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Abstract 
The nature of the neurophysiological effects of opioids, especially those responsible for their 

analgesic properties, are unknown, hindering efforts to develop non-addictive alternatives. 

Fentanyl and hydromorphone were administered to patients experiencing semi-chronic, 

clinically-relevant pain after surgical implantation of electrodes for the localization of seizure 

onset. Opioids suppressed beta oscillations in lateral amygdala, ventral and dorsolateral 

prefrontal cortices, and increased beta in medial amygdala and hippocampus. Opioids also 

suppressed high gamma oscillations in insula and lateral amygdala, and increased high 

gamma in cingulate cortex and hippocampus. The amplitude of these beta effects in the 

ventral prefrontal cortex, medial amygdala and hippocampus, and of gamma effects in the 

insula, were positively correlated with the magnitude of pain relief in response to a constant 

dose. These findings identify electrophysiological events in a network of limbic structures 

that may participate in opioidergic pain relief through nociceptive gating and a decreased 

concerned fixation on pain, providing insights into the neural basis of pain relief and 

suggesting possible biomarkers for developing non-addictive opioid alternatives. 
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Introduction 
Little is known about the neural basis of analgesia for clinically relevant pain in the human 

forebrain. Studies conducted to date have typically evoked acute pain in their experimental 

paradigms, which lacks qualities including the persistence, and associated distress, of more 

representative pain requiring medical management. Aside from its sensory-discriminative 

properties, human pain requiring clinical treatment is also an affective and interpretive 

phenomenon1–3, and far less is known about these higher order telencephalic pain substrates. 

To further examine these substrates, we utilized the precision and sensitivity of bipolar 

intracranial recordings to measure the effects of opioids in the human brain and isolate 

signatures of opioidergic analgesia.  

 The effects of opioids have been extensively studied in afferent nociceptive pathways. 

This system extends from primary nociceptors in tissue, to peripheral sensory ganglia, spinal 

cord, brainstem regulatory nuclei including periaqueductal gray and rostral ventromedial 

medulla, and finally projecting to an array of thalamic nuclei. Opioids inhibit the 

transmission of nociceptive signals along this pathway, thus reducing the sensation of pain.4 

In the telencephalon, the μ-opioid receptor, which is most strongly targeted by pain relieving 

opioid drugs, is highly expressed in amygdala, anterior hippocampus, anterior cingulate 

cortex, orbitofrontal cortex, and insula.5 However, little is known about the 

neurophysiological mechanisms by which opioids exert their effects, therapeutic or 

otherwise, in these structures. On a local level, μ-opioid receptors act upon a diverse array of 

cell types, often exerting its effects as a presynaptic receptor reducing neurotransmitter 

release, and producing variable circuit-level effects with regional specificity. While a 

complete picture of the neurophysiological effect of opioids remains elusive, previous studies 

suggest that cortical regions are, in general, inhibited, whereas in medial temporal lobe, the 

effect of opioids varies sharply by region and context.6,7 

 Human neuroimaging studies on the effects of intravenous opioid drugs have 

produced conflicting results. Studies employing measures sensitive to blood flow (PET rCBF 

or BOLD fMRI) have generally found increases, most consistently in anterior cingulate, but 

including other structures such as caudate nucleus, thalamus, and amygdala,8–11 though one 

such study employing PET rCBF also found decreased signal in left orbitofrontal cortex.12 In 

contrast, the only fluorodeoxyglucose PET study to date found mostly decreases in many of 

the same structures.13 In addition, studies employing measures dependent on blood flow may 

be confounded by opioid effects on vascular dynamics or cellular metabolism.14,15 
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Furthermore, some effects of opioids are likely more related to analgesia than others; a few 

neuroimaging studies have attempted to parse this distinction experimentally, observing drug-

acute pain interactions in critical regions including anterior cingulate cortex, insular cortex, 

amygdala, and inferior frontal cortex, but inconsistent or counterintuitive results (e.g. 

amplification of pain-related-activation) in some cases..9,16,17 

 In transient, experimenter-evoked pain paradigms, non-invasive 

magnetoencephalography  (MEG) and EEG studies most commonly report that signals 

predictive of a “high pain” state have been a decrease in central alpha band power (8-

12Hz)18–20 and an increase in parietal, prefrontal and thalamic gamma band power 

(>30Hz).21–24 In the prefrontal cortex, tonic experimental noxious stimulation has been 

associated with enhanced power of gamma oscillations, and suppression of alpha and beta 

oscillations associated with pain intensity.25–27 While acute experimental pain is sometimes 

associated with beta suppression in scalp EEG, studies on chronic pain have revealed a 

positive association between frontal beta oscillation power and pain severity in arthritic pain28 

as well as enhanced beta coherence in fibromyalgia.29 Cross-sectional studies on neuropathic 

pain have identified increases in power in alpha-beta range.30,31  A systematic review of EEG 

and MEG studies have concluded that enhanced beta and theta oscillations are characteristic 

of chronic pain  generally.32 Moreover, an EEG study in healthy patients have found 

decreases in beta and alpha power with moderate doses of an oral opioid.33 

 There are, to our knowledge, no peer-reviewed studies investigating the role of opioid 

administration on intracranial EEG. However, the intracranial evoked potentials and high-

frequency activity to acute experimental pain have been reported.34–39 Generally, these studies 

have observed responses in primary somatosensory cortex, in insular cortex, anterior 

cingulate and other limbic regions, which is consistent with known telencephalic pain 

pathways.37 Three complementary studies by the same research group characterized the 

temporal sequence of evoked potentials across the brain, demonstrating a progression from 

sensory to associative regions, notably involving the medial temporal lobe later than cortical 

regions.34–36 While most evoked pain studies have not dissociated nociception from sensory 

effects per se, one study tested correlates of gradations in rated thermal pain level while 

controlling for stimulus temperature, and found that anterior cingulate, hippocampus, frontal 

regions, striatum, amygdala, and fusiform gyrus predicted pain ratings.37 
 Notably, a recent study used machine learning to classify endogenous variations in 

intensity of pain in patients with refractory neuropathic pain.40 This was successful in 

predicting high-pain significantly above chance; however, this model utilized only a limited 
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set of brain regions and did not attempt to identify LFP signatures which were consistent 

across subjects. Machine-learning based approaches have also been successful at predicting 

chronic pain status41 and endogenous variation in chronic pain state42 using scalp EEG. These 

methods have potential clinical applications in diagnosis or monitoring and demonstrate that 

EEG contains information relevant to pain state; however, they do not easily generalize to 

clinically relevant models of pain or pain relief.43 

 There have been, to date, no peer-reviewed human studies which have uncovered 

consistent neural signatures of opioid effects on human local field potentials. Furthermore, 

there are very few studies of any methodology which probe the independent correlates of pain 

relief in human brain, and none study clinically relevant pain; rather, most studies on pain 

processing in humans have employed transient (typically seconds) and non-destructive heat 

or shock stimuli. Patients undergoing epilepsy monitoring with depth electrodes often have a 

significant degree of post-surgical pain, which is commonly treated with intravenous opioid 

drugs at various points during the recording period. Sites sampled frequently for the purposes 

of epilepsy monitoring include regions having well-established associations with pain, 

including insula, cingulate and orbital cortices, amygdala, hippocampus, and prefrontal 

cortex. This presents an opportunity to study the forebrain neural signatures of clinically 

relevant pain relief with the precision of intracranial depth electrode recordings, providing 

critical insight into distal pathways of pain processing, as well as forebrain mechanisms 

which function to allay the experience of pain. While this model is not identical to chronic 

pain, it’s clinical relevance furthers our understanding of how opioids relieve post-surgical 

pain, and may yield insight into how such effects could be replicated consistently and safely 

to guide the development of much-needed non-opioidergic treatments for intractable chronic 

pain. 

 

 

Materials and methods 
Patient population 

The participants gave written informed consent to participate in this study, and the study was 

approved by University of California’s Institutional Review Board in accordance with the 

Declaration of Helsinki. The participants were compensated for their participation. Patients 

were recruited from a population with long-standing drug-resistant complex partial epilepsy 

who are implanted with depth electrodes in order to determine their seizure origin. While 
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awaiting spontaneous seizures to occur, the patients may consent to participate in 

experiments. Regions of the frontal lobe and limbic system are frequently and consistently 

implanted for the purposes of epilepsy monitoring and are also locations that are implicated 

in the affective-interpretive aspects of pain. Patients often experience some degree of post-

surgical pain as a consequence of the surgical implantation procedure. We identified patients 

who experienced significant pain and received pain-relieving opioid medication. A subset of 

four patients (of 26 for which data were available) were given at least 10 doses of intravenous 

opioids which did not coincide with putative sleep or (post-)seizure periods (defined below); 

these were chosen for further analysis (see Table 1). All patients had overall cognitive 

function in the normal range. 

 

Data preprocessing 

Archival SEEG recordings were processed and reformatted for analysis using standard 

methods. A notch filter was applied at 60 Hz line noise frequency and its harmonics up to the 

Nyquist frequency, before the data was resampled to a uniform 1000 Hz sampling rate, from 

native sampling rates of 500-1024 Hz, using a delay-compensated FIR antialiasing filter. To 

ensure that measured signals were focal, all monopolar recordings were bipolar re-referenced, 

utilizing adjacent depth electrode contacts with 5 mm pitch. Bipolar pairs were excluded if 

displaying low amplitude (indicating white matter or CSF, approximate threshold of 30 µV 

slow-wave amplitude), abnormal LFP (e.g. prominent atypical oscillations), frequent 

interictal discharges (>3 min-1 in cortex or 1 min-1 in medial temporal lobe), or if located 

within a seizure focus. All cortical bipolar pairs were selected from non-overlapping contacts; 

however, due to the limited number of high-quality channels in hippocampus and amygdala, 

overlap was allowed in these regions. Clock time was reconstructed using file metadata. 

Electrode location was determined by MRI/CT co-registration, followed by automated 

parcellation using FreeSurfer44,45 and the HCP-MMP146 cortical segmentation. In one patient 

where surface reconstruction was not possible due to incomplete imaging data, electrode 

locations were hand-annotated using trajectories drawn from clinical neurosurgery software 

(ROSA). Electrodes in medial temporal structures were hand-annotated using co-registered 

MRI and CT scans in 3D Slicer.47 Time series analysis was performed using custom 

MATLAB code and FieldTrip.48 
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Epoch selection and artifact rejection 

Interictal epileptiform events (spikes) were detected as described previously:49,50 A high 

frequency score was computed by smoothing the 70-190 Hz analytic amplitude with a 20 ms 

boxcar function and a spike template score was generated by computing the cross-covariance 

with a template interictal spike. Both scores were normalized by their channel-wise medians. 

The high frequency score was weighted by 13 and the spike score was weighted by 25, and 

an IIS was detected when these weighted sums exceeded 130. In each patient, detected IIS 

and intervening epochs were visually examined from all channels to confirm high detection 

sensitivity and specificity. The detected period, 300 ms preceding, and 700 ms following 

were excluded from further analysis. Putative seizures were marked as unusually sudden and 

dense periods of epileptiform activity (detected as above), cross-referenced with clinical 

records, and visually confirmed in the raw LFP. The durations of all seizures, the 5 minutes 

preceding, and a period of 2 hours following were excluded from analysis. The latter value 

was chosen to reliably exceed the length of time required for spectral amplitude measures 

(e.g. high gamma 70-190 Hz envelope, suppressed post-seizure, and slow-wave 0.5-2 Hz 

envelope, amplified post-seizure) to return to baseline. Epochs containing large artifacts, 

interruptions in signal, or highly unstable spectral characteristics (assessed by beta, high 

gamma, slow-wave, 8-12 Hz alpha, and 4-8 Hz theta amplitudes) suggestive of abnormal 

activity, for example during an extended period of repeated seizures, were similarly identified 

and excluded.  

 

Sleep rejection 

Sleep rejection methodology performed as described previously,50 consistent with criteria for 

N2/N3 identification described by Silber et al.51 The median slow-wave (0.5-2 Hz) analytic 

amplitude across channels was used as a slow-wave sleep score to identify and exclude sleep. 

Slow-wave sleep cycles were detected as periods in which the slow-wave sleep score was 

greater than threefold times the median of the score over the preceding 18 through the 

following 18 hours. The use of the local median allowed correction for amplitude drift during 

the recording. 25 minutes preceding or following slow-wave sleep peaks thus defined were 

excluded in order to ensure that Stage 1 and REM periods, expected to occur before and after 

such detections, were also eliminated. 
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Testing of drug effect 

Administration times of intravenous opioid medications were recorded with minute-scale 

precision as a function of clinical recordkeeping. We compared neurophysiological metrics  

during the period immediately preceding administration of an opioid to a period of expected 

peak analgesic effect (10-30 minutes) for both intravenous fentanyl and hydromorphone.52,53  

 

Spectral perturbation plots 

Event-related spectral perturbation plots were generated using power spectra computed for 

each minute of data. Each minute of data was segmented into continuous non-overlapping 

segments of at least 8 seconds without detected IIS or artifacts, and the average of all such 

segments taken as the spectrum of the corresponding minute. A multi-taper time-frequency 

spectral estimation method was employed, as implemented in the Chronux54,55 toolbox. 

Resultant spectra were resampled from linear to log-frequency scales while applying a delay-

compensated finite impulse-response antialiasing filter. Drug-evoked changes were 

normalized to the pre-drug (30-10 minute) baseline period. For event-related spectral 

perturbation (ERSP) plots (Fig. 1A), the mean spectral response across trials was expressed 

in dB for each minute interval relative to drug dose. For spectral change plots (Fig. 1B), the 

average spectral power from 10-30 minutes post-drug was normalized to the pre-drug 

baseline, and the result expressed as a raw proportion. Results were smoothed for display 

using a Gaussian filter over time (ERSP) and frequency (ERSP and spectral change plots). 

 

Evoked amplitude-modulation plots 

Drug-evoked changes in beta or high gamma amplitude were further analyzed by applying a 

third-order Butterworth bandpass filter to isolate the corresponding frequency (15-25 Hz or 

70-190 Hz, respectively), and computing the exact Hilbert analytic amplitude.56 In order to 

eliminate the potential effects of long-term drifts in spectral characteristics, the amplitude 

time-course for each trial was baselined and normalized by the mean and variance, 

respectively, of the baseline period (30 to 10 minutes prior to each dose) for that trial. Trials 

were rejected if more than 75% of the baseline period was rejected or more than 25% of the 

effect averaging period was rejected. Channels were pooled within predefined regions of 

interest, which were chosen on the basis of sampling, known neurophysiology of pain, and 

conventional neuroanatomical distinctions. The z-score of the drug effect, defined as the 
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average of the above timecourses within the 10-30 minute window following each drug dose, 

was computed for each recording site, and used for cross-site analyses.  

 

Testing of pain-relief correlates 

To assess the neural correlates of pain relief, change in VAS score pre-to-post opioid was 

compared to change in measures of interest (beta or high gamma analytic amplitude, 

computed as above) pre-opioid to the 10 minutes preceding the post-opioid pain 

measurement. Only trials in which the modal dose of opioid was given were included. Each 

trial was normalized to its baseline mean and variance, as above, to account for long-term 

shifts. For each recording site, the R value of the correlation between VAS change and 

neurophysiological change was computed, and used for cross-site analyses. 

 

Cross-site drug-effects and pain relief models 

Separate models were employed for each combination of frequency (beta/HG) and analysis 

type (drug effect/pain relief) in order to assess overall and regional patterns in drug-effect or 

pain-relief signatures. A linear mixed model, including a random effect by subject was 

employed to account for within-subject correlations. Z-scores (drug effect) or R values (pain-

relief correlations) were modeled as a function of drug type, hemisphere, and region as 

categorical covariates.  A separate model was used to predict pain-relief R values using drug-

effect Z-values in the same frequency (beta or HG), including random effects by subject and 

an intercept term. No other covariates were included in this second model. 

 

Control analysis of non-opioid nurse check-ins 

In order to verify that observed neurophysiological effects were specific to opioid 

administrations, rather than following interactions with nurses generally, we conducted the 

same analysis used for testing IV opioid-evoked effects, but applied to non-opioid nurse 

check-ins. These were events in which the nurse similarly interacted with the patient and the 

patient reported a VAS score, but opioids were not given. Furthermore, we restricted our 

analysis to cases where no opioid had been given for 90 minutes, nor was any opioid given 

for at least 30 minutes (the end of the post-event averaging period) afterward. As with our 

analysis of IV opioid effects, we conducted an analyses using a linear-mixed effects model to 
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test for any overall changes in beta or HG amplitude associated with such events, as well as 

any region-wise or hemispheric variation. 

 

Results 
Spectral characterization of opioid-evoked responses 

Recordings from bipolar channels were examined in their responses to opioids across time 

and frequency. Sites from all subjects exhibited pronounced suppression in the 15-25 Hz beta 

frequency range (Fig. 1A). The period 10-30 minutes post-opioid was chosen to measure 

drug effect, as this falls within the period of peak pain relief for both drugs;52,53 this period 

captured the distinct suppression of beta-frequency amplitude (Fig. 1B). Nevertheless, we 

observed that the time-course of the drug effect matched the kinetics of either the short-acting 

(fentanyl, FENT) or longer-acting (hydromorphone, HMOR) opioid (# of sites significant at 

30-50 minutes: 2 of 23 active FENT sites, 14 of 31 active HMOR sites, site-wise effects FDR 

corrected p<0.05, chi squared test by drug and duration p=0.004). 

 

Regional characteristics of opioid-induced beta suppression 

Overall, opioids tended to decrease beta amplitude in both hemispheres. Both FENT and 

HMOR exhibited this effect (Fig. 2D). In cortex, Prefrontal Cortex (PFC, including Ventral, 

VPFC; Dorsolateral, DLPFC) showed the greatest suppression (Fig. 2C,D). In medial 

temporal regions, opioids relatively increased beta amplitude in Anterior Hippocampus 

(AHC), Posterior Hippocampus (PHC), and Medial Amygdala (MAmyg). Interestingly, 

Lateral Amygdala (Lamyg) exhibited strong beta suppression, similarly to cortical regions 

(Fig. 3C). A functional division along the medial-lateral axis of the amygdala is demonstrated 

in a series of bipolar pairs spanning the right amygdala of one subject (Pt. 1): Mamyg 

exhibits exclusively a transient beta facilitation from 5-10 minutes post-drug, whereas in 

Lamyg FENT reduced beta amplitude for approximately 30 minutes (Fig. 3A,B). 

 

High gamma amplitude modulation by opioids 

In contrast to broad beta suppression, HG amplitude showed no overall trend following 

administration of opioids. However, region-specific effects were apparent. HG amplitude was 

generally suppressed in Insula (INS) and in Lamyg. Again, other medial temporal structures 
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(Mamyg, AHC, PHC) responded oppositely to Lamyg, with many sites in these regions 

increasing in HG amplitude, with significant overall increases in both AHC and PHC. 

 

Opioid effects are not accounted for by nurse interactions 

We conducted analogous testing of nurse interactions which were not associated with opioid 

doses, to verify that neurophysiological changes were not the result of social interaction, VAS 

score reporting, changes in arousal, or other covariates of general clinical care. No region-

wise or overall effects observed peri-opioid were also evoked by nurse check-ins generally 

(Table S2). Note that such interactions may have resulted in a pain drug being given (e.g. 

acetaminophen) or a non-pain-related medication, but did not result in an opioid being given 

(e.g. oral oxycodone or any IV opioid). 

 

Neural correlates of opioid analgesia 

In order to dissociate nontherapeutic effects of opioid medication and probe for neural 

signatures specific to pain, we tested for correlations between beta or HG amplitude and 

endogenous variability in reported pain relief, while holding opioid dose constant. Amplitude 

changes were measured between the 30-10 minute pre-drug baseline and the 10 minute 

period preceding the post-drug pain evaluation. We modeled site-wise R values using linear 

mixed-effects models in order to identify regions specifically associated with pain relief. 

Interestingly, a brain-wide effect for beta amplitude was significant, though of modest effect 

size; decreases in beta are on average associated with pain relief. Region-wise pain-relief 

correlates also broadly aligned with the effects of opioids: suppression of beta in VPFC, 

enhancement of beta in Mamyg and AHC, and suppression of HG in INS are all expected to 

correlate with pain relief. Cingulate showed opposite effects, with opioids increasing HG but 

a negative correlation with pain relief; visual inspection of Cingulate sites suggests that this 

may be due heterogeneity in our relatively sparse sample, as most anterior sites displayed 

reduced HG amplitude. Finally, beta amplitude in INS and HG in VPFC also correlated 

negatively with pain relief. Drug type was a significant factor in both beta and HG pain-relief 

models; this may represent a partial loading of subject-wise variance. In order to test whether 

the overall pattern of drug-evoked beta or high gamma modulation overall predicted pain 

relief, we modeled site-wise R values for the correlation of beta or HG change and pain relief, 

using the drug-effect z-score as an independent variable, and including random effects by 
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subject to account for heterogeneity. Coefficients for R value conditional on z-score in both 

the beta (0.13, p=0.004) and HG (0.09, p=0.017) models were positive and significant (Table 

S1), indicating that the patterns of opioid effects on beta and HG were overall significantly 

associated with pain relief. 
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Discussion 
The present study represents, to our knowledge, the first characterization of the 

neurophysiological effects of opioids using intracranial EEG in humans, and is amongst the 

first efforts to isolate the neural correlates of pain relief in EEG generally, which has 

otherwise only been attempted in neuroimaging studies.8,9,16 We sought to elucidate 

consistent changes in critical telencephalic structures following opioidergic treatment in a 

clinically-relevant pain condition. Though preliminary, these findings provide novel insight 

into the therapeutic effects of opioids beyond early sensory systems, on substrates of the 

interpretive and affective processes responsible for the psychological impact of pain. 

 Opioids induced a widespread reduction in beta-frequency amplitude, most prominent 

in the prefrontal cortex, as well as suppression of high gamma amplitude in the insula. Effects 

in medial temporal lobe were mixed, with suppression of beta and HG in lateral amygdala, 

but relative increases in medial amygdala (beta) and hippocampus (beta and high gamma). 

We compared changes in beta and HG amplitude between equal opioid doses that resulted in 

variable levels of pain relief, in order to determine which, if any, opioid effects were 

specifically predictive of pain relief. Such effects included beta decreases in VPFC, HG 

suppression in insular cortex, and beta increases in medial amygdala and hippocampus. 

Critically, there were significant positive correlations between the effects of opioids and the 

signatures of pain relief in both beta and high gamma amplitudes, lending further support to 

the interpretation that the neural processes indexed by beta and HG play a broad role in 

opioidergic pain relief. Our findings are consistent with prior work indicating that the 

aforementioned regions, as well as the beta frequency band in which we observed the most 

consistent opioid effects, are implicated in pain processing, particularly in clinically relevant 

pain models.32,57 

 Pain-specific responses, dissociated from neutral sensory stimulation and proportional 

to intensity,58 have been observed in both anterior59 and posterior insula,34,60 in studies 

utilizing both iEEG and fMRI. Models of cortical pain processing in which the posterior 

insula is often considered as the central hub for sensory processing of painful stimuli,57,61,62 

whereas the anterior insula has been associated with pain salience.63,64 Consistent with these 

findings, we observed a tendency for opioids to suppress high gamma amplitude in the insula, 

as well as a correlation between high gamma suppression and pain relief. These findings 

consistently demonstrate that opioids may have a direct, blunting effect on the sensation of 

pain. 
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 Chronic pain which requires clinical treatment is a complex experience dominated by 

its interpretive and affective components.1–3 Such interpretive ‘top-down’ processing is often 

associated with beta oscillations in PFC65 with ventral PFC supporting more affective 

evaluations.66–68 Specifically, spontaneous fluctuations in chronic pain are associated with 

medial and ventral PFC fMRI-BOLD activation.69–71 VPFC lesions alter the influence of 

expectancy on pain perception (medial regions),72 and VPFC activation represents the relative 

valuation of acute painful stimuli.73 Post-surgical pain shares certain features with chronic 

pain, including residual inflammation of the surgical wound, often some degree of damage to 

sensory nerves,74 and resultant sensitization of CNS nociceptive pathways,75,76 which can 

develop into true chronic pain.77 Accordingly, in VPFC, we found that beta oscillations, rather 

than high gamma, were associated with opioidergic pain relief. Beta oscillations are 

consistently found in chronic pain conditions, particularly in frontal regions,28–32 which may 

reflect a transition from a naïve bottom-up form of pain-processing to one in which subjective 

pain is amplified by concerned fixation.26 If so, beta suppression, as observed in the present 

study, would indicate relief from cognitive fixation and excessive concern regarding pain. 

 Recent research has implicated hippocampus in the processing of pain and especially 

in the development of inflammatory or chronic pain-like conditions.78,79 Activation of the 

dorsal hippocampus relieves neuropathic pain in both rats and mice,80 whereas a model of 

inflammatory pain reduces neurogenesis in the rat dentate gyrus.81 In humans, chronic pain is 

associated with reduced hippocampal gray matter volume,82,83 and increases in total 

hippocampal volume have been observed in patients undergoing non-pharmaceutical 

treatment for chronic pain.84 In the hippocampus,  μ-opioid activation increases the 

excitability of pyramidal neurons through both reducing GABAergic interneuron activity85 

and releasing astrocytic glutamate in the vicinity of pyramidal cells.86 Consistent with the 

known effects of opioids on hippocampal excitability, we observed an increase in high 

gamma amplitude in both anterior and posterior hippocampus. However, it was only beta 

oscillations, in anterior hippocampus specifically, which were associated with both opioid 

effects and pain relief. We are not aware of prior literature relating hippocampal beta 

oscillations to pain. However, beta may be particularly prominent in the human hippocampal 

LFP.87,88 In human intracranial recordings, enhanced beta oscillations have been observed 

during motor planning,89 while increased beta coherence has been observed between 

hippocampus and amygdala during fear memory retrieval,78 and between hippocampus, 

occipital cortex, and prefrontal cortex when recognizing known but highly distorted images,91 

suggesting that beta rhythms may be involved in internally generated mentation. 
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 Similarly to the anterior hippocampus, we observed that opioids relatively increased 

beta power in medial amygdala and that this was associated with pain relief. We also 

observed evoked beta in individual medial amygdala sites (Fig. 3A), distinct from 

suppression in adjacent lateral sites. In the rodent amygdala, μ-opioid receptors produce 

inhibitory or disinhibitory effects, depending on the nucleus and cell type in question.92–94 

Rodent studies also indicate that the amygdala plays a role in pain-related affective 

responses,95 and via reciprocal connections to medial prefrontal cortex and brainstem nuclei, 

could link nociception to protective behavioral and autonomic responses.96  As a central 

mediator of fear and stress processes, the amygdala is implicated in the analgesia that attends 

fight-or-flight responses;97,98 accordingly, stimulation of noradrenergic receptors in the 

amygdala of the rat induces analgesia in a thermally-evoked tail-flick test.99 Interestingly, in 

the same model, the analgesic effects of morphine are attenuated with lesion or inactivation 

of the central amygdala,88 suggesting that opioids may act through the amygdala pathway for 

stress-induced analgesia .  

 Another highly μ-opioid-receptor-enriched structure, the anterior cingulate cortex has 

long been recognized as a key hub for the processing of pain-associated affect.35,89–91 Lesion 

of ACC (cingulotomy) reduces pain-associated distress in humans without interfering with 

the sensation of pain,92–94 and stimulation of ACC in rats,108 and mice109 is aversive. In this 

study, we found that, in the cingulate as a whole, high gamma amplitude was generally 

increased by opioids, whereas decreases are associated with pain relief. Inspecting the 

distribution of these effects, this incongruity is likely due to heterogeneity across the 

cingulate cortex, as more anterior sites did not tend to show high gamma increases. 

 Overall, our results suggest a model in which opioidergic pain relief results from: (1) 

nociceptive gating (driven by amygdala and observed in reduced insular excitation); (2) 

decreased concerned fixation on pain (carried by reduced beta in VPFC); and (3) a shift 

toward internally generated experience (driven by the hippocampus). The current findings, 

though preliminary, provide a launching point for future investigation into the 

pathophysiology of clinical pain and strategies to combat it. 
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All data and analysis code underlying the study will be made available upon reasonable 

request, with the proviso that sharing of raw data in particular is subject to approval by the 

Institutional Review Board. 
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Figure legends 
 

Figure 1. Intravenous opioids produce characteristic amplitude suppression in beta 

frequencies. A. Event-related spectral perturbation (ERSP) relative to recorded drug 

administration time. Each frequency is normalized to average amplitude during -30 to -10 

minute baseline. Hydromorphone (top, middle) produces a longer duration suppression of 

beta amplitude as compared to fentanyl (bottom), as expected due to the longer kinetics of 

hydromorphone. B. Post-drug (10-30 minute average) power spectra normalized to pre-drug 

baseline. Shaded area indicates SEM. Each plot shows a different site from the same subject 

as the adjacent ERSP (A).  

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted March 6, 2025. ; https://doi.org/10.1101/2025.03.03.25323046doi: medRxiv preprint 

https://doi.org/10.1101/2025.03.03.25323046
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure 2. Beta amplitude modulation by intravenous opioids. A. Mean (SEM) beta 

amplitude over channels and trials, relative to opioid doses. Opioid-evoked beta modulation 

was calculated as the mean difference between post-drug (cyan) and baseline (green) periods. 

Orange traces correspond to fentanyl and purple traces correspond to hydromorphone. B. 

Same as A but for example sites. C. All sites color-coded according to beta amplitude 

modulation. Overall, opioids tended to reduce beta amplitude. Beta suppression was most 

profound in prefrontal cortex, including VPFC and DLPFC, and in insular cortex. D. 

Distributions of modulation values for various categories of site. Fentanyl and 

hydromorphone similarly suppressed beta amplitude, and left hemisphere sites showed 

somewhat more beta suppression than right hemisphere sites. 
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Figure 3. Modulation of beta amplitude in medial temporal lobe by intravenous opioids. 

A. Opioid-locked beta amplitude from sites corresponding to a single medial-lateral trajectory 

through right amygdala, showing a strong gradient in direction and time-course of response. 

Lateral amygdala exhibits strong suppression of beta amplitude developing by 10 minutes 

and abating within an hour post-drug, similarly to responses observed in cortical regions. In 

contrast, medial amygdala shows a transient beta amplification 5-10 minutes post-drug 

(p=0.004, 0.005, 0.027, FDR corrected, post-hoc). B. Coregistered MRI/CT showing 

locations of sites (bipolar pairs) represented in A. C. All sites in medial temporal structures. 

Across all sites, lateral amygdala tended to show cortex-like beta suppression, whereas 

medial amygdala showed inconsistent responses during the 10-30 minute post-drug epoch. 

Hippocampus, both anterior and posterior, displayed generally evoked beta amplitude 

increases or no response, in stark contrast to the suppression seen in cortex and Lateral 

Amygdala.  
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Figure 4. High gamma amplitude modulation by intravenous opioids. A. Mean (SEM) 

high gamma amplitude relative to opioid doses for example sites. Opioid-evoked HG 

modulation was calculated as the mean difference between post-drug (cyan) and baseline 

(green) periods. Evoked changes in high gamma amplitude vary widely in direction and time-

course. B. All sites color-coded according to high gamma amplitude modulation. High 

gamma amplitude decreased in Insula and Lateral Amygdala, while increases were present in 

Cingulate, AHC, and PHC. C. Distributions of modulation values for various categories of 

site. Mean increases and decreases were present to similar degrees (no overall average effect). 

Sites in subjects that received fentanyl tended to exhibit slightly lower post-drug high gamma 

amplitude than those in hydromorphone subjects.  
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Figure 5. Site-wise correlations between beta and high gamma amplitude and pain 

relief. A. Correlations (R-values) in medial temporal sites for 15-25 Hz beta (top) and 70-190 

Hz high gamma (bottom) versus pre-to-post-drug pain relief. B. Equivalent correlations to A 

in cortical sites. 
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Figure 6. Variation of drug effects and pain-relief correlations in beta and high gamma 

amplitude, along a cortical-to-limbic axis. Beta and high gamma amplitude (red lines) are 

strongly suppressed in cortical structures including VPFC, Insula, and (beta only) DLPFC. 

Limbic structures (Anterior and Posterior HC, Medial Amygdala) show relative increases in 

beta/high gamma amplitude, with the exception of Lateral Amygdala which shows 

suppression similarly to cortical areas. Correlations with pain relief (green lines) are seen 

exclusively in regions associated with pain or affect: VPFC, Insula, Cingulate, Medial 

Amygdala, Anterior HC. Only one such region (Lateral Amygdala) does not show any 

relationship between beta or high gamma amplitude and pain relief. In all such regions, either 

beta or high gamma effects of opioids would be predicted to relieve pain, with sole the 

exception of Cingulate, where the effect of the drug (increased high gamma) contrasts with 

the correlate of pain relief (decreased high gamma). 
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Subject Age Sex # 

Days 

Data 

Drug # 

Doses 

Modal 

Dose 

# 

Modal 

doses 

# 

Sites 

Median 

(Range) 

VAS 

S1 36-40 M 10.7 Fentanyl 19 50 

mcg 

16 25 5 (0-10) 

S2 21-25 F 9.0 Fentanyl 31 12.5 

mcg 

21 22 4 (0-9) 

S3 31-35 M 13.0 Hydromorphone 41 1 mg 30 35 7 (0-10) 

S4 31-35 M 15.0 Hydromorphone 16 0.5 

mg 

8 47 5.5 (0-

10) 

 

Table 1. Subject characteristics.  
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Drug Effect Coefficient (z-score) p-value 
Model Term Beta HG Beta HG 
Main Effect -0.45 -0.02 3.1E-13 0.82 
DLPFC -0.46 0.13 9.9E-06 0.39 
VPFC -0.38 -0.23 0.03 0.37 
Parietooccipital 0.28 -0.03 0.17 0.92 
Insular -0.11 -0.50 0.42 0.02 
Lat. Temporal 0.05 -0.25 0.69 0.24 
Cingulate 0.18 0.42 0.16 0.03 
Uncus -0.13 -0.31 0.55 0.37 
Lat. Amygdala -0.86 -0.54 1.1E-06 0.04 
Med. Amygdala 0.32 -0.18 0.05 0.47 
Anterior HC 0.60 0.53 2.5E-04 0.03 
Posterior HC 0.85 0.72 1.8E-07 3.0E-03 
Hemisphere (LH) -0.13 -0.23 0.01 0.01 
Drug (Hydro.) 0.03 0.29 0.61 4.4E-04 
Pain Relief Coefficient (R-value) p-value 
Model Term Beta HG Beta HG 
Main Effect -0.07 0.04 0.04 0.27 
DLPFC -0.06 0.01 0.33 0.85 
VPFC -0.29 -0.27 3.0E-03 0.01 
Parietooccipital 0.16 -0.01 0.17 0.95 
Insular -0.18 -0.24 0.02 0.01 
Lat. Temporal 0.01 0.02 0.91 0.81 
Cingulate -0.06 -0.16 0.43 0.04 
Uncus 0.00 0.20 0.99 0.15 
Lat. Amygdala 0.09 0.04 0.37 0.70 
Med. Amygdala 0.31 0.14 8.6E-04 0.15 
Anterior HC 0.21 0.16 0.02 0.11 
Posterior HC 0.04 0.11 0.66 0.24 
Hemisphere (LH) 0.05 0.02 0.13 0.54 
Drug (Hydro.) -0.13 -0.12 1.1E-05 1.8E-04 
Key  negative, not sig. not sig. 
   +, drug or pain sig. drug or pain sig. 
   -, drug and pain sig. drug and pain sig. 

 

Table 2. Linear mixed-effects model coefficients for evoked drug effects and pain-relief 

correlations in beta and high gamma amplitude. Negative values (red) indicate that 

decreases were related to drug effect (top) or pain relief (bottom) and significant coefficients 

are bolded. Opioids decreased beta amplitude overall, but did so particularly in prefrontal 

cortex (VPFC and DLPFC) and Lateral Amygdala; in VPFC this decrease was concordant 

with pain relief. In other structures of medial temporal lobe, opioids increased beta in relative 

(Med. Amyg.) and absolute (Ant. and Pos. HC) terms; this aligns with pain relief in Med. 

Amyg. and Ant. HC. High gamma was suppressed by opioids in Insular Cortex, matching 

pain relief in that structure, while in Cingulate Cortex, opioid-evoked high gamma contrasts 

with expected lower high gamma amplitude during pain relief.  
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Supplementary Tables 

 

 Pt. 1 Pt. 2 Pt.3 Intercept Z-Score 

Beta/Pain R 0.12 0.2 -0.15 0.24 0.13 

p 0.027 <0.001 0.002 0.51 0.004 

HG/Pain R 0.07 0.23 -0.1 0.04 0.09 

p 0.25 <0.001 0.037 0.11 0.017 

 

 

Table S1. Specificity of drug effect for pain-relief correlates. Models were used to assess 

whether opioids tended to produce pain-relief-related effects, when comparing across sites 

and correcting for subject heterogeneity. The relationship between drug effect and pain relief 

was positive and significant for both beta amplitude and high gamma.  
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Evoked Coeff. (z-score) No opioid IV opioid 
Model Term Beta HG Beta HG 
Main Effect 0.10 0.20 -0.45 -0.02 
DLPFC -0.01 0.01 -0.46 0.13 
VPFC -0.03 0.04 -0.38 -0.23 
Parietooccipital -0.03 -0.18 0.28 -0.03 
Insular -0.13 -0.13 -0.11 -0.50 
Lat. Temporal -0.03 0.21 0.05 -0.25 
Cingulate -0.25 -0.36 0.18 0.42 
Uncus 0.22 -0.20 -0.13 -0.31 
Lat. Amygdala 0.27 0.32 -0.86 -0.54 
Med. Amygdala 0.14 0.01 0.32 -0.18 
Anterior HC -0.05 0.16 0.60 0.53 
Posterior HC -0.14 0.02 0.85 0.72 
Hemisphere (LH) 0.04 -0.03 -0.13 -0.23 

p-value No opioid IV opioid 
Model Term Beta HG Beta HG 

Main Effect 0.05 0.03 3.1E-13 0.82 
DLPFC 0.81 0.93 9.9E-06 0.39 
VPFC 0.74 0.74 0.03 0.37 
Parietooccipital 0.73 0.21 0.17 0.92 
Insular 0.07 0.21 0.42 0.02 
Lat. Temporal 0.70 0.04 0.69 0.24 
Cingulate 7.3E-05 1.3E-04 0.16 0.03 
Uncus 0.05 0.23 0.55 0.37 
Lat. Amygdala 1.4E-03 0.01 1.1E-06 0.04 
Med. Amygdala 0.07 0.96 0.05 0.47 
Anterior HC 0.54 0.16 2.5E-04 0.03 
Posterior HC 0.06 0.84 1.8E-07 3.0E-03 
Hemisphere (LH) 0.18 0.48 0.01 0.01 

Key negative, not sig. not significant 
  negative, significant significant (p<0.05) 

 

Table S2. Linear mixed-effects model coefficients for control (non-opioid nurse check-

in) events as compared to opioid doses, evoked beta and HG amplitudes. Negative values 

(red) indicate that decreases were related to non-opioid nurse interactions (left) or IV opioids 

(right) and significant coefficients are bolded. No significant effects occurred in the same 

direction between the non-opioid control events and IV opioids. 
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