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Abstract

Opioid drugs influence multiple brain circuits in parallel to produce analgesia as well as side effects, including respiratory depression.
At present, we do not have real-time clinical biomarkers of these brain effects. Here, we describe the results of an experiment to char-
acterize the electroencephalographic signatures of fentanyl in humans. We find that increasing concentrations of fentanyl induce a
frontal theta band (4 to 8 Hz) signature distinct from slow-delta oscillations related to sleep and sedation. We also report that respi-
ratory depression, quantified by decline in an index of instantaneous minute ventilation, occurs at ≈1700-fold lower concentrations
than those that produce sedation as measured by reaction time. The electroencephalogram biomarker we describe could facilitate
real-time monitoring of opioid drug effects and enable more precise and personalized opioid administration.
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Significance Statement:

This past year more than 100,000 people lost their lives to opioid-related drug overdose. Fentanyl and its analogs are involved in
approximately 20% of all overdose deaths. Opioid drugs influence multiple brain circuits in parallel to produce analgesia as well as
side effects, including respiratory depression, the main cause of death in opioid overdose cases. Postsurgical pain is a significant
driver of opioid dependence, but real-time clinical biomarkers to properly titrate opioid effects and avoid side effects are lacking.
Here, we report a novel electroencephalogram signature highly correlated with fentanyl concentration and respiratory depression.
Our studies could be used to facilitate real-time monitoring of opioid drug effects in medical settings and enable safer, more precise,
and personalized opioid administration.

Introduction
Opioid drugs are essential tools for pain management, yet their
side effects are profound, difficult to manage, and potentially
deadly (1, 2). The challenge of balancing therapeutic opioid effects
against side effects arises in part from the significant interindi-
vidual variability in these effects (3–5). At present, we have few
tools to assess real-time opioid requirements in patients, relying
instead on pharmacokinetic and pharmacodynamic models, in-
direct systemic physiologic indicators, and subjective reports of
pain. The absence of such tools means that patients may be fre-
quently underdosed, leading to poorly controlled pain, or over-
dosed, leading to oversedation and respiratory depression (RD).

Although it is well known that opioid drugs influence multiple
brain circuits to produce analgesia as well as its side effects (6, 7),
at present it is not possible to directly measure how opioid drugs
affect these circuits in a clinical setting (8).

Here, we report a novel electroencephalogram (EEG) biomarker
for the opioid fentanyl, identified from a human study in which in-
creasing doses of fentanyl were administered to patients prior to
induction of general anesthesia. We find that this EEG biomarker
is highly correlated with fentanyl concentration and RD and that
it is readily visible in individual subjects. This novel biomarker
could allow healthcare professionals to measure and titrate drug
effects in real-time, mitigating the risk of over- or underdosing,
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Fig. 1. Changes in fentanyl ESC and EEG. Subjects were administered up to three boluses in 2-minute intervals after a baseline period (F1, F2, and F3),
and concentration levels were computed through PK/PD modeling. Panel (a) shows the predicted ESC of a representative subject. Exposure to fentanyl
corresponded with changes in the spectrogram (b) and power spectrum changes in a representative subject (c), with notable increases in the theta (4
to 8 Hz) and slow/delta (0 to 4 Hz) bands. The increases in theta power correspond to increases in fentanyl concentration. A linear mixed-effects model
was constructed across subjects [shown in (d) with 95% CI] to further describe the association between changes in theta power and Fentanyl
concentration.

and could be used to enhance discovery and development of novel
pain drugs or therapeutics (9). We also find that fentanyl causes
clinically significant RD long before any noticeable sedation, mak-
ing even the smallest amount of fentanyl potentially dangerous.

Anesthesiologists administer fentanyl during induction of gen-
eral anesthesia to blunt the nociceptive response to intubation.
We used this induction period to carry out an experiment in
which we gradually administered fentanyl in 25 subjects under-
going general anesthesia for surgeries lasting 2 hours or more.
Prior to entering the operating room, we placed respiratory in-
ductance plethysmography (RIP) bands around each subject’s ab-
domen and thorax to measure and track changes in respiration
(10, 11) during the baseline period and after fentanyl adminis-
tration. Patients were preoxygenated during this time via face
mask (12), and pulseoximetry was carefully monitored by the
anesthesiologist on our study team in accordance with clinical
monitoring standards. We also recorded a four-channel frontal
EEG throughout the study. We asked subjects to perform an au-
ditory behavioral task with their eyes closed throughout the ex-
periment to characterize their level of sedation (see the “Meth-
ods” section for details). After a 3 minute baseline period, we ad-
ministered two or three doses of 2 μg/kg of ideal body weight

(IBW) of fentanyl according to the subject’s tolerance with 2
minutes of separation between each dose. After administration
of the last bolus, we continued to record data for an additional
5 minutes.

Results
A distinct EEG theta oscillation develops with
increasing fentanyl concentration
We estimated the fentanyl effect site concentration (ESC) us-
ing pharmacokinetic/pharmacodynamic (PK/PD) modeling imple-
mented in StanpumpR (13), illustrated in Fig. 1a for a representa-
tive subject. We analyzed the EEG using multitaper spectral anal-
ysis (14). A spectrogram from a representative subject in Fig. 1b
illustrates how EEG power in the theta (4 to 8 Hz) and slow/delta (0
to 4 Hz) bands increases as the fentanyl concentration increases.
These same oscillations may also be appreciated in the spectrum,
illustrated at different time points in Fig. 1c. We note that when
the EEG waveforms are visualized in the time domain, the theta
oscillations are difficult if not impossible to perceive (Supplemen-
tary Material Fig. S1). In contrast, the theta signal is readily appar-
ent in the spectrum and spectrogram (Fig. 1a and b). To quan-
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Fig. 2. Changes in respiratory dynamics drive RD. Subjects had thoracic and abdominal bands placed to measure expansion and compression, shown
with an individual subject in (a). A state space oscillator model was used to characterize instantaneous changes in relative volume (b) and frequency
(c), the moving average of which is displayed here. Declines in both relative volume and frequency contribute to the RD, shown by the decline in the
MVI (d), the moving average of which is displayed here. Dashed lines correspond to the administration of the fentanyl boluses during the protocol.

tify the relationship between the EEG and fentanyl concentration,
we constructed a linear mixed-effects model representing fen-
tanyl concentration as a function of theta power, which revealed
a strong association across all n = 25 subjects [slope: 0.55 (CI: 0.25
to 0.80), marginal R2 = 0.151, conditional R2 = 0.744; Fig. 1d].

Fentanyl-induced RD is driven by declines in
both respiratory amplitude and frequency and
can be quantified using an instantaneous
minute ventilation index
The RIP waveforms showed obvious changes in respiratory ampli-
tude and frequency on visual inspection, as illustrated in a repre-
sentative subject in Fig. 2a. We noticed that in some subjects both
respiratory amplitude and frequency decreased after fentanyl ad-
ministration, while in others either amplitude or frequency de-
creased. In order to summarize the overall effect of changing am-
plitude and frequency on respiration, we developed an index re-
lated to minute ventilation that incorporated both aspects of res-
piration. Minute ventilation is defined as the volume of respiration
per minute and is computed by multiplying the respiratory vol-
ume by the respiratory frequency (15). First, we used a state space
oscillator model (16, 17) to estimate the instantaneous amplitude
and frequency (Fig. 2b and c) from the raw waveform (Fig. 2a).
Next, we derived analytical expressions to describe how changes
in the chest and abdominal band measurements related to lung
volume. We then used these expressions to calculate a minute
ventilation index (MVI) calibrated for each subject to a value of
100% during the baseline period, corresponding to each subject’s
resting tidal volume (18), and to 0%, representing no change in vol-

ume (Fig. 2d). A full description of this derivation can be found
in the Supplementary Material.

Minute ventilation decreases by almost
two-thirds with increasing fentanyl
concentration and is correlated with EEG theta
power
We also found that MVI decreased by 30.1% (CI: 18.7 to 39.9) af-
ter the first bolus of fentanyl, by 54.6% (CI: 44.5 to 64.3) after
the second, and by 59.9% (CI: 52.2 to 66.9) after the third bolus
(Fig. S2). We noted that these effects occurred while the subjects
maintained a blood oxygen saturation between 95% and 100%
throughout the protocol as monitored by the study anesthesiol-
ogist and clinical care team. Even though the subjects remained
stable clinically due to these precautions, the rapid decline in
MV still occurred. To characterize the relationship between theta
band power and respiratory changes we constructed a mixed-
effects model [Fig. 3, slope: −1.62 (CI: −2.51 to 0.73), marginal
R2 = 0.054, conditional R2 = 0.248]. Theta band power shows a
clear association with the MVI changes across all n = 25 subjects,
in which increasing theta power corresponds to decreasing MVI.

RD begins several minutes before noticeable
changes in reaction time and at more than
1000-fold lower fentanyl concentrations
The subjects were also asked to perform an auditory behav-
ioral task throughout the protocol to track sedation and loss of
consciousness (unresponsiveness). Briefly, subjects heard sounds
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Fig. 3. A linear mixed-effects model across all subjects indicates an
inverse association between frontal theta power and MVI. Most subjects
showed a clear decline in MV, characteristic of fentanyl-induced RD.
Theta power, shown to have a positive association with fentanyl ESC
(Fig. 1d), also has an inverse relationship with this decline, indicating
the ability to track the respiratory effects of the opioid using the EEG.

played from a headphone and were asked to press a button in re-
sponse (see the “Methods” section). We analyzed changes in re-
action time (RT) in relation to the onset of RD in each subject
(Fig. 4a). We observed that while RD presented quickly after the
initial bolus of fentanyl, most subjects did not show a noticeable
change in RT until many minutes later, after multiple boluses of
fentanyl had already been administered. In Fig. 4(a), we show an
example of this dramatic time lag between initial RD and RT in a
typical subject. We estimated this time lag in each subject using
a cross-correlation analysis between the MVI and RT time series.
We estimated a mean lag of 277 seconds (CI: 219.5 to 332.5) be-
tween changes in MVI and changes in RT using a bootstrap anal-
ysis of 10,000 samples. We also observed that the MVI would de-
cline by 51.4% (CI: 30.9 to 80.4) before these increases in RT oc-
curred (Fig. 4c). Finally, we estimated that the predicted ESC of
fentanyl needed to induce a 10% drop in MVI is roughly 1750-fold
lower than the concentration present upon RT changes (CI: 839 to
2854) (Fig. 4d). Although sedation due to opioid exposure is well-
documented (19, 20), our results show that the respiratory decline
induced by fentanyl far outpaces any behavioral change.

Fentanyl-induced theta power correlates with
slowing RT, while slow/delta oscillations indicate
loss of consciousness
We used a linear mixed-effects models to characterize RT as a
function of MVI (Fig. S3a), theta power (Fig. S3b), and slow/delta
power (Fig. S3c). MVI is poorly correlated with changes in RT
(slope: −1.94, conditional R2 = 0.180), as expected given the signif-
icant lag between RD and RT. However, the theta band EEG power
proved to be highly correlated to RT (slope: 30.11, conditional R2

= 0.313), with 1 dB increases in power corresponding to roughly
30 ms increases in RT. The development of slow/delta power also
correlates well with the slowing RT of subjects after fentanyl ad-
ministration (slope: 17.30, conditional R2 = 0.261).

Beyond a slowing RT, a significant result of opioid administra-
tion is loss of consciousness (LOC). We defined LOC as a period
of at least three consecutive failures to respond to auditory stim-
uli ( approximately 12 seconds). We used a logistic mixed-effects
model to characterize LOC. Toward the end of the protocol, when
fentanyl concentrations were highest, subjects were less likely
to respond to the auditory stimuli. By this time, most subjects
already experienced significant declines in their minute ventila-
tion, and thus, MVI shows no association with LOC (Fig. S3d; odds
ratio: 0.99). While theta power is associated with LOC (Fig. S3e;

odds ratio 0.86), slow/delta band power appears to be even more
informative (Fig. S3f; odds ratio 0.85), as the increased range in
slow/delta band power available corresponds with a larger range
in the probability of consciousness. At some point, 16 out of 25
subjects reached LOC, all of whom were arousable to either ver-
bal or physical stimulation, with four requiring a jaw thrust to
support their airway.

Discussion
The EEG has been used previously to study opioids (19, 21–25), but
the specific signatures we describe here and their unique associa-
tions with respiration, sedation, and LOC have not, to our knowl-
edge, been previously reported. The sample size of our study is
comparable to or exceeds those of previous studies of fentanyl
EEG effects (21–25). A major strength of our study was our ability
to use the operating room environment to safely study fentanyl
in humans. A key innovation in our approach was that we were
able to administer the drug gradually over a relatively long period
of time, making it possible to discern the theta oscillation signa-
ture and its association with fentanyl concentration and RD that
had not been previously reported. Finally, a major strength of our
work was our ability to develop and apply novel methods to pre-
cisely characterize instantaneous changes in respiratory dynam-
ics using noninvasive methods. This allowed us to characterize
fentanyl-induced RD with greater sensitivity, and in turn to an-
alyze fentanyl’s marked differential effects on respiration com-
pared to sedation. More work will be needed to study the extent to
which these effects can be observed in a larger patient population,
but the strong and novel associations we found in this study are
nonetheless compelling. In particular, our findings suggest that it
may be possible to predict RD in patients using processed EEG.

Fentanyl and its analogs are the primary drivers of the opioid
overdose crisis in the United States (26–28), which has led to more
than 100,000 deaths in 2020 and 2021 (29–31). Our results help to
explain why fentanyl is so deadly and has practical implications
that may be useful in the fight to reduce opioid-related overdoses
and deaths. First, our study quantifies, to our knowledge for the
first time, that fentanyl is more than 1700-fold more potent for
RD than for sedative effects. Our results suggest that when used
outside a medical setting, fentanyl would induce apnea well in
advance of sedation or behavioral effects. Opioids or other drugs
taken during substance abuse may contain fentanyl in unknown
yet significant proportions; the respiratory effects we describe
here make clear that no amount of fentanyl would be safe in this
context. As fentanyl exposure is likely to remain a persistent risk
during illicit use (28, 32), the rapid and significant RD we observed
supports the need for increased availability of medical observa-
tion or supervision units, naloxone, medication-assisted therapy
(33, 34), and other harm-reduction tools (35, 36) to reduce the
risk of death among substance-use-disorder patients. Our results
could also enable the development of novel monitoring and deliv-
ery technologies designed to optimize opioid administration for
pain management that could reduce the risk of persistent opioid
use and dependence.

Methods
Study design and oversight
This study was approved by the Institutional Review Board (IRB)
at the Massachusetts General Hospital (MGH), study ID number:
2018P000383. It was conducted in accordance with the provisions
of the Declaration of Helsinki. All subjects enrolled in the study
provided written informed consent. The study was registered on
ClinicalTrials.gov (Identifier: NCT03866278).
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Fig. 4. Significant behavioral changes after fentanyl administration occur with a delay and significantly increased fentanyl concentration. While
changes in MV (moving average shown) for the subject in (a) occur shortly after the initial fentanyl exposure at 3 minutes, noticeable increases in RT
to stimuli occur closer to 7 minutes in the displayed individual subject. (b) Simulating 10,000 bootstrapped samples shows an average delay of
277 seconds (95% CI: 219.5 to 332.5 seconds) in RT changes from MV changes (c). The MVI drops to 51% (95% CI: 31% to 79%) upon the onset of an
increase in RT (d). Comparing the fentanyl concentration upon initial decline of MV against the concentration upon changes to RT shows a 1754-fold
(95% CI: 839 to 2854 fold) increase in fentanyl concentration underlying these behavioral changes (d). ∗10% decrease in MV; ∗∗noticeable increase in RT.

Subjects
Subjects were recruited from patients aged 18 to 65 scheduled
to undergo surgery lasting 2 hours or more, and with American
Society of Anesthesiologists (ASA) physical status classification I
to III. Subjects had their medical history reviewed by the study
staff anesthesiologist (E.T.P.) to rule out active and chronic med-
ical problems. Once a potential subject was identified by the re-
search, the study staff anesthesiologist approached the potential
subject to obtain consent as early as possible prior to surgery
and anesthesia. A total of 31 subjects provided informed consent.
There was no randomization or treatment assignment. The onset
of the COVID-19 pandemic led to a cessation of nearly all clinical
research at our institution and a severely reduced number of sur-
gical procedures, making it difficult if not impossible to continue
subject recruitment. We therefore stopped recruiting subjects and
proceeded to analyze the data and report the results herein. We
completed the protocol in 28 out of the 31 consented subjects.
Two subjects were not studied because of scheduling conflicts, and
one further was not studied due to withdrawal of consent. There
were technical problems in three additional subjects that led to
data loss: In one subject, we were unable to record the respira-
tory signals; in another, we were unable to obtain the behavioral
responses; and in yet another, the EEG signal was too noisy to an-
alyze. In the end, we analyzed complete data sets from 25 out of
31 subjects. From these participants, 13 were female (52%), with a
mean age of 54.4 years (range: 31 to 64 years) and a mean weight
of 78.76 kg (SD = 22.6).

Exclusion criteria
Our exclusion criteria included: craniofacial abnormalities, aller-
gies to fentanyl, bisulfite, eggs or egg products, latex, soybeans,
soybean oil, BMI ≥ 30 (kg/m2), known or suspected difficult intuba-

tion, known or suspected need, for rapid sequence induction and
intubation, history of obstructive sleep apnea requiring CPAP, his-
tory of uncontrolled gastroesophageal reflux disease (GERD), opi-
ate use within 24 hours, and history of opiate abuse within 3 years.

Study procedure
The protocol consisted of recording EEG, RIP, and sedation state
during administration of fentanyl prior to induction of general
anesthesia. Fentanyl is generally administered before intubation
to blunt the circulatory response to laryngoscopy (37, 38). We de-
signed our protocol to administer fentanyl gradually over a 4-
minute period in doses of 2 μg/kg of IBW every 2 minutes with
a maximum dose of 6 μg/kg IBW according to patient tolerance
and performance on the behavioral task. To ensure the subject’s
safety, vital signs and potential side effects were closely monitored
by the research anesthesiologist staff. Interventions up to and in-
cluding abandonment of the protocol were considered depending
on the subject’s tolerance.

Data recording
A four-channel Masimo SEDLine (Masimo Corporation, Irvine, CA,
USA) frontal EEG sensor was placed with electrode positions cor-
responding to Fp1, Fp2, F7, and F8 in the international 10-20 sys-
tem. We made sure to keep the electrode impedances ≤5 k�. RIP
was measured using a SleepSense 9003-L90 Semi-Reusable in-
ductive elastic bands placed across each subject’s chest and ab-
domen. The data from the RIP sensor were captured using a Neu-
roelectrics NIC2 device at a sampling frequency of 500 Hz. The
auditory behavioral task was administered using a computer-
driven script written in Python. The subjects were asked to lis-
ten to a series of sounds played every 4 seconds, and to respond
via button press to identify the sound as either a train of clicks,
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or verbal stimuli. Auditory stimuli were delivered using Etymotic
ER-3C earphones. Button presses were recorded using a computer
mouse strapped to the subject’s hand.

Data analysis
EEG processing
EEG information acquired through the 4-channel frontal EEG
monitor was analyzed using custom in-house scripts written in
MATLAB 2021a (MathWorks, Inc,., Natick, MA, USA) employing
the Chronux v.2.12 toolbox (http://chronux.org) (14). The EEG was
sampled at 250 Hz and was detrended and bandpass filtered be-
tween 0.1 and 40 Hz. Multitaper spectral analysis was used to
compute spectra and spectrograms, with a 4-second window sam-
pled every second (i.e. 3-second overlap) with K = 3 tapers, time-
bandwidth product of TW = 2, and a spectral resolution of 1 Hz
(39). The median power across channels was computed and ana-
lyzed across the slow/delta (0.1 to 4 Hz), theta (4 to 8 Hz), alpha (8
to 12 Hz), beta (12 to 20 Hz), and gamma (>20 Hz) frequency bands.

RIP processing
The RIP signals from the chest and abdominal bands were down-
sampled to 25 Hz. A state space oscillator model was used to di-
rectly characterize the instantaneous amplitude and frequency
of the respiratory signals (16). We used a multivariable version
of the model in which the abdominal and chest signals shared
the same oscillatory frequency but were otherwise independent.
The instantaneous amplitude for both the chest and abdominal
bands was extracted using this model, along with the shared in-
stantaneous frequency, as described in the Supplementary Ma-
terial. We then estimated a minute ventilation index (MVI) using
expressions described in the Supplementary Material (“Derivation
of an Expression to Estimate Instantaneous Minute Ventilation”).
The MVI was calibrated in each subject to a value of 100 at base-
line, corresponding to each subject’s resting tidal volume, and zero
when both the abdominal and chest respiratory amplitudes were
zero. Values above 100%, which correspond to physiological vari-
ations of tidal volume or forced inspiration, were excluded from
analysis.

Statistical analysis
We used linear and logistic mixed-effects models to describe the
associations between EEG theta power, fentanyl ESC, MVI, and be-
havioral changes, implemented using the lme4 R package (40). EEG
power was calculated as described above. MVI was calculated as
described above and in further detail in the Supplementary Ma-
terial. The predicted fentanyl ESC through stanpumpR (13). Be-
havioral changes were represented in terms of RT and a binary
variable representing the presence or absence of a response.
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stored in Harvard Dataverse. The data are not publicly available
as they are the subject of ongoing analyses but can be requested
from the corresponding author and could be shared after estab-
lishing a data use agreement with the corresponding author’s in-
stitution.

Code Availability
Custom MATLAB analysis and code was created to generate the
data set, statistical analysis was done in R with the lme4 pack-
age from https://cran.r-project.org/web/packages/lme4/, and sig-
nal processing of EEG data was done with done with the chronux
library from http://chronux.org. The state space modeling code is
not publicly available at present but can be requested from the
corresponding author and could be shared after establishing a
data use agreement with the corresponding author’s institution.
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