofol-mediated uncon-
sciousness disrupted stimulus-related communication by
looking at sensory information directly. Nonetheless, the
effect of propofol on general inter-area synchronization
appears to be complex and area dependent. How propofol
impacts the circuits involved in communicating sensory
information is likely complex as well. The loss of
stimulus-related alpha–beta synchronization we observed
suggests an impact on top–down feedback may be part of
the picture (Bastos et al., 2015; Liu et al., 2015; van
Kerkoerle et al., 2014).

Propofol anesthesia broadly causes an increase in low-
frequency power (the slow-wave and alpha rhythm) and
a decrease in high-frequency power in cortical LFP and
EEG recordings (Bastos et al., 2021; Purdon et al., 2013).
Thus, it was surprising to find that, in auditory cortex, pro-
pofol enhanced stimulus-related broadband power
(across all observed frequencies 10–110 Hz). The spectral
peak of this effect was in the lower gamma band (30–
60 Hz). Previous studies in humans with a variety of stim-
ulus types, recording modalities, and sensory areas have
shown both increased (Krom et al., 2020; Saxena et al.,
2013) and decreased (Nourski et al., 2017, 2018, 2021)
stimulus-related, high-frequency power during propofol
anesthesia. Future studies will be needed to clarify how
propofol modulates high-frequency power in different
sensory contexts. We note that given our observation that
propofol decreased stimulus-related spiking activity in
STG, the increase in broadband power we observed can-
not be attributed to an increase in spiking activity (Ray &
Maunsell, 2011). One possible explanation for this decou-
pling of stimulus-related broadband power and spiking is
subthreshold synaptic effects (Miller, Honey, Hermes,
Rao, & Ojemann, 2014; Buzsáki, Anastassiou, & Koch,
2012).

During propofol-mediated unconsciousness, spiking
couples to the phase of the slow wave (0.1–4 Hz; Bastos
et al., 2021; Lewis et al., 2012). The results are Down states
with little spiking alternating with Up states with increased
spiking (Bastos et al., 2021). In theory, propofol-induced
disruption of sensory processing could be due only to the
Down states (Camassa, Galluzzi, Mattia, & Sanchez-Vives,
2022) and Up states could be small temporal “islands” of
normal processing, as has been proposed in sleep
(Destexhe, Hughes, Rudolph, & Crunelli, 2007). However,
our results did not support that. We found sensory stimuli
elicited spiking responses in auditory cortex during Up
states that were reduced compared with responses in
the Awake state. In higher order cortical areas, spiking
responses observed in the Awake state were dramatically
reduced or absent in Up states. This suggests that Up
states do not represent short recapitulations of normal
conscious activity but rather are a neurophysiologically
distinct state.

Our results are consistent with findings of stimulus
responses occurring during Up states in other anesthetics
and in other sensory modalities. In the visual cortex of

cats under a variety of anesthetics, sensory stimuli trigger
enhanced responses during Up states compared with
Down states (Haider, Duque, Hasenstaub, Yu, &
McCormick, 2007; Azouz & Gray, 1999; Arieli, Sterkin,
Grinvald, & Aertsen, 1996). In the whisker barrel (somato-
sensory) cortex of rodents under anesthesia, synaptic
sensory responses and spiking have been reported as sup-
pressed in Up states compared with Down states (Sachdev,
Ebner, & Wilson, 2004; Petersen, Hahn, Mehta, Grinvald, &
Sakmann, 2003), but other groups have found increased
spiking responsiveness and stimulus information during
Up states (Alenda, Molano-Mazón, Panzeri, & Maravall,
2010; Rigas & Castro-Alamancos, 2007). One group found
a stimulus-intensity dependent effect (Reig, Zerlaut,
Vergara, Destexhe, & Sanchez-Vives, 2015). Intriguingly,
sensory stimuli have been shown to trigger Up states when
they occur in Down states in the whisker barrel cortex
(Hasenstaub, Sachdev, & McCormick, 2007; Reig &
Sanchez-Vives, 2007). In our study, we focused on what
happens when stimuli occur during Up states and did
not account for the possibility that sensory input could
trigger an Up state in our HMM model. Future studies in
NHPs and humans should investigate whether this phe-
nomenon is limited to the barrel cortex of rodents or is
more general.
Although the neurophysiological states of sleep and

anesthesia are distinct (Zelmann et al., 2023; Moody
et al., 2021; Akeju & Brown, 2017), both do share slow
wave oscillations and Up and Down states of spiking
(Hoffman et al., 2007; Steriade, Timofeev, & Grenier,
2001; Steriade, McCormick, & Sejnowski, 1993). As in
our study, stimulus responses have shown to be pre-
served in auditory cortex during sleep in rodents (Sela,
Vyazovskiy, Cirelli, Tononi, & Nir, 2016), NHPs (Issa &
Wang, 2011), and humans (Hayat et al., 2022). There is
evidence, however, that sensory processing is conserved
beyond sensory cortical areas in sleep (Andrillon &
Kouider, 2020; Andrillon, Poulsen, Hansen, Léger, &
Kouider, 2016) and a recent study found that the slow
wave dynamics and Up and Down states in anesthesia
are less sensitive to external inputs compared with Up
and Down states in sleep (Nghiem et al., 2020). We found
sensory processing to be severely limited beyond auditory
cortex, suggesting a differential impact on sensory pro-
cessing in sleep and anesthesia.
Several hypotheses have been proposed to explain dis-

ruption of sensory processing during anesthetic-induced
unconsciousness. The “thalamic gating” hypothesis
suggests sensory processing is disrupted at the level of
the thalamic relay to primary sensory cortex (Alkire,
Haier, & Fallon, 2000). Our results, along with others
(Filipchuk, Schwenkgrub, Destexhe, & Bathellier, 2022;
Raz et al., 2014; Supp et al., 2011; Boveroux et al., 2010;
Davis et al., 2007; Imas, Ropella, Ward, Wood, & Hudetz,
2005; Heinke et al., 2004), instead suggest neural
responses in sensory cortex, and thus thalamocortical sen-
sory relay connections, are largely preserved. However,
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thalamocortical connections do more than just relay sen-
sory information. Higher order thalamocortical circuits are
known to be important for many cognitive functions and
likely play an important role in consciousness (Müller
et al., 2023; Cosgrove et al., 2022; Mofakham et al., 2021,
2022; Schmitt et al., 2017). Our findings are thus in line
with the idea that thalamic connections to cortex are differ-
entially affected by propofol. Experimental and modeling
work have previously demonstrated that the alpha rhythms
in sensory thalamocortical circuits are altered in a distinct
manner from higher order thalamocortical circuits (Soplata
et al., 2023; Weiner et al., 2023; Flores et al., 2017; Vijayan
et al., 2013). As a consequence, thalamic relay to sensory
cortex may continue (albeit with altered dynamics), but
long-range communication of sensory information may be
impaired by the differential effect of propofol on higher
order thalamocortical circuits (Liu et al., 2013). Interestingly,
electrical stimulation of the thalamus increases arousal
and has been shown to restore aspects of consciousness
(Tasserie et al., 2022; Afrasiabi et al., 2021; Bastos et al.,
2021; Redinbaugh et al., 2020). Whether it can fully restore
sensory processing will be addressed in future work.
Our results are also in line with theories suggesting

anesthesia primarily disrupts sensory processing within
cortex. One such theory proposes a “multiple hit mecha-
nism.”Many small perturbations add up along sensory pro-
cessing pathways (Krom et al., 2020). Our results instead
suggest a large drop-off between sensory cortex and

parietal/frontal cortex. However, we did not record from
all of cortex so we may have not observed other perturba-
tions. Our findings also align with Dehaene and Changeux
(2011). They hypothesize conscious awareness relies on
broadcasting cortical activity across cortex through long-
range projections. A disruption of long-range cortical com-
munication would presumably also disrupt the integration
of information that the integrated information theory sug-
gests is necessary for the conscious state (Tononi, Boly,
Massimini, & Koch, 2016).

As a limitation of our study, we focused specifically on
propofol’s impact on sensory processing and did not ana-
lyze the conditioning component of the auditory stimuli.
Thus, we do not draw any conclusions about differences in
the conditioned and unconditioned tone, but we suggest
this is an interesting avenue for future research. We also
did not directly investigate sleep or other anesthetics in
this study. Although we draw connections to sleep and
other anesthetics above, further studies will be needed
to clarify the similarities and differences across these
various altered states of consciousness.

In summary, we have shown propofol anesthesia elimi-
nates stimulus-related alpha–beta synchronization
between cortical areas and progressively disrupts informa-
tion processing along the cortical hierarchy. These neural
signatures of propofol-mediated unconsciousness may be
fruitful targets for monitoring to avoid intraoperative
awareness.

APPENDIX A: ADDITIONAL SYNCHRONY MEASURES

Figure A1. Total PLV quantification of stimulus-related synchronization. Plots show the same analysis as in Figure 5, but without removal of the trial-
averaged response from the time-domain. (A–C) Stimulus-related change from baseline synchrony in Awake (left) and Unconscious (middle) for
indicated stimuli. The right column shows the difference between Unconscious and Awake. Contour lines show regions of statistical significance
(Wilcoxon).
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Figure A2. Induced coherence quantification of stimulus-related synchronization. Plots show the same analysis as in Figure 5 but use coherence to
measure synchronization instead of a PLV (see Methods section). (A–C) Stimulus-related change from baseline synchrony in Awake (left) and
Unconscious (middle) for indicated stimuli. The right column shows the difference between Unconscious and Awake. Contour lines show regions of
statistical significance ( t test on z-transformed of values; see Methods).

Figure A3. Total coherence quantification of stimulus-related synchronization. Plots show the same analysis as in Figure A1 (i.e., trial-averaged
response is not subtracted in the time-domain) but use coherence to measure synchronization instead of a PLV. (A–C) Stimulus-related change from
baseline synchrony in Awake (left) and Unconscious (middle) for indicated stimuli. The right column shows the difference between Unconscious and
Awake. Contour lines show regions of statistical significance ( t test on z-transformed of values; see Methods).
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APPENDIX B: ADDITIONAL TECHNICAL
DETAILS FOR HMM

To simplify notation moving forward, we vectorize the
history term component of the CIF as

α⊤hc
t ¼

XL
‘¼1

α‘nc
t−‘ (B1)

where α = (α1, …, αL)
⊤ and hc

t ¼ nc
t−1;…;nt−L

� �⊤
. The

stimulus terms component is vectorized as

β⊤ut ¼
XS
s¼1

XJ

j¼1

βk�; s
j Bk�; s

t; j (B2)

where, using βk�; s¼ βk�; s
1 ;…;βk�; s

J

� 	
and Bk�; s

t ¼ Bk�; s
t;1 ;…;Bk�; s

t;J

� 	
we have concatenated:

β ¼ β0;0;β1;0;…;βK�;0;β0;1;β1;1;…;βK�;1;……;β0;S;

β1;S;…;βK�; S

" #⊤

ut ¼
B0;0
t ;B1;0

t ;…;BK�;0
t ;B0;1

t ;B1;1
t ;…;BK�;1

t ;……;B0;S
t ;

B1;S
t ;…;BK�; S

t

" #⊤

Using this simplified notation, the CIF can now be written:

log λk;c
t ¼ μk;c þ α⊤hc

t þ β⊤ut (B3)

EM Algorithm

Letting nt ¼ n1
t ;…;nC

t

� �⊤
, we assume that the neurons

are conditionally independent given the hidden state
and spiking history and write the joint probability as:

P z1:T ;n1:T jθð Þ

¼ P z1jθð Þ
YT
t¼2

P ztjzt−1; θð Þ
YT
t¼1

YC
c¼1

P nc
t jzt;Hc

t ; θ
� �

(B4)

In the EM algorithm, our goal is to maximize the
complete-data log likelihood:

log L θð Þ ¼ log P z1jθð Þ þ
XT
t¼2

log P ztjzt−1; θð Þ

þ
XT
t¼1

XC
c¼1

log P nc
t jzt;Hc

t ; θ
� �

(B5)

which under our observation model can be written:

log L θð Þ ¼
XK
k¼1

z k
1 log πk þ

XT
t¼2

XK
j¼1

XK
k¼1

z k
t z

j
t−1log Aj;k

þ
XT
t¼1

XC
c¼1

XK
k¼1

z k
t nc

t log λk;c
t Δ

� 	
−λk;c

t Δ
h i (B6)

Details on the form of the point process component of
Equation B6 can be found in Smith and Brown (2003).
We define the Q-function as the expectation of the

complete data log likelihood, on iteration r + 1 of the
EM algorithm, using the parameters θ(r) from the
previous iteration:

Q θjθ rð Þ� � ¼ Ez1:T jn1:T log L θð Þjn1:T ; θ rð Þ
 �
¼

X
z

P z1:T jn1:T ; θ rð Þ� �
log P z1:T ;n1:T jθð Þ (B7)

and following Bishop (2006), we introduce the following
notation:

γ z k
t

� � ¼ E z k
t jn1:T ; θ rð Þ
 �

ξ z j
t−1; z

k
t

� 	
¼ E z j

t−1; z
k
t jn1:T ; θ rð Þ

h i
where the expectation is taken over the conditional
distribution of the hidden states given the data. We can
now write the full Q-function:

Q θjθ rð Þ� �¼XK
k¼1

γ z k
1

� �
log πkþ

XT
t¼1

XK
j¼1

XK
k¼1

ξ z j
t−1; z

k
t

� 	
log Aj;k

þ
XT
t¼1

XC
c¼1

XK
k¼1

γ z k
t

� �

nc
t logΔþ μk;c þ α⊤hc

t þ β⊤ut
� �

− exp μk;c þ α⊤hc
t þ β⊤ut

� �
Δ
�

The closed form estimates for π and A are:

πk ¼ γ z k
1

� �
PK

j¼1 γ z k
1

� �

Aj;k ¼
PT

t¼1 ξ z j
t−1; z

k
t

� 	
PK

k¼1

PT
t¼1 ξ z j

t−1; zkt
� 	

(B8)

In the Broyden-Fletcher-Goldfarb-Shanno algorithm used
to numerically estimate the point-process parameters, we
use the following gradients:

∂Q θjθ rð Þ� �
∂μk;c

¼
XT
t¼1

γ z k
t

� �
nc
t− exp μk;c þ α⊤hc

t þ β⊤ut
� �

Δ

 �

∂Q θjθ rð Þ� �
∂α

¼
XT
t¼1

XK
k¼1

XC
c¼1

γ z k
t

� �


nc
t h

c
t−hc

t exp μk;c þ α⊤hc
t þ β⊤ut

� �
Δ
�

∂Q θjθ rð Þ� �
∂β

¼
XT
t¼1

XK
k¼1

XC
c¼1

γ z k
t

� �


nc
tut−ut exp μk;c þ α⊤hc

t þ β⊤ut
� �

Δ
�

(B9)

Louis Method for Confidence Intervals

Louis (1982) developed a method that enables calculating
the observed Fisher information when using the EM
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algorithm (Efron&Hinkley, 1978). We use this method for
calculating confidence intervals on the estimated spiking
response. The method calculates the “observed informa-
tion” In as:

In ¼ Izn−Izjn (B10)

where Izjn is the “complete information” calculated from
the Hessian of the Q-function, and Izjn is the “missing
information,”which provides a correction term to account
for the fact that we lose information by taking the expected
value of the hidden variables.

Izn ¼ −
∂2Q θjθ̂� �
∂θ∂θ⊤ j

θ¼θ̂
(B11)

Izjn ¼ Ezjn S z;njθð ÞS z;njθð Þ⊤
 �
(B12)

where

S z;njθð Þ ¼ ∂Q θjθ̂� �
∂θ

We calculated Izjn using a Monte Carlo approximation as
in Turner, Cameron, and Thomson (1998):

Ezjn S z;njθð ÞS z;njθð Þ⊤
 �
≈

1
M

XM
m¼1

S z mð Þ;njθ
� 	

S z mð Þ;njθ
� 	⊤

(B13)

where the z(m) are sampled from the posterior distribu-
tion of the hidden states given the data. We used M = 50
Monte Carlo samples for all sessions. The Hessian of the
Q-function can be computed using the following:

∂2Q θjθ rð Þ� �
∂ μk;cð Þ2 ¼

XT
t¼1

XK
k¼1

γ z k
t

� �
− exp μk;c þ α⊤hc
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� �

Δ

 �

∂2Q θjθ rð Þ� �
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XT
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γ z k
t
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−hc
th
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� �

Δ
h i

∂2Q θjθ rð Þ� �
∂β∂β⊤ ¼

XT
t¼1

XK
k¼1

XC
c¼1

γ z k
t

� �

−utu⊤
t exp μk;c þ α⊤hc

t þ β⊤ut
� �

Δ

 �

(B14)
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