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Abstract 

Introduction: Ketamine has been shown to have rapid antidepressant effects. In addition, the use of EEG in depression 

offers a new approach to diagnose patients. It is necessary to understand locational-based EEG and MEG changes following 

ketamine in patients with depression to establish a potential biomarker panel. This study sought to identify consistent changes 

in band power as well as to highlight brain regions of interest. 

Methods: This review examines studies published in the last 25 years that have trialed ketamine treatment in patients with 

depression and that utilize EEG or MEG. The studies report on spectral power changes in different bands as well as 

asymmetry, theta cordance, complexity, event-related potentials, and sleep studies. 

Discussion: Resting state was the most reported. An EEG profile was identified of decreased theta, alpha, low beta and 

increased high beta and gamma following ketamine treatment, primarily in frontal regions. Although the antidepressant 

effects of ketamine are clear, the EEG research available on ketamine treatment in patients with depression is not 

comprehensive. Further research in more diverse age groups and larger studies is necessary as well as on the underlying 

ketamine mechanisms of affecting power bands. 

Conclusion: Overall, a largely consistent EEG profile of decreased theta, alpha, low beta and increased high beta and gamma 

following ketamine treatment was identified primarily in frontal regions. Thus, EEG may be a useful tool for mechanistic 

treatment monitoring in depression patients subject to ketamine therapy. 
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Introduction 

Depression is a common mental illness with debilitating 

effects [1]. In 2020 depression affected 18.5% of US adults 

[2], with the associated economic loss estimated at 

USD326.2 billion [3]. Low-dose ketamine is a promising 

novel treatment option for depression [1]. Ketamine induces 

antidepressant effects as well as other effects, such as 

dissociative anesthesia, psychodysleptic hallucinations, 

increased blood pressure and drowsiness [1,4,5]. There are 

several questions surrounding ketamine's antidepressant 

mechanisms [6]. By using electroencephalography (EEG) 

and magnetoencephalography (MEG), we may improve our 

understanding of ketamine’s effect on brain activity for better 

diagnosis and treatment [7]. 

Ketamine is an antagonist of glutamate binding sites; 

the N-methyl-D-aspartate (NMDA) receptor, which plays a 

role in long-term potentiation and synaptic plasticity [4,5]. 

Brain activity depends on excitatory and inhibitory balance 

[8], and ketamine's antidepressant effect is linked to its 

effect on glutamate, an excitatory neurotransmitter [9]. 

Ketamine is known to increase extracellular prefrontal 

glutamate and cause structural changes in the prefrontal 

cortex (PFC) such as increasing synaptogenesis and spine 

density [9,10]. Conversely, ketamine decreases activity of 

inhibitory GABAergic interneurons in the PFC after initial 

glutamate excitation [10,11]. One of the key attributes of 

ketamine is its fact-acting antidepressant effects [10], 

thought to be due to increased glutamate, synaptic 

plasticity, connectivity [12], as well as increasing 

synaptogenesis to PFC pyramidal neurons which persist 

over time [10,13]. Depression is characterized by post-

synaptic dendritic spines loss in PFC projection neurons. 

Ketamine has been shown to rescue spine loss [14], which 

accompanies symptom improvement and neuronal 

ensemble changes, indicating that ketamine has longer-

lasting effects for people with depression after the initial 

drug infusion [14]. Ketamine may exert its long-lasting 

effects through stimulation of mTOR signaling and brain 

derived neurotropic factor increase (BDNF) [10]. Lower 

BDNF levels are implicated as a potential biomarker of 

depression with a proposed genetic link to the single 

nucleotide polymorphism (SNP) Val66Met [15–20]. 

The use of EEG in depression offers a new approach to 

diagnose patients, which will add to current long-standing 
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standard of clinician-interviewed diagnosis [21]. Possible 

EEG biomarkers for depression include band power, 

evoked potential, signal features, functional connectivity, 

EEG vigilance and alpha asymmetry [7]. The effects of 

NMDA antagonists on oscillations in transmembrane 

currents have been studied in model animals and more 

recently in humans. Delta power seems to increase after 

administration, with greater increases corresponding with 

higher doses [22]. Conversely, cortical theta power 

increases and hippocampal theta power decreases following 

ketamine administration [22]. Gamma power and high 

frequency power increases are also widely reported 

increases in multiple brain regions [22]. The underlying 

mechanism for these power changes are unclear but are 

likely a result of ketamine effects on bolstering excitatory 

unit contribution to rhythmic circuit and network motifs 

[23]. It is posited that hippocampal gamma power increases 

during acute ketamine via disinhibition of NMDA receptors 

of inhibitory interneurons, or direct inhibition of NMDA 

receptors at glutamatergic neurons [24]. 

A review is necessary to comprehensively understand 

ketamine-induced locational spectral band power changes 

in patients with depression. While it is warranted that 

studies use different methods to measure and analyze EEG 

data, it will be useful to identify consistent changes in band 

power as well as to highlight brain regions of interest to 

establish potential EEG biomarkers of ketamine treatment 

in the future. We analyzed band power changes across 

studies that measure EEG or MEG during resting-state, 

task-state, or sleep, to investigate the effect of ketamine 

treatment in depression. 

 

Methods 

This review examines studies published in the last 25 

years that have trialed ketamine treatment in patients with 

depression and that utilize EEG or MEG. The studies report 

on spectral power changes in different bands as well as 

asymmetry, theta cordance, complexity, event-related 

potentials, and sleep studies. A search was carried out of 

PubMed literature in January 2024 using the following 

combination: “*EEG OR "MEG" OR "ECOG" "depress*" 

"ketamine"”. Studies were excluded if they did not use 

ketamine treatment, did not have participants with 

depression, or did not include EEG/MEG analysis. Studies 

that included a change in minimum one frequency band 

were included, even if the experimental design focused on 

other biological changes after ketamine treatment. Studies 

that included other metrics such as complexity, event-related 

potentials and sleep studies were included to provide a more 

comprehensive view of the current available EEG and MEG 

literature on ketamine treatment for depression. 

Data collection was then carried out across all studies. 

Multiple parameters were collected including demographic 

of participants, sample size, reference type, recording state, 

medication status and ketamine dosage. EEG parameters, 

including reference type, metrics examined, and type of 

power (relative, absolute or source) were also collected. 

Depression type, depression scoring system, and changes in 

depression score post-treatment were also gathered where 

available. 

For applicable studies, significant changes in power 

bands, asymmetry, and theta cordance were systematized. In 

instances where bands were split into sub-bands and the 

significant changes were consistent across the sub-bands, 

they were collapsed to show general increase or decrease in 

the overall band. Location was then noted alongside each 

significant change in power. Waveform shape was collected 

from studies of event-related potential, entropy was collected 

from studies of EEG complexity, and changes in slow-wave 

activity and wakefulness were collected from sleep studies. 

 

Results 

Overview of Studies 
All studies had a sample size of 55 or less (Table 1). 

Average age of participants ranged from 30.2 to 62.22. The 

average sample size was 36. The intervention length in days 

ranged from 3 to 70. Female participants were slightly more 

common, with 75% of studies including 50% or more 

females. MEG was less commonly used than EEG, with 

25% of studies using MEG. Across 66.6% of studies 

participants were medication free. The ketamine dosage 

remained similar at 0.5 mg/kg in 83% of studies. Controls 

used included crossover-designs, remifentanil, midazolam 

and saline. 

 

Reported Metrics 
Resting state (eyes-closed) was the most reported 

metric with five studies, with an additional study that 

measured both eyes-closed and eyes-open. Three task 

(event related potential ERP), and three sleep studies were 

found as well (Table 1). Studies used varied psychiatric 

scoring systems to determine severity of depression, with 

the most common being Montgomery-Asberg Depression 

Rating Scale (MADRS), which was used in 83% of studies. 

Alpha and theta bands were most reported across studies, 

excluding sleep and ERP studies. 41% of studies identified 

responders versus non responders. Studies which measured 

band power included absolute, relative and source power. 

The majority of studies (83%) recorded EEG or MEG 

pretreatment versus post treatment, and all studies provided 

the effect of ketamine on depression score. 

 

Aggregate Trends Across Frequency Bands 
Delta and theta band power showed location-specific 

increases and decreases in power. Theta cordance decreased 

across all studies [25,26]. Decrease in power dominated the 

alpha band, however one study showed increased power 

(Table 2) [25]. Alpha asymmetry decreased in the one 

significant result [25]. Low beta band power decreased 

across studies [26,27]. High beta showed increase and 

decrease [26,27]. Gamma band power showed an overall 

increase consistent across all significant results [26–29]. 
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Location-Specific Power Changes 
Delta band power decreased globally. Theta band 

power showed global increase and global decrease. 

Decrease in theta band power was also seen specifically in 

the anterior cingulate cortex and frontal midline. Theta 

cordance decreased in the electrodes Af7, Fp1, Fp2 and 

Af8, in the prefrontal region and anterior cingulate cortex. 

Alpha band power decreased globally as well as in the 

centro-parietal area and the left anterior temporal lobe, 

striatum, anterior insula, anterior cingulate. An increase in 

alpha power was shown in the electrodes Af7, Fp1, Fp2 and 

Af8, which correspond with the frontal area. Alpha 

asymmetry decreased along the midline. Low-beta band 

power decrease was reported globally as well as in the left 

frontal pole, right ACC and PCC, right insula, left 

precuneus, and right LOC. High-beta band power showed 

both increase and decrease globally. Gamma power 

increased in all significant results, in frontal, occipital and 

temporal cortices and the left frontal pole, ACC, 

paracingulate gyrus, insula, PCC, and precuneus. 

 

Event-Related Potentials 

Two peaks of interest were consistently identified. 

First, peak ERF time was at 103ms in the calcarine region, 

corresponding with P100. Second, peak ERF 224ms in the 

frontal region, corresponding with P250 [30,31]. 

 

Sleep Studies 
No difference in wakefulness for those with no 

response to ketamine. In antisuicidal responders to 

ketamine, wakefulness decreased [32]. Delta sleep ratio 

(DSR) lowered in responders and correlated with a change 

in MADRS scores for responders, meaning that lower DSR 

linked with an improvement with depressive symptoms 

[33]. Ketamine increased slow wave activity (SWA) [33]. 

Ketamine infusion increased the mean amplitude and slope 

of slow waves. Changes in SWA and BDNF plasma levels 

were proportional to responders [34]. 

 

Discussion 

To comprehensively understand ketamine’s effect on 

depression patient EEG following treatment, this review 

collected all reported band power changes after ketamine 

treatment in patients with depression. Resting state was the 

most reported. Overall, this study identified an EEG profile 

of decreased theta, alpha, low beta and increased high beta 

and gamma following ketamine treatment, primarily in 

frontal regions. These findings indicate that studies  

 

 

 

 

 

 

 

implementing ketamine treatment in depression patients 

have largely consistent EEG signatures patients, indicating 

that EEG may be a useful tool for mechanistic treatment 

monitoring. 

 

Delta Band Power 

One resting state study found a global decrease in delta 

power following treatment [27]. While delta has been 

primarily focused on as a signature of sleep, increasing 

evidence suggests a consistent increase in depression 

patient delta power during resting-state [37], [38]. Recent 

studies on healthy human subjects under a subanesthetic 

ketamine dose also showed reduced delta band power [39]. 

Delta power changes in responders have been seen to 

predict response in other treatments, such as cognitive 

behavioral therapy [40]. Mechanistically, NMDA 

antagonist-induced decreased delta power in rodents is 

thought to be due to alterations in firing patterns of 

pyramidal cells and increased excitatory neurotransmission 

[41–43]. Together, these studies indicate that increased 

delta power in depression may be affected by increased 

excitation following ketamine treatment. However, the 

decrease in power was not correlated with antidepressant 

response [27], meaning further investigation into resting 

state delta power changes in ketamine and depression is 

justified to distinguish between power changes as a 

biomarker for depression as opposed to a normal response 

to ketamine in all groups. 

 

Theta Band Power 

Theta band power following treatment primarily 

showed a global increase in power, with a decrease in the 

anterior cingulate cortex and frontal midline regions. 

Depression patient EEGs show increased theta band power 

[38], which likely reflects increased ACC activity [44]. 

Theta oscillations also reflect hippocampal-frontal 

communication [22]. In depression, increased theta likely 

corresponds to alterations in these pathways, reflected by 

altered emotional processing [45]. NMDA antagonists have 

several effects on theta power, including reduced 

hippocampal theta power and increased cortical theta power 

[22]. Ketamine may decrease theta power by similar means 

in depression, as supported by other therapies specifically 

targeting theta activity [46]. Together, these results indicate 

that decreased theta power may be a signature of 

ketamine’s antidepressant effects. 
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Table 1. Overview of studies 

Study n % 

Femal

e 

Mean 

Age ± 

SD 

Methodology State Measurement Recorded 

Pre vs 

Post 

Treatment 

Identified 

Responders 

Versus 

Non-

Responders 

Intervention 

Length (days) 

Post Treatment 

Measurement 

Time 

Change in 

Depression 

Score 

Cao et al., 

2019 [25] 

55 82 46.5±11.

6, 

48.1±12.

7 

EEG Resting Band power 

(relative) 

Y Y 14 240 min -11.8 

McMillan et 

al., 2020 [27] 

30 50 30.2±8.2 EEG Resting Band power 

(source) 

Y N 42 During 

treatment 

-6.38 

Anijärv et al., 

2023 [35] 

25 58 46.41±14

.12 

EEG Resting Band power 

(absolute) 

Y N 70 42 days, 70 days *-14.4 

de la Salle et 

al., 2022 [26] 

24 58 62.22 ± 

5.55 

EEG Resting Band power 

(absolute) 

Y Y 49 2 hours -23.5 

Farmer et al., 

2020 [28] 

57 65 41.7 ± 

12.3 

MEG Resting Band power 

(source) 

N N 14 6-9 hours -7.11 

Gilbert et al., 

2022 [29] 

29 66 36.12 ± 

10.4 

MEG Task Band power 

(source) 

Y N 11 6-9 hours -8.86 

Murphy et 

al., 2023 [36] 

33 30 36.86 ± 

10.86 

EEG Resting Complexity Y N 7 During 

administration - 

7 days 

n/a 

Lundin et al., 

2021 [30] 

55 61 35.77 ± 

9.61 

MEG Task Event related 

field 

Y N 17 6-9 hours -9.39 

Sumner et 

al., 2020 [31] 

30 50 30.7 ± 

8.85 

EEG Task Event related 

potential 

N N 21 3 hours -7.1 

Vande Voort 

et al., 2017 

[32] 

34 70 44.97 ± 

13.28 

EEG Sleep Wakefulness Y Y 3 1 day Decrease 

Duncan, 

Sarasso, et 

al., 2013 [34] 

30 33 48.06 ± 

2.34 

EEG Sleep Slow wave 

activity 

Y Y 4 12 hours -1.71 

Duncan, 

Selter, et al., 

2013 [33] 

30 33 47.3 ± 

13.3 

EEG Sleep Slow wave 

activity 

Y Y 3 1 day Decrease 

Y = yes, N = No. 
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Table 2. Changes in power across bands and corresponding locations following ketamine treatment 

Paper Delta Theta Alpha Low beta High beta Gamma Theta 

cordance 

Alpha 

asymmetry 

Cao et al., 2019    Af7, Fp1, Fp2, Af8    AF7, Fp1, 

Fp2, Af8 

Fp2-Fp1 

Anijarv et al., 

2023 

  Central-parietal      

de la Salle et al., 

2022 

 Global, 

ACC, FM 

Parietal Central-

parietal 

Central-

parietal 

Frontal PFC, 

ACC 

 

McMillan et al., 

2020* 

Global Global Global left frontal 

pole, right 

ACC and 

PCC, right 

insula, left 

precuneus, 

and right 

LOC 

Global left frontal 

pole, ACC, 

paracingulate 

gyrus, insula, 

PCC, and 

precuneus 

  

Farmer et al., 

2020 

     Occipital, 

temporal, 

frontal 

  

Gilbert et al.,2022 

** 

 Global left anterior temporal 

lobe, striatum, 

anterior insula, 

anterior cingulate 

  Frontal   

Green cells correspond to increased band power following treatment, red cells correspond to decreased band power following 

treatment. Noted regions in cells correspond to identified regions with the directional change in band power. *EEG-informed 

Pharmacologic Magnetic Resonance Imaging (phMRI) analysis. Main effect of ketamine on blood-oxygen-level-dependent 

(BOLD) signal during infusion. **Group-by-SI (suicidal ideation) interactions. No significant group effects across frequency 

bands. ACC = anterior cingulate cortex, PF = prefrontal, MRF = midline right frontal, FM = frontal midline, PCC = posterior 

cingulate cortex, LOC = lateral occipital cortex 

 

Theta cordance decreased across all studies in the frontal 

cortex, PFC and ACC. In one study only responders reported 

decrease [25] and in the other only the ketamine group 

experienced decrease [26]. Theta cordance has been studied in 

predictive value, with changes post-treatment corresponding 

with response and remission [47,48]. Ketamine is known to 

decrease frontal theta cordance in healthy controls [49]. In one 

study, theta cordance predictors did not have high accuracy at 

predicting anti-depressant response compared to other bands 

[25], however in the other study cordance was found to be 

predictive of depressive symptom change [26]. Further study 

into ketamine’s effect on theta cordance in depression is 

warranted to determine if changes in theta cordance are linked 

to ketamine’s antidepressant effects, or if it is a standard 

response to ketamine. 

 

Alpha Band Power 

Alpha band power primarily increased in frontal and 

fronto-parietal regions following ketamine treatment. Higher 

alpha power at baseline has also predicted response to other 

depression treatments [38]. Reduced alpha power has been 

shown to increase following other treatments, including 

electroconvulsive therapy (ECT), repetitive transcranial 

magnetic stimulation (rTMS) and selective serotonin 

reuptake inhibitors (SSRIs) [40]. Similarly, ketamine 

treatment here appears to cause decrease in power, bar in the 

frontal region. Alpha asymmetry decreased in one study [25]. 

Alpha asymmetry represents the relative difference in 

activity between hemispheres [50]. Higher alpha power in 

midfrontal region is associated with depression [52] [53]. 

The authors posit that decreased alpha asymmetry is linked to 

ketamine’s rapid effects [25]. There is much debate on the 

usefulness of frontal alpha asymmetry in diagnosis of 

depression and recent studies have concluded that there is a 

lack of empirical evidence for diagnosis [54] [55]. There is 

scope to further research alpha asymmetry as a prognostic 

tool [52]. Thus, more work needs to be done to evaluate its 

effectiveness in ketamine. 
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Beta Band Power 

Low beta power primarily decreased in the central-

parietal region following ketamine treatment. Increased low 

beta power is consistently shown in depression [38], which 

is linked to region-specific task performance [54,55]. Thus, 

altered region activity represented by increased beta activity 

and associated alterations in cognition and emotionality 

may be ameliorated by ketamine. Notably, low beta power 

decreased while high beta power increased following 

ketamine. This indicates that traditional band power 

analyses across beta may mask opposing ketamine effects 

in slow and fast beta oscillations, which also signifies likely 

unique mechanisms underlying slow versus fast beta 

oscillations. 

 

Gamma Band Power 

Gamma power increased across all studies and in 

multiple brain regions including frontal, occipital, left frontal 

pole, ACC, paracingulate gyrus, insula, PCC, precuneus and 

temporal. In resting-state studies, patients with depression 

have exhibited lower baseline gamma power, and different 

classes of antidepressant interact in opposite ways with 

gamma power, however ketamine is well-characterized to 

increase gamma power [56]. In rodents, gamma rhythms are 

correlated with information encoding in the hippocampus 

and increased neural activity, and changes in power may 

reflect excitation:inhibition balance in the brain [56]. An 

increase in gamma power reflects decreased inhibition, and 

has been documented in non-human primates following 

propofol administration [8]. Recent studies have also 

indicated that aperiodic EEG slope strongly reflects 

excitation:inhibition balance, with decreasing slope 

(decreased low frequency activity and increased high 

frequency activity) reflecting increased excitatory activity 

[8,57]. Thus, increased gamma and altered aperiodic slope 

may be reliable EEG biomarkers for ketamine treatment. 

 

ERP 

The peak ERP time was at 103ms in the calcarine 

region, corresponding with M100 and 224ms in the frontal 

region, corresponding with P250 [30,31]. Event-related 

potentials are averaged responses to stimuli that are 

captured via EEG [58]. Decreased P300 amplitude and 

latency are shown in patients with depression, which may 

reflect decreased excitatory activity [7]. Ketamine may 

affect the early and late ERP response by increasing 

excitatory activity. However, no significant relation to 

antidepressant score decrease and ERF amplitude was 

found [30], indicating that further work is needed to better 

understand ketamine’s role during task and its associated 

EEG signatures. 

 

Sleep 

Ketamine decreased nocturnal wakefulness in 

antisuicidal responders [32]. Lowered delta sleep ratio in 

responders predicted better mood the following week and 

antidepressant score interactions [33]. Sleep in depression 

is characterized by shortened early SWA [33]. Shortened 

early SWA following ketamine may be linked to its action 

of inhibiting hyperpolarization-activated cyclic nucleotide-

gated potassium channel (HCN1) channel conductance, 

thus reducing hyperpolarization-activated catatonic (IH) 

currents, which contribute to SWA and are key for healthy 

sleep [59,60]. In the long term, the effect of ketamine on 

BDNF could improve depressive symptoms. SWA 

biomarkers are related to synaptic strengthening [34]. 

BNDF is associated with a SNP Val66Met, wherein it 

blocks activity-dependent synthesis and secretion and is 

associated with depression symptoms [16]. BNDF plays a 

role in neuroplasticity, and environmental reductions, such 

as stress, in BDNF may hinder structural neuroplasticity 

[61]. Therefore ketamine-dependent increase of BDNF in 

sleep could reverse depressive symptoms caused by gene-

environment (GxE) interactions. Decrease in wakefulness 

from ketamine is notable in interactions with decreased 

suicidal ideation (SI), and ketamine appears to regulate 

circadian processes which are negatively impacted by 

depression and reduce SI rapidly, potentially due to 

glutamate-initiated effects of circadian rhythms [62]. 

 

Conclusion 

This is the most recent study to review ketamine 

treatments in depression and their associated EEG 

changes. Previous reviews have focused on long-term 

potentiation and gamma power [63]. This study identified 

an EEG profile of decreased theta, alpha, low beta and 

increased high beta and gamma following ketamine 

treatment, primarily in frontal regions. The antidepressant 

effects of ketamine were consistent, and all studies 

recorded a decrease in antidepressant score. Conflicting 

results, such as in theta, alpha and high beta band power 

could be explained by patient-specific factors. Other 

studies on depression have investigated socio-economic 

and clinical predictors in the context of SSRI treatment 

[64], and similar research in ketamine could help discern 

why band power changes are not consistent, and to create 

a standard response profile for successful ketamine 

treatment. The age of average participants across studies 

was thirty and above, and the average sample size was 36. 

Due to these demographics, further research in more 

diverse age groups and larger studies is necessary, 

although that is challenging due to the nature of treatment 

resistant depression being diagnosed later in life and 

ketamine as a second-line treatment. In addition, the 

mechanisms underlying ketamine’s antidepressant effects 

are not wholly understood, and further research would be 

beneficial in confirming ketamine’s mechanisms affecting 

band power. 

 

List of Abbreviations 

ACC: anterior cingulate cortex 

BOLD: blood-oxygen-level-dependent 

https://www.urncst.com/
https://doi.org/10.26685/urncst.610


UNDERGRADUATE RESEARCH IN NATURAL AND CLINICAL SCIENCE AND TECHNOLOGY (URNCST) JOURNAL 

Read more URNCST Journal articles and submit your own today at: https://www.urncst.com 

 

Geoghegan | URNCST Journal (2024): Volume 8, Issue 7 Page 7 of 11 

DOI Link: https://doi.org/10.26685/urncst.610 

BDNF: brain derived neurotropic factor  

DSR: delta sleep ratio  

ECT: electroconvulsive therapy  

EEG: electroencephalography  

ERP: event related potential  

FM: frontal midline  

IH: hyperpolarization-activated catatonic currents 

HCN1: hyperpolarization-activated cyclic nucleotide-gated 

potassium channel  

LOC: lateral occipital cortex  

MEG: magnetoencephalography  

MRF: midline right frontal  

MADRS: montgomery-asberg depression rating scale  

NMDA: N-methyl-D-aspartate  

phMRI: pharmacologic magnetic resonance imaging  

PCC: posterior cingulate cortex  

PF: prefrontal 

PFC: prefrontal cortex  

rTMS: repetitive transcranial magnetic stimulation 

SSRIs: selective serotonin reuptake inhibitors 

SNP: single nucleotide polymorphism  

SWA: slow wave activity  

SI: suicidal ideation 
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