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to that of ketamine’s pharmacokinetics. In their seminal 

work, Deakin et al. (2008) used a pseudoblock analysis 

approach to investigate the effects of ketamine on the BOLD  

signal as an alternative to techniques using a single psychological, 

physiological or pharmacokinetic regressor to detect the effects of 

ketamine, as these techniques risk missing brain activity occur-

ring on a different time course. The pseudoblock analysis showed 

ketamine-induced increases in BOLD signal in the mid-posterior 

cingulate cortex (PCC), thalamus and temporal cortical regions, 

with decreased in BOLD signal in the orbitofrontal cortex and the 

subgenual anterior cingulate cortex (sgACC). Furthermore, the 

time courses of these changes differed across regions. Most activ-

ity peaked between 3 and 5 minutes following the start of the keta-

mine infusion, before returning towards baseline. A notable 

exception was the decrease in BOLD signal in the subgenual cin-

gulate cortex, which remained significantly decreased at 7 min-

utes post-infusion. As the sgACC is overactive in MDD and 

effective antidepressant treatment is associated with a decrease in 

sgACC activity (Drevets et al., 2008; Greicius et al., 2007), it has 

been suggested that ketamine-induced attenuation of sgACC 

activity may mediate ketamine’s antidepressant effect.

Despite the establishment of differential time courses of keta-

mine-induced changes in the BOLD signal across the brain, subse-

quent phMRI studies have focused on a ketamine ‘signal model’, a 

single regressor used to quantify the ketamine BOLD response, 

modelled by a gamma variate (GV) response function (De Simoni 

et al., 2013; Doyle et al., 2013; Javitt et al., 2018; Stone et al., 2015). 

Modelling the neural effect of ketamine with a single time course is 

an overly simplistic conceptualisation of brain dynamics, reliant on 

the assumption that a systemic average is representative of regional 

responses to ketamine. The ketamine electroencephalography 

(EEG) and magnetoencephalography (MEG) literature dem-

onstrates the existence of multiple time courses of neural oscilla-

tory activity with distinctive spatial topographies (Kochs et al., 

1996; Lee et al., 2013; Muthukumaraswamy et al., 2015), suggest-

ing that modelling BOLD changes with a single regressor cannot 

capture the full spectrum of ketamine-induced phMRI changes.

Electrophysiological techniques have a distinct advantage 

over techniques using the BOLD response in that they are a direct 

measure of neural activity. Ketamine stimulates the sympathetic 

nervous system, resulting in significant increases in heart rate and 

blood pressure (Liebe et al., 2017). Due to its indirect nature, the 

BOLD signal may be more susceptible to contamination by these 

physiological effects, as vascular changes modulate the neurovas-

cular coupling characteristics responsible for generating the sig-

nal. To date, the phMRI literature has not considered the influence 

of ketamine-induced physiological changes on the phMRI 

response. Thus, the aim of this study was to further investigate 

ketamine-induced alterations in neural activity using conventional 

phMRI analysis techniques, applied to fMRI data collected simul-

taneously with EEG and physiological data. Simultaneous EEG/

fMRI offers the ability to discern the temporal and spatial dynam-

ics of neural oscillatory changes as measured by EEG and corre-

late them with concurrent changes in the BOLD signal.

Materials and methods

Participants

In total, 30 healthy males were recruited as part of a larger study 

involving several simultaneous EEG/fMRI scan protocols. 

Only the data from resting-state scans are presented here. Two 

participants’ data could not be used due to interruption of the 

resting-state scan following the drug infusion, and four partici-

pants’ data could not be used due to excessive movement affect-

ing both the EEG and fMRI data. Therefore, the data of 24 

participants are reported here (mean age 28.2 years; SD = 6.4; 

range 19–37). Participants were psychologically healthy with no 

prior history of mental disorders, and were screened for current 

depressive symptoms with the Beck Depression Inventory II 

(BDI-II) (Beck et al., 1996) prior to commencing the study. 

Those with a BDI-II score of 13 or higher (less than 13 indicates 

minimal depression) were excluded from the study. Participants 

were physically healthy, were not taking any central nervous sys-

tem medications and were screened for current recreational drug 

use. Informed written consent was obtained from all participants. 

The study was approved by a local ethics committee.

Procedure

The experiment was a single-blind, placebo-controlled, ran-

domised, three-way crossover design using ketamine, midazolam 

and placebo. Only ketamine data are presented here. Data were 

collected over three sessions, each separated by a minimum of 48 

hours to allow a sufficient washout period. Racemic ketamine 

was administered as a 0.25 mg/kg bolus followed by a 0.25 mg/

kg/hr infusion, controlled by an infusion pump (Alaris PK 

Syringe Pump, BD, USA). Drug infusion commenced 7 minutes 

into a 16-minute resting-state scan. Participants were instructed 

to keep their eyes open and fixated on a cross on a projection 

screen.

Data acquisition

EEG. EEG data were continuously recorded from 64 channels 

using the Standard BrainCap MR and BrainAmp MR Plus ampli-

fiers (Brain Products, Munich, Germany). The EEG was acquired 

using the manufacturer standard cap layout, with the ground elec-

trode located at AFz, reference electrode at FCz, and a drop-

down electrode attached centrally to the participant’s back for 

recording of electrocardiography. A Syncbox device (Brain Prod-

ucts GmbH, Munich, Germany) was used to synchronise the 

EEG recording to the MR scanner clock. Impedances were typi-

cally kept below 10 kΩ. EEG data were recorded with BrainVi-

sion Recorder software (Brain Products GmbH, Munich, 

Germany) and sampled at 5 kHz with a resolution of 0.5 µV, 

range of ± 16.384 µV and a bandwidth of 0.1 to 250 Hz. The 

amplifier system was positioned on a sled behind the participant 

within the scanner bore to reduce cable length. The cables con-

necting the cap and the amplifiers were fixed with adhesive tape 

to prevent any additional movement-related artefacts.

Prior to entering the MR scanner, individual electrode posi-

tions were recorded using an ultrasound digitisation device 

(Zebris, Tubingen, Germany) for later source localisation and co-

registration. Contrast markers (Vitamin E capsules) were attached 

to electrode positions Cz, F5, CP5 and FC6.

fMRI. Imaging was performed using a 3T MR scanner (Siemens 

Skyra, Erlangen, Germany) with a 20-channel head coil. During 

fMRI scanning, 437 whole-brain image volumes, consisting of 

30 interleaved axial slices each, were continuously acquired 
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using a standard T2*-weighted echo-planar imaging sequence 

(repetition time (TR) = 2200 ms; echo time (TE) = 27.0 ms; flip 

angle = 79°; field of view (FOV) = 215 mm2; voxel size = 3 × 

3 × 3 mm; slice gap = 1 mm). In each session, prior to the 

removal of the EEG cap and its attached contrast markers, a low-

resolution T1-weighted magnetisation-prepared rapid gradient 

echo (MPRAGE) image was acquired to capture electrode 

positions (TR = 1900 ms; TE = 3.21ms, flip angle = 9°; 

FOV = 256 mm2; 96 slices; voxel size = 1.3 × 1.3 × 2 mm).

In one of the three sessions for each participant, a high resolu-

tion T1-weighted MPRAGE image was acquired following the 

removal of the EEG electrode cap to avoid structural distortions 

(Klein et al., 2015) (TR = 2100 ms; TE = 3.42 ms; flip angle = 

9°; FOV = 256 mm2; 192 slices; voxel size = 1 × 1 × 1 mm).

Physiological data. During scanning, each participant’s pulse 

was recorded via a probe over their left index finger and respira-

tion rate was recorded and registered using a flexible pressure 

belt fitted around the upper abdomen (Biopac Systems Inc., Cali-

fornia, USA). Participants were fitted with a nasal cannula to 

measure end-tidal oxygen and carbon dioxide levels. These mea-

surements were all recorded with a Biopac MP150 system (Cali-

fornia, USA). A blood pressure cuff was fitted around the right 

arm for periodic measurement of blood pressure between scans. 

For additional safety monitoring, a pulse oximeter on the left 

middle finger measured heart rate and blood oxygen saturation 

(Nonin, USA).

EEG data analysis

Preprocessing. The scanner-induced gradient artefact, caused 

by the fast switching of the MR gradients during fMRI acquisi-

tion, was reduced by realignment parameter-informed template 

subtraction (Moosmann et al., 2009), a modified version of stan-

dard template artefact subtraction (Allen et al., 2000). The data 

were subsequently down-sampled to 500 Hz and bandpass fil-

tered to between 0 and 100 Hz.

The ballistocardiogram artefact, caused by the pulsatile 

motion of blood in the head, was corrected using an automated 

approach combining independent components analysis (ICA) 

with single value decomposition (SVD) to remove and/or filter 

components from the data that share high levels of mutual infor-

mation with the cardiac trace (Liu et al., 2012).

The raw EEG was visually inspected for manual identifica-

tion of remaining motion or muscle artefact, which were conse-

quently removed. Subsequently, ICA was used to manually 

identify common EEG artefacts, such as ocular artefacts, for 

removal. The data were epoched into 2200 ms segments, corre-

sponding to volumes collected with fMRI, and then referenced to 

the common average reference, recovering activity at electrode 

FCz.

Spectral analysis. For source-localisation, individual electrode 

positions were co-registered to the structural MRI of each partici-

pant. For source modelling, three-shell boundary element models 

were constructed for each session using brain, skull and scalp 

layers. Global covariance matrices were generated for the 

data, which were filtered into seven frequency bands using a 

fourth order bidirectional Butterworth filter: delta (1–4 Hz), theta 

(4–8 Hz), alpha (8–13 Hz), low beta (15–26 Hz), high beta (28–

40 Hz), low gamma (42–53 Hz) and high gamma (55–67 Hz). 

These frequencies were chosen to avoid the slice artefact fre-

quency and its harmonics. Linearly constrained minimum vari-

ance beamforming (Van Veen et al., 1997) was applied using 8 

mm resolution grids warped to the template head-model provided 

with FieldTrip (Oostenveld et al., 2011) to generate spatial filters 

for each voxel. Beamformer maps measuring percentage change 

in source power for pre- versus post-ketamine were computed for 

each individual. At the group level, two-tailed, one-sample t tests 

were computed using the FMRIB Software Library’s (FSL’s) ran-

domise (Winkler et al., 2014) to correct for multiple comparisons 

using threshold-free cluster enhancement (Smith and Nichols, 

2009) and a defined significance threshold of p < 0.05.

To generate EEG regressors for each frequency band for each 

individual, the coordinate corresponding to the peak power inten-

sity was selected and used to construct a virtual sensor from 

which the power time series was extracted. The time series was 

thresholded to remove values exceeding five standard deviations 

from the mean. These values and those missing due to removal 

during data cleaning were linearly interpolated. Finally, a low-

pass Butterworth IIR filter (0.0167 Hz) was applied to the power 

time series to focus on slow power changes, equivalent to the 

phMRI response.

fMRI data analysis

Preprocessing. fMRI image pre-processing was performed 

using tools from FSL (Jenkinson et al., 2012; Smith et al., 2004; 

Woolrich et al., 2009). The following pre-statistics processing 

was applied: motion correction using MCFLIRT (Jenkinson 

et al., 2002), slice timing correction using Fourier-space time-

series phase-shifting, non-brain removal using BET (Smith, 

2002), and grand-mean intensity normalisation. Registration to 

high resolution structural images was carried out using FLIRT 

(Jenkinson et al., 2002; Jenkinson and Smith, 2001). Registration 

from high resolution structural space to MNI standard space was 

further refined using FNIRT (Andersson et al., 2007). Images 

were spatially smoothed using a Gaussian kernel of 8mm FWHM. 

No temporal filtering was applied for the pseudo-block phMRI 

analysis. Images were temporally filtered with a high pass filter 

of 960 s (0.001 Hz) for the ketamine signal model and EEG-

informed phMRI analyses.

phMRI data analysis

To establish the validity of our fMRI data collected during a 

simultaneous EEG recording, we replicated aspects of two previ-

ous ketamine phMRI studies: a pseudo-block analysis method 

(Deakin et al., 2008) and a method utilising a ketamine ‘signal 

model’ (De Simoni et al., 2013). This was followed by a novel 

EEG-informed phMRI analysis.

Pseudo-block phMRI analysis. We replicated the pseudo-block 

analysis method of Deakin et al. (2008) at the single subject 

level. Using FSL’s FEAT, a regression analysis was computed 

using the general linear model (GLM) for each participant. The 7 

minutes of pre-infusion data were treated as a baseline block and 

each subsequent minute of the ketamine infusion was treated as 
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an independent test block. The baseline block and nine 1-minute 

ketamine infusion blocks were entered into a design matrix as 

separate columns. At the group level, a one-way analysis of vari-

ance was calculated to assess the group average effect of ket-

amine. F-statistic images were thresholded using clusters 

determined by Z > 2.3 and a familywise error (FWE) corrected 

cluster significance threshold of p = 0.05 was applied (Worsley, 

2001).

This analysis was repeated with the inclusion of various nui-

sance regressors at the single subject level to understand their 

influence on the BOLD signal changes occurring with ketamine 

infusion. The first repetition included the addition of the six-

standard motion regressors. The second repetition included phys-

iological correction by the addition of an end-tidal CO2 regressor 

and its temporal derivative, and 34 slice-wise physiological 

regressors created using FSL’s Physiological Noise Modelling 

(PNM) toolbox (Brooks et al., 2008). These PNM regressors 

included those for the cardiac and respiratory cycles (Glover 

et al., 2000), respiratory volume over time (Chang and Glover, 

2009) and heart rate (Chang et al., 2009). Finally, the third repeti-

tion included all regressors from both repetition one and two, 

namely, both motion and physiological regressors.

To test whether increasing model complexity modified the 

GLM fits, we used the technique of Bright and Murphy (2015) to 

create simulated motion regressors. The true motion regressors 

were repeatedly phase randomised until the temporal correlation 

with the true regressors was r < 0.1, before being entered into the 

model at the single subject level.

Ketamine signal model phMRI analysis. We replicated the six 

design matrices (models) defined by De Simoni et al. (2013) in 

which the ketamine phMRI response was modelled with a GV 

‘signal model’ regressor. A shape capturer regressor was defined 

to model variation in the peak time and shape of the signal model 

regressor. Motion was modelled by inclusion of all six standard 

motion parameters or by the inclusion of the first SVD compo-

nent obtained from the six standard motion parameters following 

normalisation. A linear drift regressor was included in all models. 

The design matrices evaluated were:

Model 1: ketamine signal model, linear drift;

Model 2: ketamine signal model, linear drift, shape capturer;

Model 3: ketamine signal model, linear drift, first SVD com-

ponent of motion regressors;

Model 4: ketamine signal model, linear drift, shape capturer, 

first SVD component of motion regressors;

Model 5: ketamine signal model, linear drift, six standard 

motion regressors;

Model 6: ketamine signal model, linear drift, shape capturer, 

six standard motion regressors.

At the group level for each model, a group average was calcu-

lated. Z statistic images were thresholded using clusters deter-

mined by Z > 2.3 and a FWE-corrected cluster significance 

threshold of p = 0.05 was applied (Worsley, 2001).

As De Simoni et al. (2013) chose Model 3 for further 

description of the ketamine phMRI response, we used Model 3 to 

investigate the effect of physiological correction. To the Model 3 

design matrix, we added physiological regressors, as described 

above, at the single subject level.

To test whether increasing model complexity with the addi-

tion of physiological noise regressors modified the GLM fits, we 

performed an additional analysis in which we created simulated 

physiological noise regressors through phase randomisation (as 

described previously) and these regressors were entered into the 

model at the single subject level.

EEG-informed phMRI analysis. For the novel EEG-informed 

phMRI analysis, ketamine-induced changes in activation were 

determined for each EEG frequency band at the single subject 

level. Using FSL’s FEAT, a regression analysis was computed 

using the GLM for each participant. The regressors included the 

power time course for the frequency band of interest, convolved 

with a double gamma haemodynamic response function and its 

temporal derivative, and six standard motion regressors. At the 

group level, an average was calculated. Z statistic images were 

thresholded using clusters determined by Z > 2.3 and an FWE-

corrected cluster significance threshold of p = 0.05 was applied 

(Worsley, 2001).

This analysis was then repeated with physiological correc-

tion, with physiological regressors described above added to the 

GLM at the single subject level.

Results

Physiological changes

Consistent with known physiological effects, ketamine caused 

increased heart rate, blood pressure, and respiratory volume per 

unit time, but no change in end-tidal CO2 (Figure 1). The time 

course of the ketamine-induced increase in heart rate was signifi-

cantly correlated with the ketamine GV signal model (r = 0.96, 

p < 0.0001).

Pseudo-block phMRI analysis

Replication of the pseudo-block analysis used by Deakin et al. 

(2008) produced comparable results, with increases in BOLD 

signal in the ACC, paracingulate gyrus, frontal pole, supplemen-

tary motor cortex, precuneus, lateral occipital cortex, occipital 

pole and thalamus and decreases in the sgACC, medial frontal 

cortex and the right postcentral gyrus (Figure 2(a)). BOLD signal 

changes from three regions of interest displayed different time 

courses.

With the addition of the six standard motion regressors to the 

original analysis, the BOLD signal increases remained largely 

unchanged from the original analysis. However, the decreases in 

BOLD signal in the sgACC, medial frontal cortex and right post-

central gyrus were no longer detected (Figure 2(b)). When this 

analysis was repeated with simulated motion regressors, BOLD 

signal decreases in the sgACC, medial frontal cortex, and right 

postcentral gyrus were detected (Figure S1).

With the addition of physiological regressors to the original 

analysis, decreases in BOLD signal in the sgACC, medial frontal 

cortex and the right postcentral gyrus were detected (Figure 2(c)), 

while the increases in BOLD signal became less widespread, par-

ticularly in the supplementary motor cortex and precuneus. The 
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addition of physiological regressors appeared to introduce spuri-

ous decreases in BOLD signal in small regions of white matter, 

similar to those seen in Figure 2(a). Approaches to physiological 

correction of pharmacological resting state fMRI data have been 

shown to produce false positives involving white matter (Khalili-

Mahani et al., 2013) but nevertheless provide important control 

for drug-induced physiological fluctuations in the BOLD signal.

The spurious decreases in the BOLD signal in the white mat-

ter were not present when both motion and physiological regres-

sors were added to the original analysis, raising the possibility of 

an association of these effects with head movement. In this analy-

sis, the BOLD signal decreased in the bilateral precentral and 

postcentral gyri (Figure 2(d)). Whereas this BOLD signal 

decrease appears similar to an edge effect, alternative views of 

the group map of this analysis show localisation of this effect 

along the precentral and postcentral gyri (Figure S2). No change 

in BOLD signal was detected in the sgACC or medial frontal 

cortex and the cortical increases in BOLD signal were less wide-

spread, particularly in the frontal pole. However, there was a 

more extensive bilateral thalamic BOLD signal increase.

Ketamine signal model phMRI analysis

Replication of the six ketamine signal model design matrices 

defined by De Simoni et al. (2013) produced comparable 

results (Figure S3). In all models, ketamine induced widespread 

increases in BOLD signal across the majority of the cortex. 

Furthermore, all models detected a bilateral signal decrease in the 

sgACC, despite De Simoni et al. (2013) only detecting this 

change with Model 3. Our detection of this change with all mod-

els is potentially due to the increased power provided by our sub-

stantially larger sample size (n = 24 vs n = 10). A BOLD signal 

decrease in the left temporal pole was detected with Models 1, 3, 

5 and 6.

Further analysis using Model 3 showed the signal decreases 

in the bilateral sgACC and left temporal pole were no longer 

detected when physiological noise correction was included in the 

model (Figure 3). When this analysis was repeated with simu-

lated physiological noise regressors, BOLD signal decreases in 

the bilateral sgACC and left temporal pole were detected (Figure 

S4).

EEG spectral changes

Ketamine-induced EEG spectral changes were computed in the 

source space (Figure 4(a)). Source power in the theta, high beta, 

low gamma and high gamma frequency bands decreased whereas 

increases in source power were observed in the delta, alpha and 

low beta frequency bands. The spectral changes and their locali-

sations are entirely consistent with ketamine-induced source 

power changes measured with MEG using a similar subanaes-

thetic dose of ketamine (Muthukumaraswamy et al., 2015).

Figure 1. Basic physiological measures before and during ketamine infusion or placebo. Blue is ketamine; red is placebo. Infusion started at time 0. 

Error bars/shading are the standard error of the mean. (a)–(b) As expected, participants demonstrated increases in heart rate (t = 9.48, p < 0.001) 

and respiratory volume per unit time (RVT) (t = 2.65, p < 0.02). (c)–(d) Participants did not show a change in end-tidal CO2 (t = -0.57, p = 0.57) 

but did show increased systolic (F(1,18) = 11.39, p < 0.004) and diastolic blood pressure (F(1,18) = 19.11, p < 0.001).
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The time courses of these source power changes showed vari-

ation in temporal profile across the different frequency bands 

(Figure 4(b)). The largest increases, with the shortest onset 

latency, occurred in frontal theta and posterior high gamma 

power. Smaller increases in power that were slower to reach a 

maximum were observed for posterior low gamma and high beta. 

Figure 2. Group maps showing the locations of significant (F-ratio maps, p < 0.05, familywise error (FWE) cluster corrected) effects of ketamine 

on the blood-oxygenation-level-dependent (BOLD) signal during the first 9 minutes of ketamine infusion. Although these are F-ratio maps, for 

visual display purposes, areas that showed decreased BOLD responses post-hoc are coloured blue. A grey matter mask was applied to all maps. The 

histograms show the time series of the BOLD signal change in 1-minute increments from three selected regions showing a significant effect of 

ketamine. Error bars represent 90% confidence intervals. (a) Replication of pseudoblock analysis technique of Deakin et al. (2008), in which the 

general linear model (GLM) did not include motion regressors. (b) Pseudoblock analysis with the addition of the six standard motion parameters as 

regressors in the GLM. (c) Pseudoblock analysis with physiological correction by addition of an end-tidal CO2 regressor and its temporal derivative, 

and 34 slice-wise physiological regressors created with the PNM toolbox to the GLM. (d) Pseudoblock analysis with the addition of the six standard 

motion parameters to the GLM and physiological correction as described in (c).
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The largest decrease in power occurred for posterior alpha, and 

smaller, slower decreases in power were seen in the posterior 

delta and low beta frequency bands.

EEG-informed phMRI analysis

The BOLD signal was temporally correlated with EEG source 

power in specific frequency bands in relatively distinct spatial 

areas for both the data that was physiologically corrected (Figure 5) 

and that which was not (Figure S5). In general, physiological cor-

rection increased the spatial spread of negative correlations 

between the BOLD signal and EEG source power, whereas it 

decreased the spatial spread of positive correlations.

Frontal theta source power positively correlated with the 

BOLD signal from the frontal pole, ACC, paracingulate gyrus, 

inferior frontal gyrus, insula, supplementary motor area, precen-

tral gyrus, precuneus, lingual gyrus and the lateral occipital cor-

tex. For the high beta and high gamma frequency bands there 

were positive correlations with the BOLD signal, although to a 

considerably smaller spatial extent than the other frequency 

bands. Posterior high beta source power positively correlated 

with BOLD signal from the inferior frontal regions of the ACC 

extending into the sgACC, the right supplementary motor cortex, 

and the left central opercular cortex, precentral gyrus and inferior 

frontal gyrus. There were significant correlations between BOLD 

signal and high gamma in the precentral gyrus, supplementary 

motor cortex and adjacent superior regions of the ACC. There 

were no significant correlations between the BOLD signal and 

low gamma source power.

Both posterior delta and low beta source power were nega-

tively correlated with BOLD signal from areas including the 

bilateral thalamus, PCC, precuneus and the left interior frontal 

gyrus. Additionally, further negative correlations between delta 

source power and BOLD signal were seen in the ACC and par-

acingulate gyrus. Posterior alpha source power was negatively 

correlated with the BOLD signal from the anterior and posterior 

cingulate cortices, paracingulate gyrus, inferior frontal gyrus, 

insula, thalamus, precuneus, superior parietal lobule, occipital 

pole and the left lateral occipital cortex.

Discussion

We used simultaneous EEG/fMRI to assess the effect of a suba-

naesthetic dose of ketamine on neural activity, demonstrating that 

ketamine causes widespread cortical increases in the BOLD sig-

nal and that this correlates with temporally diverse EEG power 

changes in various frequency bands. To our knowledge, this is 

the first study to use simultaneous EEG/fMRI to investigate the 

phMRI response. Despite the relatively hostile EEG recording 

environment and associated artefacts (Fellner et al., 2016), the 

pattern and localisation of EEG spectral responses are strikingly 

similar to previous MEG studies (Muthukumaraswamy et al., 

2015; Rivolta et al., 2015). Similarly, the phMRI results, index-

ing ketamine-related changes in the BOLD signal, are consistent 

Figure 3. Group maps of modelled ketamine blood-oxygenation-level-dependent (BOLD) response for Model 3 of De Simoni et al. (2013) showing 

significant effects of ketamine (p < 0.05, familywise error (FWE) cluster corrected). The Model 3 design matrix included the gamma variate 

ketamine signal model, the first single value decomposition (SVD) component of individual motion traces, and a linear drift term. A grey matter 

mask was applied to both maps. (a) Replication of Model 3 of De Simoni et al. (2013) in which the general linear model (GLM) did not include any 

physiological correction. (b) As in (a) but with addition of an end-tidal CO2 regressor and its temporal derivative, and 34 slice-wise physiological 

regressors created with the Physiological Noise Modelling (PNM) toolbox to the design matrix.
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with previous analyses in the ketamine phMRI literature (Deakin 

et al., 2008; De Simoni et al., 2013). Critically, however, our 

more extensive analyses indicate the importance of motion and 

physiological nuisance regressors in the analysis of the effects of 

ketamine. We replicated the earlier findings of two previous stud-

ies (Deakin et al., 2008; De Simoni et al., 2013) that showed 

widespread increases in cortical BOLD signal and a reduction in 

BOLD signal in the sgACC. However, the decrease in BOLD 

signal in the sgACC was attenuated by the addition of motion and 

physiological nuisance regressors when modelling the data. The 

repetition of these analyses with simulated motion and physio-

logical noise regressors confirmed the attenuation of the BOLD 

signal change in the sgACC was not the result of a reduced vari-

ation in the data leading to reduced sensitivity to detect changes 

due to the addition of more regressors to the model.

The acute neural effects of low-dose ketamine are thought to 

involve a surge of glutamate release due to the disinhibition of 

cortical pyramidal neurons (Homayoun and Moghaddam, 2007). 

Previous studies have utilised pre-treatment with psychoactive 

drugs known to reduce cortical glutamate release, to attempt to 

attenuate the BOLD response to ketamine. Pre-treatment with 

lamotrigine, a voltage-gated sodium channel blocker, attenuates 

the BOLD signal increases associated with ketamine but does not 

affect the decrease in the BOLD signal in the sgACC (Deakin 

et al., 2008; Doyle et al., 2013). However, pre-treatment with the 

atypical antipsychotic risperidone attenuates both the BOLD 

increases and the decrease in the sgACC (Doyle et al., 2013). It is 

plausible that pre-treatment with risperidone may reduce the 

cardiovascular changes produced by ketamine, through modula-

tion of ketamine’s effects on the sympathetic nervous system via 

Figure 4. (a) Statistical parametric maps showing the locations of significant (p < 0.025, corrected) changes in oscillatory source power in seven 

frequency bands that span from 1 to 67 Hz. Contrasts of spectral power represent the difference of ketamine after and before infusion. Warm colours 

represent increases in source power and cool colours represent decreases. (b) Time courses of band-limited virtual sensor power for seven frequency 

bands that span from 1 to 67 Hz, computed as a percentage change from the pre-infusion time period (-7–0 min). Delta = 1–4 Hz, theta = 4–8 Hz, 

alpha = 8–13 Hz, low beta = 15–26 Hz, high beta = 28–40 Hz, low gamma = 42–53 Hz, high gamma = 55–67 Hz.
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risperidone’s action as an antagonist at alpha-1 and alpha-2 adr-

energic receptors (He and Richardson, 1995). This is consistent 

with our observation that no change in BOLD signal is detected 

in the sgACC when motion and/or physiological noise regressors 

are included in the model, suggesting the signal change observed 

in the sgACC is the result of physiological noise. This region lies 

in close proximity to the anterior cerebral artery (ACA), poten-

tially increasing its sensitivity to physiological noise, in particu-

lar cardiac pulsatility, which can produce cardiac-related bulk 

motion of the surrounding brain tissue (Dagli et al., 1999) and is 

more highly localised than respiratory noise (Glover et al., 2000). 

Recently developed phase-based amplified MRI has demon-

strated tissue deformation in the sgACC and adjacent frontal 

brain regions with the pulsatile motion of the ACA (Terem et al., 

2018).

A phMRI study in individuals with MDD did not replicate the 

decrease in BOLD signal in the sgACC associated with ketamine 

infusion (Downey et al., 2016). The increase in BOLD signal that 

occurred in this region was attributed to the method of ketamine 

administration (slow infusion without an initial bolus). However, 

given the study was in a clinical population and failed to replicate 

the widely reproduced antidepressant effect of ketamine (see 

Abdallah et al. (2015) for review), this finding is difficult to 

interpret.

Our EEG-informed phMRI analysis provides evidence for 

distinct temporal time courses of neural response to ketamine and 

shows that modelling the phMRI response with a single temporal 

model does not capture the full spectrum of neuronal dynamics. 

Similar to previous studies (Kochs et al., 1996; Lee et al., 2013; 

Muthukumaraswamy et al., 2015), the EEG power time series in 

different frequency bands had distinct temporal characteristics 

and here we show these temporal dynamics are correlated with 

BOLD signal changes in relatively distinct spatial areas, particu-

larly when physiological nuisance regressors are included in the 

analysis model. The widespread cortical increase in BOLD signal 

typically seen in the literature positively correlated with frontal 

theta power, which followed a similar time course to the keta-

mine signal model. The use of EEG power time series, as opposed 

to a ketamine signal model, offers the distinct advantage of using 

regressors that are direct measures of neural activity. Furthermore, 

the regressors are individualised, corresponding to the individu-

al’s neural activity in a particular frequency band, rather than 

being generic like the signal model. Of particular interest is the 

observation that no EEG power time series in any of the fre-

quency bands correlated with a decrease in BOLD signal in the 

sgACC. Our analysis only included the primary source within 

each EEG frequency band and it is possible there are correlations 

between secondary EEG power sources and the BOLD signal. 

However, it is difficult to characterise secondary sources and 

achieve correspondence across participants, and our exploratory 

analyses suggest these secondary sources often display similar 

low-frequency temporal dynamics to the primary sources. 

Furthermore, a principle components analysis of the EEG data 

showed the data had a very low rank (~50) and, on average, there 

was only one principle component explaining more than 5% of 

the variance within each frequency band for each individual par-

ticipant (Supplementary Table 1). As such, we believe this justi-

fies the modelling of the phMRI response with a single 

individualised time course for each EEG frequency band.

In summary, this study highlights the influence of physiological 

noise on the ketamine phMRI response, particularly in the sgACC. 

Furthermore, correlations between the BOLD signal and the EEG 

power time series in seven different frequency bands demonstrate 

the presence of multiple time courses of ketamine-induced neural 

activity. This indicates that the full spectrum of neuronal dynamics 

associated with ketamine cannot be captured by a single temporal 

Figure 5. Group maps of modelled ketamine blood-oxygenation-level-

dependent (BOLD) response for time courses of band-limited virtual 

sensor electroencephalography (EEG) power for seven frequency bands 

that span from 1 to 67 Hz, showing significant effects of ketamine 

(p < 0.05, familywise error (FWE) cluster corrected). Physiological 

correction was applied in this analysis; the design matrix included an 

end-tidal CO2 regressor and its temporal derivative, and 34 slice-wise 

physiological regressors created with the Physiological Noise Modelling 

(PNM) toolbox. A grey matter mask was applied to all maps.
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model and we therefore recommend the use of EEG-based regres-

sors, which directly reflect neural activity and can serve as an alter-

native approach to the ketamine signal model.
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