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Abstract 

Reliable measures of cognitive brain activity from functional neuroimaging techniques may provide early 

indications of efficacy in clinical trials. Functional magnetic resonance imaging (fMRI) and 

electroencephalography (EEG) provide complementary spatiotemporal information and simultaneous recording 

of these two modalities can remove inter-session drug response and environment variability. We sought to assess 

the effects of ketamine and midazolam on simultaneous electrophysiological and hemodynamic recordings during 

working memory (WM) processes. Thirty participants were included in a placebo-controlled, three-way crossover 

design with ketamine and midazolam. Compared to placebo, ketamine administration attenuated theta power 

increases and alpha power decreases and midazolam attenuated low beta band decreases to increasing WM load. 

Additionally, ketamine caused larger blood-oxygen-dependent (BOLD) signal increases in the supplementary 

motor area (SMA) and angular gyrus (AG), and weaker deactivations of the default mode network (DMN), 

whereas no difference was found between midazolam and placebo. Ketamine administration caused positive 

temporal correlations between frontal-midline theta (fm-theta) power and the BOLD signal to disappear and 

attenuated negative correlations. However, the relationship between fm-theta and the BOLD signal from DMN 

areas was maintained in some participants during ketamine administration, as increasing theta strength was 

associated with stronger BOLD signal reductions in these areas. The presence of, and ability to manipulate, both 

positive and negative associations between the BOLD signal and fm-theta suggest the presence of multiple fm-

theta components involved in WM processes, with ketamine administration disrupting one or more of these theta-

linked WM strategies. 
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Introduction 

Functional neuroimaging techniques have the potential to provide useful information across all clinical phases of 

drug development (Borsook et al., 2013). Reliable measures of cognitive brain activity may provide early 

indications of efficacy, facilitating the development  of novel central nervous system (CNS) drugs (Borsook et al., 

2013; Musso et al., 2011). fMRI measurements of the BOLD contrast are proving a popular technique for this 

purpose (Carmichael et al., 2017; Nathan et al., 2014; Wong et al., 2009). BOLD fMRI has excellent spatial 

specificity and can measure deep cortical structures (Laufs et al., 2003), however, it has limited temporal 

resolution and as it provides only an indirect measure of brain activity is susceptible to modulation by non-

neuronal sources, for example drug-induced changes in vascular tone (Iannetti & Wise, 2007). Conversely, EEG 

is a direct measure of neural activity with excellent temporal resolution that can quantify brain dynamics (Laufs 

et al., 2003), however its spatial specificity is limited (Babiloni et al., 2004; Nunez et al., 1994). Together, these 

two imaging techniques provide complementary spatiotemporal information about the pharmacological 

modulation of brain function. Simultaneous EEG/fMRI removes participant and/or environment inter-session 

variability and allows for integration and temporally aligned comparison of the two signal types. We have 

previously demonstrated the feasibility and utility of simultaneous EEG/fMRI in resting-state pharmacological 

studies (Forsyth et al., 2018, 2019; McMillan et al., 2019, 2020). Initial research during task-based studies has 

demonstrated the potential of EEG/fMRI to derive biomarkers sought in drug development studies (Balsters et al., 

2011; Diukova et al., 2012; Mobascher et al., 2012; Musso et al., 2011; Warbrick et al., 2012). In the current study 

we extend our previous resting-state EEG/fMRI pharmacology study (Forsyth et al., 2018, 2019; McMillan et al., 

2019, 2020) by using simultaneous EEG/fMRI to study WM processing with the n-back task (Kirchner, 1958). 

Firstly, open questions in the literature about the pharmacological effects on EEG and fMRI signals during WM 

processing are addressed, followed by a more directed analysis examining whether the integration of 

simultaneously collected EEG/fMRI signals provides more information than could be obtained from separate 

recordings.  

fMRI has been used to link different brain regions to WM processes indexed with the n-back task (for a review 

see: (Owen et al., 2005)). These studies have demonstrated several cortical areas consistently activated by variants 

of this task including the lateral premotor cortex, dorsal cingulate and medial premotor cortex, dorsolateral and 

ventrolateral prefrontal cortex (dlPFC, vlPFC), frontal pole, and medial and lateral posterior parietal cortices. 

Spatial maps of BOLD signal reductions to increasing WM load resemble the DMN, potentially allowing for 

maximisation of resources to the activated network (Tomasi et al., 2006). EEG studies have shown that increasing 

WM load during the n-back task is associated with increases in frontal-medial theta (fm-theta) power (4-7 Hz) 

and modulations to occipital-parietal alpha power (8-13 Hz) (Gundel & Wilson, 1992; Inanaga, 1998; Jensen et 

al., 2002; Pesonen et al., 2007; Tuladhar et al., 2007). Fm-theta increases have garnered particular attention 

(Jensen & Tesche, 2002; Sridhar Raghavachari et al., 2001), due in part to the substantial inter-participant 

variability in this response (for a review see: (Inanaga, 1998)). There is evidence that different local networks 

engaged by WM tasks independently generate theta activity (Bao & Wu, 2003; Blatow et al., 2003; Flint & 

Connors, 1996; S. Raghavachari et al., 2006; Silva et al., 1991), and that some fm-theta is driven by hippocampal 

activity (Alan Gevins et al., 1998; J. M. Hyman et al., 2002; James M. Hyman et al., 2005; Manns et al., 2000; 

Siapas et al., 2005). A number of studies have attempted to determine the BOLD signal correlates of the 

modulations to theta power during WM processes utilising separate or simultaneous recordings (for a review, see: 

(Ahmad et al., 2016)). These studies provide evidence for localisation of the theta power change in the anterior 

cingulate cortex (ACC) (Esposito et al., 2009), and demonstrate a negative correlation to hemodynamic activity 

in areas that make up the DMN (Meltzer et al., 2007; Michels et al., 2010; Scheeringa et al., 2008, 2009). The 

establishment of the fm-theta response as a key electrophysiological signature during WM processing guided the 

decision to focus on this band during the integration analysis. 

This study sought to determine the impact of two previously well-characterised drugs, ketamine and midazolam, 

on the WM-related neuronal activity, reviewed above, that we measured simultaneously with EEG and fMRI. 

These two drugs have been shown to modulate WM processes (Adler et al., 1998; Fisher et al., 2006; R. A. E. 

Honey et al., 2003; Morgan et al., 2004; Rammsayer et al., 2000; Thompson et al., 1999). Midazolam is a positive 

allosteric modulator of the γ-aminobutyric acid (GABA)-A receptor (Michaloudis et al., 1998; Reinsel et al., 

2000), increasing the inhibitory effects of GABA. Inhibition of the GABAergic system has memory facilitating 

effects (Cruz-Morales et al., 1993), and stimulation results in memory impairment (Izquierdo & Medina, 1991; 
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Rosat et al., 1992). The impact of midazolam on the BOLD signal during WM processes has not been studied. 

Indeed, there is limited WM fMRI research on benzodiazepines in general, with just one study assessing the effects 

of lorazepam during an n-back task (Menzies et al., 2007). Midazolam’s effects on electrophysiological WM 

modulations are similarly limited, restricted to the assessment of event-related potentials (ERPs) (Veselis et al., 

2009) and EEG signal complexity (Talebi et al., 2012). At subanaesthetic concentrations, ketamine is primarily a 

non-selective antagonist of the N-Methyl-D-aspartate (NMDA) receptor (Krystal et al., 1994) and has been shown 

to impair WM processes (Adler et al., 1998; R. A. E. Honey et al., 2003; Morgan et al., 2004). While the impact 

of ketamine on the BOLD signal during WM processes has been studied (Anticevic et al., 2012a; Compte et al., 

2000; Driesen et al., 2013; R. a. E. Honey et al., 2004), its effect on electrophysiology in humans has been limited 

to assessments of event-related potential (ERP) changes (Ahn et al., 2003; Koychev et al., 2017). However, outside 

of WM processes, the effect of ketamine on theta band oscillations has been comprehensively studied (Horacek 

et al., 2010; Lazarewicz et al., 2009; Leuchter et al., 2017; Neymotin et al., 2011; Vlisides et al., 2017; Wang et 

al., 2018), making it a useful drug to assess whether the analysis of simultaneously recorded EEG/fMRI signals 

can provide additional information about the fm-theta response.  

In summary, we sought to address the above open questions regarding the effects of ketamine and midazolam on 

electrophysiological oscillatory activity and the effect of midazolam on hemodynamic activity during WM tasks. 

Furthermore, an assessment of the usefulness of simultaneous EEG/fMRI in a drug study was made, determining 

if it provided supplementary information to that obtained from separate recordings.  

 

Methods and Methods 

Participants and procedure 

Thirty male participants aged between 19 and 37 years old (M = 27.3, SD = 6.2), physically and psychologically 

healthy, with an average body mass index of 24 (SD = 3.5) were recruited and screened for recreational drug use. 

The recruitment was limited to males due to the changes in GABA levels (Epperson et al., 2002) and EEG metrics 

(Sumner et al., 2018) across the menstrual cycle, which could confound a repeated-measures design. This study 

was part of a larger design including resting-state and PCASL recordings and analyses of these have been 

previously published (Dukart et al., 2018; Forsyth et al., 2018, 2019; McMillan et al., 2019). Participants were 

scanned on three separate occasions in a placebo-controlled, three-way cross-over design using ketamine, 

midazolam, and placebo, where the participants were blinded to which drug they were receiving. Participants were 

randomised using a random-number generator to one of six different condition-order groups. Intravenous access 

was obtained via a cannula inserted in the antecubital fossa of the left arm. Drugs were administered to a sub-

anaesthetic level through an intravenous line controlled by an infusion pump (Alaris PK, UK), programmed by a 

supervising anaesthesiologist, located in the MR control room. Racemic ketamine was administered with a 0.25 

mg/kg bolus dose, followed by a 0.25 mg/kg/hr infusion. Doses were similar to those used in previous literature 

(Deakin et al., 2008; Muthukumaraswamy et al., 2015). Midazolam was administered with a 0.03 mg/kg bolus 

dose, followed by a 0.03 mg/kg/hr infusion, resulting in doses similar to prior studies (M. Greicius, 2008; Liang 

et al., 2015). Collection of plasma would have interfered with our scanning protocol, however information 

regarding pharmacokinetics and plasma concentrations at similar doses can be found in the literature (for ketamine 

~150 ng/mL (Clements & Nimmo, 1981) and for midazolam ~ 20 ng/mL (Platten et al., 1998)). Drug 

administration commenced 7 minutes into a 16-minute resting-state scan followed by the 9-minute n-back task. 

A high-resolution structural scan was obtained in one of the sessions. There was a minimum of 48 hr between 

sessions to compensate for the washout periods of each of the drugs. The median inter-sesion interval was 15 

days. The drugs were tolerated well, with only minimal and expected side effects, such as nausea and dizziness, 

in a small number (n = 6) of sessions.  

Task procedure 

A mirror attached to the MRI head coil reflected a screen outside the scanner upon which were projected the task 

instructions and stimuli. During this task participants completed eighteen thirty second blocks of two alternating 

conditions (9 minutes total). The current condition was written above the stimulus on the screen and highlighted 

in red at the start of each block for two seconds. These blocks then consisted of 14 two second epochs, during 

which the stimulus was presented for 500 ms. Stimuli were located in the centre of the screen to allow for central 

fixation, controlling visual artefacts in the EEG. The stimulus consisted of a white arrow on a black screen that 
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pointed in one of 4 directions (up, down, left, or right) subtending 1 x 0.7 visual angle. Participants held a 

response box with four buttons with placements that corresponded to the direction of the arrows, resulting in 

simple spatial mapping from response box to screen. In the first, baseline, condition (0-back) participants were 

required to press the button that corresponded with the direction of the arrow currently on the screen with their 

right index finger. They did this for each successive arrow. In the second condition (2-back), participants were 

required to respond with the button that represented the direction of the arrow that appeared two arrows prior to 

the one currently on the screen.  During the first two arrows of each block of the 2-back condition no response 

was required. For a schematic of this task, see Figure 1. During screening and on the day of each session prior to 

scanning participants performed 6 training blocks of the task (3 per condition) outside of the scanner. All 

participants were able to achieve at least 98% correct for 0-back and 90% correct for 2-back in these training 

sessions. 

Data acquisition 

MR images were acquired on a 3 T MR scanner (Siemens Skyra, Erlangen, Germany) with a 20‐channel head 

coil. 246 volumes of BOLD fMRI data were acquired using a T2*‐weighted echo planar imaging (EPI) sequence 

(TR 2200 ms, TE 27 ms, flip angle 79°, 30 interleaved 3 mm slices, voxel size 3 × 3 × 3 mm). In each session, 

prior to the removal of the EEG cap and its attached contrast markers, a low‐resolution Magnetisation‐prepared 

Rapid Gradient‐Echo (MPRAGE) scan (TR 1900 ms, TE 3.21 ms, FOV 256 mm2, flip angle 9°, 96 2 mm slices, 

voxel size 1.3 × 1.3 × 2.0 mm) was acquired to capture electrode positions. In one of the three sessions for each 

participant, a high resolution MPRAGE scan was acquired after the EEG cap had been removed to avoid structural 

distortions ((Klein et al., 2015): TR 2100 ms, TE 3.42 ms, flip angle 9°, 192 slices, voxel size 1 × 1 × 1 mm).  

EEG data were recorded continuously using Brain Products (Brain Products GmbH) equipment; two BrainAmp 

MR plus amplifiers with 64-channel Braincaps. Electrode caps used the manufacturer standard layout with FCz 

as reference, AFz as ground, and one drop-down electrode attached to the participant’s back to record the 

electrocardiogram (ECG). The amplifier system was placed on a sled behind the head coil within the scanner to 

reduce cable lengths. Data were recorded with a sampling rate of 5 kHz using BrainVision Recorder software, 

with BrainVision RecView used to check online data quality during MR acquisition. Filters of 0.1–250 Hz were 

used, and electrode impedances were below 10 kΩ prior to data acquisition. A SyncBox device (BrainProducts) 

was used to achieve synchronisation between the EEG hardware and 10 MHz scanner clock. Before entering the 

scanner, individual electrode placements were recorded using an ultrasound digitisation device (Zebris, Germany) 

for later source localisation and co-registration. Vitamin E capsules, used as contrast markers, were placed at 

electrode positions Cz, F5, CP5, and FC6.  

fMRI pre-processing 

fMRI analyses were carried out using the FMRIB Software Library (FSL) (Jenkinson et al., 2012). The following 

steps were applied: automated brain extraction using FSL’s brain extraction tool (BET; (Smith Stephen M., 

2002)), motion correction using MCFLIRT (Jenkinson et al., 2002), spatial smoothing with a Gaussian kernel (5 

mm FWHM), high-pass temporal filtering at 0.01 Hz, registration to individual high-resolution structural scans 

using FLIRT (Jenkinson et al., 2002), and registration to MNI standard brain images using FNIRT (Andersson et 

al., 2010). Further correction for motion and other physiological artefacts used FSL’s FEAT for general linear 

modelling (GLM) with approximately 50 noise components per dataset derived through Independent Components 

Analysis (ICA) from FSL’s FIX (Griffanti et al., 2014; Salimi-Khorshidi et al., 2014). Due to justified concerns 

in the pharmacological fMRI field regarding appropriate methods for cleaning physiological noise from the data, 

a simpler pre-processing pipeline was also run to compare the results to that from ICA de-noising. This included 

four regressors; average cerebrospinal fluid (CSF) and white matter signals, obtained using masks created by 

segmenting each individual’s high-resolution scan, and their temporal derivatives. Results are presented in Online 

Resource 2.  

EEG Pre-processing 

To remove the artefact caused by the fast switching of the MRI gradients, a variant of the standard template 

removal technique (Allen et al., 2000) was used, where the moving template is compensated for and reset based 

on obtained fMRI motion parameters (Moosmann et al., 2009). Data were low‐pass filtered (100 Hz cut‐off 

frequency) and down‐sampled to 500 Hz. The ballistocardiogram artefact caused by the pulsatile motion of blood 

in the head (Eichele et al., 2010) was removed using an automated method that combines ICA with singular value 
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decomposition to remove and/or filter components from the data which share high levels of mutual information 

with the cardiac trace (Liu et al., 2012). The aforementioned steps were performed in EEGLAB 

(https://sccn.ucsd.edu/wiki/EEGLAB) with subsequent steps performed using a combination of custom scripts 

and Fieldtrip (Oostenveld et al., 2011). Subsequently, visual inspection of the raw EEG data allowed manual 

identification and removal of artefacts caused by head motion or jaw clenching. Group mean percentages and their 

standard errors (brackets) of data removed were as follows: placebo: 0-back = 13.45(1.58), 2-back = 8.58(0.84); 

ketamine: 0-back = 12.38(1.76), 2-back = 9.94(1.40); midazolam: 0-back = 12.18(2.14), 2-back = 9.31(1.43). 

Residual artefacts, such as those caused by eye blinks and remaining gradient artefact, were removed using ICA 

with components manually identified through inspection of temporal and spatial data. On average 2.8/63 (SD = 

0.96) components were removed during this step.  

Participants that had more than 20% of their EEG data removed during visual inspection and those who had 

average frame displacements of greater than 0.3 cm in at least 15% of their fMRI volumes were removed from 

further analysis. The final count of included datasets was 26 for placebo, 24 for ketamine, and 23 for midazolam. 

As such, when running drug / placebo contrasts, 23 participants had datasets for both ketamine and placebo and 

22 for midazolam and placebo.   

 

The following sections outline the main analyses, with the analysis flow depicted in Figure 2.  

 

EEG-alone analysis: spectral modulations and source localisations 

 

Individual electrode positions were co‐registered to the structural MRI of each participant. For source modelling, 

three‐shell boundary element models were constructed for each session using brain, skull, and scalp layers 

(Oostendorp & Oosterom, 1989). EEG data were average‐referenced and global covariance matrices were 

generated for the data, which were filtered into five frequency bands: theta (4-7 Hz), low alpha (8-10 Hz), high 

alpha (10-13 Hz), low beta (15–26 Hz), and high beta (28–40 Hz). Online Resource 1 describes how these band 

limits were chosen. Linearly constrained minimum variance beamforming with 5% regularization (Veen et al., 

1997) was applied using 8 mm resolution grids warped to the template head-model provided with Fieldtrip to 

generate spatial filters for each voxel. Power in 0-back and 2-back trials was calculated for each frequency band 

and at the group level, two-tailed, one-sample t-tests were computed using FSL’s randomise (Winkler et al., 2014) 

to correct for multiple comparisons using threshold-free cluster enhancement (TFCE) (Smith & Nichols, 2009) 

and a defined significance threshold of p < .025. The results of these tests were used to mask group average maps 

to ensure only statistically significant changes were displayed. Additionally, drug versus placebo contrasts were 

created by performing permuted paired-t tests between the task-induced change in power of the drug and placebo 

maps. There were overlaid on the significant 0 versus 2-back results from the placebo data.  

 

fMRI-alone analysis: BOLD signal modulations  

Modulations due to task condition were assessed at the individual level within the same GLM that modelled the 

noise components. A block design was used to model the BOLD signal during the 18 alternating blocks (9 per 

condition). The blocks, but not the individual trials, were modelled for subject level analysis. This model was 

convolved with the gamma hemodynamic response function and added, along with its temporal derivative, to the 

GLM.  

At the group level the task contrast estimates for each drug session were averaged using one-sample t-tests, 

computed using FSL’s randomise to correct for multiple comparisons using TFCE and a defined significance 

threshold of p < .05. The results of these tests were used to mask group average maps as with the EEG data. Drug 

versus placebo contrasts of the task modulations were created by performing permuted paired-t tests between the 

task contrast estimates of the drug conditions, again with TFCE and a defined significance threshold of p < .05. 

Additionally, a formal contrast between the results of the ICA de-noising and CSF/WM regression pipelines were 

obtained using the same methods as for the drug versus placebo contrasts and can be found in Online Resource 2.  

EEG/fMRI analysis: Temporal correlation  

A temporal correlation analysis was performed to assess whether the relationship between EEG power 

modulations and the BOLD signal during WM processing was modulated by drug administration. To establish if 

the methods used here could demonstrate a relationship between the electrophysiological and hemodynamic 

signals, the comprehensively established fm-theta increases during WM (Maurer et al., 2015; Mitchell et al., 2008; 

https://sccn.ucsd.edu/wiki/EEGLAB
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Onton et al., 2005) were used as a frequency of interest and the analysis focused on ketamine-induced 

modulations, as this drug’s effect on theta oscillations has also been extensively studied (Horacek et al., 2010; 

Lazarewicz et al., 2009; Leuchter et al., 2017; Neymotin et al., 2011; Vlisides et al., 2017; Wang et al., 2018). 

Once established, future work could assess the extent to which BOLD effects during WM processes are explained 

by all electrophysiological effects and where the two signals modulate independently. Fm-theta increases exhibit 

substantial inter-individual variability (Inanaga, 1998) and the current study proved no exception; during the 

placebo condition 11 datasets showed an increase in fm-theta, 10 showed no increase, and 5 were ambiguous. For 

those who did show an increase, individual coordinates corresponding to the peak power increase during the 2-

back condition were selected and used to construct a virtual sensor from which the power time-series was 

extracted. For those who did not show clear increases, average x, y, and z coordinates from the group who did 

show increases were used. Table 1 in Online Resource 3 displays the MNI coordinates used for each participant. 

The resulting time-series were thresholded to remove values exceeding five standard deviations from the mean. 

These values, and those missing due to removal after visual inspection of the data during pre-processing, were 

linearly interpolated. A lowpass Butterworth IIR filter (0.0167 Hz) was applied to the power time-series to focus 

on slow power changes, equivalent to BOLD signal modulations (McMillan et al., 2019).  

The EEG theta time-series were added as individual explanatory variables to the regression models described in 

the FMRI section above, after being convolved with a double-gamma hemodynamic response function. In this 

way, step wise regressions that would degrade the linear model solutions were avoided. Group averages were 

calculated for both drug conditions (ketamine and placebo) via one-sample t-tests. Z statistic images were 

thresholded using clusters determined by Z > 2.3 and an FWE-corrected cluster significance threshold of p=.05 

was applied (Worsley, 2001). Drug versus placebo contrasts were performed using paired t-tests and thresholded 

similarly to the group averages. For both the averages and the drug versus placebo contrast, permutation testing 

was conducted using FSL’s randomise to correct for multiple comparisons using TFCE and a defined significance 

level of p < .05. 

EEG/fMRI analysis: Comparing strengths of EEG theta power and BOLD signal changes 

As discussed previously, EEG-fMRI coupling can only be interpreted indirectly due to the divergent nature of the 

two signals. As such, this analysis sought to provide additional information about BOLD signal correlates of the 

fm-theta response by using the strength of this response as a covariate in the fMRI GLM. In this analysis, BOLD 

signal variance explained by inter-subject variability of the fm-theta response was determined by using all 

participants in one group. To do this, spheres with a 10 mm radius were created around the individual coordinates 

described previously and the average EEG theta power change to task from within these spheres for each 

participant was recorded. These were then used as a covariate at the group level when computing the average 

BOLD signal changes to task.  

 

Results 

Behavioural results 

Figure 3 shows the average percentage correct for 0- and 2-back trials in each drug condition. Due to technical 

issues during data collection, where the response interface box failed to transmit response codes to the stimulus 

presentation software, only eleven participants who had the response box working correctly for all three sessions 

were included in this analysis. However, even at this lower sample size, a clear pattern of behavioural effects 

emerged. A 2 (task condition) x 3 (drug session) repeated-measures ANOVA was performed on these data. The 

results show no significant interaction effect, however, main effects of both task condition (F(1, 10) = 15.88, p  = 

.003, ηp
2 = .614) and drug session (F(2, 20) = 7.69 , p = .003, ηp

2 = .435) were found. Responses during 0-back 

trials (M = 91.99, SE = 2.28) were more often correct than during 2-back trials (M = 84.43, SE = 2.46). Post-hoc 

Bonferonni tests on the main effect of drug session showed that performance during the midazolam session (M = 

77.35, SE = 4.86) was significantly poorer than during the placebo (M = 94.55, SE = 2.91) or ketamine (M = 92.73, 

SE = 2.30) sessions. While the loss of the behavioural data in the other 19 participants is a limitation, all 

participants had substantial practice at this task, both during screening and at the start of each study day. All 

performed well in these practice sessions, and during the actual data collection responses were recorded for all 

blocks; it was the timing of these responses that was recorded inaccurately by the software. We cannot exclude 
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the possibility that a sub-set of these participants were performing poorly during the imaging sessions. However, 

as the group for whom we have valid data performed as expected and were arguably a random sample 

(independent of participant characteristics or performance), we have no reason to expect that the results of the rest 

of the participants would have differed substantially from this sample.  

 

EEG-alone analysis: Spectral modulation 

These analyses assessed the direction and strength of changes to electrophysiological spectra when WM load was 

increased. Grand average results of paired t-tests between the source activity from 0- and 2-back conditions are 

displayed in Figure 4. Decreased power was found in all bands during the 2-back trials compared to 0-back trials, 

across all drug conditions, with the most prominent decreases occurring globally in the low beta (15-26 Hz) band 

(fig. 4d). These maps are masked by areas that were significant after randomised group single sample analyses, 

with thresholded cluster-correction of p < .05 (two-tailed). The fm-theta increases that were evident when looking 

at uncorrected group means (Online Resource 1: fig. 1) were not present after correction, presumably due to a 

lack of statistical power to discern partial-group effects. 

 

Figure 5 displays the significant drug versus placebo contrasts of these spectral power changes. Results from 

randomised paired-t tests between drug sessions are overlaid on group average results from the placebo condition. 

When comparing 2-back to 0-back trials, ketamine administration resulted in reduced increases in theta (4-7 Hz) 

spectral power in the paracingulate gyrus, and reduced decreases in the cuneal cortex, compared to the placebo 

session (fig.  5a). Additionally, it reduced decreases in high alpha (10-13 Hz) power in the 2-back condition in the 

cerebellum and lingual gyrus (fig. 5b). Midazolam administration reduced decreases in low beta (15-26 Hz) in the 

inferior occipital cortex, cerebellum, and precentral gyrus (fig. 5c).  

fMRI-alone analysis: BOLD signal modulations 

These analyses assessed the direction and strength of changes to the BOLD signal with increasing WM load. In 

lieu of traditional coordinate tables, the fMRI results can be downloaded from 

https://doi.org/10.17608/k6.auckland.13726486.v1 to allow researchers to view information from all voxels by 

using a nifti viewer.  Figure 6a-c displays the group average results of the task contrast which are masked by 

significant results of randomised one-sample t-tests for each drug condition. Increasing WM load resulted in 

broadly similar modulations of activity across drug sessions. Increased signal during 2-back trials was seen in the 

dlPFC, vlPFC, frontal orbital cortex, anterior cingulate cortex (ACC), and parts of the supramarginal and angular 

gyri. Decreased signal was seen in areas broadly similar to the DMN (medial prefrontal cortex (mPFC), posterior 

cingulate cortex (PCC), bilateral occipital cortex), and central areas including the precentral gyrus and bilateral 

insular cortex. Figure 6d displays the results of the significant BOLD drug versus placebo contrasts. Results from 

randomised paired-t tests between drug sessions are overlaid on group average results from the placebo condition. 

Ketamine administration caused stronger increases during the 2-back condition than seen in the placebo session 

in the supramarginal and angular gyri (SMG / AG), and reduced decreases in the precentral gyrus, frontal pole 

(FP), postcentral gyrus, PCC, and central opercular cortex (COC). There were no significant differences in task-

driven BOLD signal modulations between the midazolam and placebo sessions. 

EEG/fMRI analysis: Temporal correlation  

Next, we considered fm-theta EEG informed fMRI analyses. There was a clear group separation between 

participants who showed fm-theta increases with increasing WM load and those who did not (for a plot of the 

regressors to visualise this difference see Online Resource 3: Fig.1).  Regressors from participants who had fm-

theta increases are strongly positively correlated with the task regressor, so temporal correlations between the 

EEG theta power envelope and the BOLD signal are likely to result in a similar pattern of activity to the task 

contrast. Interestingly, the regressors from the group without fm-theta increases negatively correlate with the task 

regressor during the placebo session. Group average regressor correlations with task are as follows; for placebo 

with fm-theta: r = 0.69, p < .0001-38, for placebo without fm-theta: r = -0.23, p <.001, for ketamine with fm-theta: 

r = 0.34, p < .001-5, for ketamine without fm-theta: not significantly correlated.   

The results of the temporal correlation between the fm-theta power envelopes and the BOLD signal are shown in 

Figure 7 which displays one-sample t-tests for ketamine and placebo conditions. The placebo results (fig. 7a) 

showed that above and beyond the variance explained by the task contrast, fm-theta modulations were positively 

correlated with BOLD activity in the PFC, middle and superior frontal gyrus (FG), precentral gyrus, and bilateral 

https://doi.org/10.17608/k6.auckland.13726486.v1
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SMG and AG. Additionally, negative correlations were found in the occipital pole (OP), PCC, frontal orbital 

cortex, FP, and ACC. The only result that survived permutation testing was the positive correlation in the right 

superior FG during the placebo condition (not pictured). During the ketamine condition, only negative correlations 

were observed (fig. 7b). These negative correlations were found in the frontal medial and orbital cortices, ACC, 

precuneus / PCC, and lateral occipital cortex. None of the ketamine session results survived permutation testing. 

The lack of results after correction may be due to the inter-participant variability in the fm-theta response, indeed 

when looking at just those who had no fm-theta increases to task there were very few correlations present in the 

placebo data, and none in the ketamine data (Online Resource 4: Fig.4). 

Figure 8 shows the results of a ketamine versus placebo contrast of the temporal correlation results. The placebo 

session showed increased positive correlations between EEG theta and the BOLD signal in the right middle FG 

compared to the ketamine session. This result did not survive permutation testing.  

EEG/fMRI analysis: Comparing strengths of EEG theta power and BOLD signal changes 

To further explore the relationship between EEG fm-theta power changes and the BOLD signal during WM 

processes, the strength of the fm-theta power change for each individual was used as a covariate in the fMRI one-

sample t-test of the task contrast. Figure 9 depicts the results, overlaid on the task contrast. During the placebo 

session, increasing theta strength across participants was associated with a weaker increase in task activity in the 

left inferior FG and orbital cortex (fig. 9a). During the ketamine session, increasing theta strength across 

participants was associated with stronger reductions to task in the PCC, OP, left lateral occipital cortex, and the 

ACC (fig. 9b). It was also associated with stronger increases to task in the posterior precuneus, and weaker 

increases in the bilateral inferior FG / orbital cortex and the right middle FG. None of these results survived 

permutation testing.  

 

Discussion 

This study first sought to address open questions regarding the effects of midazolam and ketamine on 

electrophysiological and hemodynamic data during WM processes. As expected, and consistent with previous 

literature (A Gevins et al., 1997; Klimesch, 1999; Pesonen et al., 2007), an event-related increase in fm-theta 

power (Online Resource 1: Fig. 1) and decreases in posterior alpha power and global beta power (fig. 4-1b & c) 

were seen with increasing WM load during the placebo condition. The fm-theta increase did not survive 

permutation testing (fig. 4-1a), presumably due to it being driven by a sub-group of participants; indeed high inter-

participant fm-theta variability is common during WM processes (Inanaga, 1998). Ketamine administration 

reduced theta power increases in the cingulate gyrus and mitigated theta and high alpha power decreases in 

posterior regions (fig. 5a-b). Baseline activity may drive these results as ketamine administration increased theta 

and decreased alpha powers during resting-state with this dataset (Forsyth et al., 2018). Considering that fm-theta 

increases and alpha decreases are associated with successful memory performance (Klimesch, 1999), the reduced 

task-induced electrophysiological modulations in these bands during ketamine administration may underlie the 

lower accuracy in the 2-back condition compared to placebo (fig. 3). These results represent the first assessment 

of ketamine’s effect on oscillatory EEG activity during WM processes in humans. This study is also the first to 

assess midazolam’s effect on oscillatory EEG activity during WM processes. Midazolam administration mitigated 

the low beta band decreases in the occipital/parietal cortices (fig. 5c). These results may underlie the poorer 

accuracy seen in the behavioural results (fig. 3), either through motor or cognitive processing. The beta band has 

been implicated in both the preparation of the motor response in the motor cortices and the active representation 

and identification of stimuli during WM tasks (Pesonen et al., 2007).  

The fMRI results for the placebo session (fig. 6a) closely resembled previous literature (Owen et al., 2005; Tomasi 

et al., 2006). Increasing memory load resulted in increased BOLD signal in the dlPFC, vlPFC, frontal orbital 

cortex, parts of the ACC, and the SMG and AG, and decreased signal in DMN areas. Reduced activity in the 

DMN during 2-back trials may reflect a reallocation of resources to the task-activated network (Menzies et al., 

2007). Ketamine administration resulted in stronger increases in some areas (SMG / AG) and reduced decreases 

in areas of the DMN (fig. 6d). Superior cognitive performance has been associated with the strength of the 

correlated BOLD signal activations / deactivations during WM tasks (Menzies et al., 2007), so the strengthening 

of activations combined with the weakening of deactivations seen here may underlie the poorer behavioural 

performance compared to placebo. The weaker deactivations of the DMN may be driven by already reduced 



10 

 

baseline activity; in the same sessions during resting-state, ketamine reduced connectivity (Forsyth et al., 2019) 

and the power of low frequency fluctuations (Forsyth et al., 2018) in these areas. The changes in the DMN reflect 

the results in Anticevic et al. (2012b), however, unlike that study no attenuation of signal in task-activated regions 

was found. No difference was found in task-related BOLD signal between the midazolam and placebo sessions. 

This is surprising considering the clear behavioural differences; participants were significantly less accurate 

during midazolam administration than during either placebo or ketamine sessions. While this is the first study to 

assess the effect of midazolam on BOLD signal changes during WM tasks, an n-back study utilising a comparable 

dose of lorazepam found reduced frontoparietal activation and temporal/cingulate deactivation compared to 

placebo (Menzies et al., 2007). However, that study looked at load effects using both 2- and 3-back trials, which 

may have strengthened their ability to find differences between the benzodiazepine and placebo sessions.  

The present study sought to determine if simultaneous EEG/fMRI recordings result in more information about 

WM processes than separate sessions. Two analyses were run: temporal correlation between the two signals and 

an assessment of whether BOLD signal variance can be partially explained by differing strengths of EEG power 

changes across participants. These analyses were run only on ketamine and placebo, and assessed BOLD signal 

correlates of only the EEG fm-theta response which has been well described previously in the literature (Jensen 

& Tesche, 2002; S. Raghavachari et al., 2006). When utilising individual fm-theta time courses to discern 

correlated BOLD signal activity, EEG power modulations explained BOLD signal variance beyond that explained 

by the task contrast (fig. 7). Results during the placebo session (fig. 7a) reflected previous studies (Meltzer et al., 

2007; Sammer et al., 2005; Scheeringa et al., 2008) and ketamine administration (fig. 7b) caused the positive 

correlations) to disappear, and attenuated the negative correlations. Several of the positively correlated areas 

(frontal, supramarginal, and precentral gyri) were also areas where ketamine differed from placebo in the fMRI-

alone analysis (fig. 6d). While ketamine administration did result in a looser relationship between fm-theta 

modulation and task than during placebo (Online Resource 3: Fig. 1), they remained strongly correlated, with 

most 2-back trials eliciting an increase in theta power. Therefore, the loss of positive correlations under ketamine 

may indicate the existence of multiple independently generated cortical theta rhythms (Bao & Wu, 2003; Blatow 

et al., 2003; Flint & Connors, 1996; S. Raghavachari et al., 2006; Silva et al., 1991), only some of which are 

attenuated by NMDA antagonism. As mentioned previously, there are several lines of evidence for independently 

generated cortical theta rhythm (Bao & Wu, 2003; Blatow et al., 2003; Flint & Connors, 1996; S. Raghavachari 

et al., 2006; Silva et al., 1991).  Furthermore, the n-back task is known to involve multiple component processes 

and disentanglement of these is further confounded by the overlap between encoding and retrieval phases 

(Esposito et al., 2009).  

Another method to explore the EEG/fMRI relationship exploits the inter-participant variability of the fm-theta 

response (Meltzer et al., 2007), to test whether relative theta strength corresponds to the strength of BOLD signal 

changes. In the ketamine condition, increasing theta strength was associated with stronger BOLD signal reductions 

to task in the multiple areas (fig. 9b), similar to non-pharmacological findings with separately recorded data  

(2007). Additionally, increasing theta strength was related to weaker increases to task in the IFG / orbital cortex. 

All these areas were found to be negatively correlated between modalities in the temporal correlation analysis. 

During placebo, the strength of fm-theta changes was only associated with weaker increases in the frontal inferior 

gyrus / orbital cortex. This contrasts with Meltzer et al.’s results (2007), however potentially the relative ease of 

the n-task compared to the Sternberg task allowed participants to utilise different cognitive strategies during the 

placebo condition. This confluence of fm-theta components may have reduced the power to discern a relationship 

between the strength of the changes in each component to the magnitude of the BOLD signal changes. In this 

scenario, the administration of ketamine disrupted some of these WM processes and this, combined with the 

comparatively weaker deactivations of DMN areas, allowed a more variable response across the group for the fm-

theta / DMN circuit, supplying the statistical power needed to find a relationship between the strength of the 

changes in each modality. It has been argued that the high inter-participant variance of both DMN inhibition (M. 

D. Greicius & Menon, 2004) and theta power increases could be evidence of a neurocognitive system that is not 

essential for task performance in all participants (Meltzer et al., 2007).  

Overall, results from the two analyses requiring simultaneous collection of EEG/fMRI suggest ketamine 

administration disrupts some theta-linked WM strategies, whilst leaving the fm-theta / DMN circuit intact for 

those who would normally recruit it. As analyses on the EEG signal alone only showed that ketamine reduced fm-

theta power (fig. 5), and differences found when analysing the fMRI signal alone (fig. 6d) did not include areas 

in the DMN, simultaneous acquisition and analysis allowed increased understanding of ketamine-induced 

modulations to WM processes.  
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The use of the n-back task removed the ability to separately consider different phases of WM processes, such as 

encoding and retrieval. Future research using a different task with multiple difficulty levels could ascertain 

whether the differences between the drugs and placebo become stronger and clearer under increasing WM load, 

and whether they are restricted to certain phases of the WM process. Additionally, for clarity and to utilise the 

inter-participant variability of the fm-theta response, this study was limited to an assessment of the relationship 

between fm-theta and the BOLD signal under ketamine administration. Future work could attempt to disentangle 

pharmacological effects on the electrophysiological and BOLD measurements, for example determining the 

proportion of BOLD signal modulation explained by the combined effects of all EEG bands.   

In conclusion, this is the first study to assess the effects of both ketamine and midazolam on oscillatory activity, 

and midazolam on BOLD signal changes during WM in humans. The relationship between EEG and fMRI data 

was assessed using two methodologies that either relied or benefited from simultaneous recording. The combined 

results revealed a dissociation between ketamine and placebo of the relationship between fm-theta power 

modulations and BOLD signal changes. These results demonstrate that the combined analysis of simultaneously 

recorded EEG/fMRI signals yielded information which could not be discerned by separate EEG and fMRI 

recordings.  
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Figure Legends 

Fig. 1 Schematic of the n-back task used. Stimuli consisted of a centrally positioned arrow pointing in one of four 

directions (white arrows). Two alternating conditions with durations of 30 seconds per condition were run, 9 times 

in total. Participants held a response box with four buttons; at the top, bottom, left, and right of the box. During 

the first condition, 0-back, participants pressed the button that corresponded to the arrow direction on the screen 

(e.g. if the arrow pointed up, they pressed the bottom at the top of the response box). During the second condition, 

2-back, they pressed the button corresponding to the direction of the arrow presented two prior to the one currently 

on the screen. Correct responses are denoted by black arrows. 

Fig 2. Schematic of analysis flow 

Fig. 3 Bar chart of behavioural results for the n-back task. Due to issues during data collection this bar chart 

represents the % correct for 0 and 2-back conditions for 11 participants whose responses were logged for all 

three sessions. Stars denote significance at the p < .05 level. 

Fig. 4 EEG power spectra changes during increasing working memory load. Grand-averaged statistical 

parametric maps for the EEG frequency bands (paired t-test between 0- and 2-back trials) for the placebo (1), 

ketamine (2), and midazolam (3) sessions: a. Theta (4-7 Hz), b. Low Alpha (8-10 Hz), c. High Alpha (10-13 

Hz), d. Low Beta (15-26 Hz), and e. High Beta (28-40 Hz). All maps are masked by areas which demonstrated 

significant activity from a randomised group one-sample analysis, with a thresholded cluster-correction of p < 

.05 (two-tailed). 

Fig. 5 Differences in task-induced EEG power spectra changes between drug and placebo sessions. Grand-

averaged EEG spectral statistical parametric maps of the difference (paired-t) between either ketamine or 

midazolam’s task-induced modulations (difference between 0- and 2-back), and those from the placebo 

condition. These maps are shown on top of the grand-averaged task-induced changes in the placebo condition 

only, with blue-light blue depicting decreases in power, and red-yellow depicting increases. The overlaid 

difference paired-t test maps are masked by areas which demonstrated significant differences from a randomised 

paired-t analysis between the drugs and placebo, with a thresholded cluster correction of p < .05 (two-tailed). 

Dark-light green depicts areas where drug administration resulted in greater power than placebo, and dark-light 

pink, where power was greater in placebo. Note: if these are over an area that was reduced in power by 

increasing memory load, this can be interpreted as this drug causing ‘less reduction’ in power. Only significant 

differences between sessions are displayed; a: Ketamine versus placebo contrast in the theta (4-7 Hz) band, b: 

Ketamine versus placebo contrast in the high alpha (10-13 Hz) band, and c: Midazolam versus placebo contrast 

in the low beta (15-26 Hz) band. 

Fig. 6 fMRI BOLD changes during increasing working memory load for each drug session separately and the 

difference between ketamine and placebo sessions. (a), (b), & (c) depict grand-averaged statistical parametric 

maps comparing BOLD signal differences between 0- and 2-back conditions, for each drug session (a. Placebo, 

b. Ketamine, c. Midazolam). Dark-light blue depicts areas where signal was reduced during the 2-back condition 

compared to 0-back, and red-yellow areas where signal increased. Maps are masked by areas which 

demonstrated significant differences from a randomised paired-t test, with a thresholded cluster correction of p < 

.05 (two-tailed). Shown in (d) are grand-averaged statistical parametric maps comparing BOLD signal 

differences between the task-induced modulations (difference between 0- and 2-back) of the ketamine and 

placebo sessions. These maps are shown on top of the grand-averaged task-induced changes in the placebo 

condition only. The overlaid difference maps between ketamine and placebo are masked by areas which 

demonstrated significant differences from a randomised paired t-test with a thresholded cluster correction of p < 

.05 (two-tailed). Dark-light green depicts areas where drug administration resulted in increased BOLD signal 

compared to placebo. Note: if these are over an area where signal was reduced by increasing memory load, this 



24 

 

can be interpreted as the drug causing ‘less reduction’ in BOLD signal. Only significant differences are 

displayed (no differences were found between midazolam and placebo). 

Fig. 7 Temporal correlations between EEG theta power and the BOLD signal. Thresholded (min = 2.3, max = 4) 

statistical z-maps of the positive (red-yellow) and negative (dark-light blue) temporal correlations between the 

EEG theta (4-7 Hz) power envelope derived from a frontal-medial source and the BOLD signal. Displayed are 

those the placebo (a) and ketamine (b) sessions. 

Fig. 8 Difference between ketamine and placebo sessions of the temporal correlations between EEG theta power 

and the BOLD signal. Grand-averaged results of a paired-t test between ketamine and placebo for the temporal 

correlations between EEG theta power and the BOLD signal. Dark-light pink displays areas where temporal 

correlations in the placebo condition were stronger than during the ketamine condition. These are overlaid on 

thresholded statistical z-maps of the positive (red-yellow) and negative (dark-light blue) temporal correlations 

between the EEG theta (4-7 Hz) power envelope derived from a frontal-medial source and the BOLD signal 

during the placebo condition only. 

Fig. 9 Assessing fMRI variance explained by the strength of changes in fm-theta power. Depicted are the areas 

where the strength of BOLD signal modulations were associated with the strength of the fm-theta power change 

for the placebo (A) and ketamine (B) sessions. Areas in dark-light green are those where increasing theta 

strength across participants was negatively correlated with task-induced BOLD activity, and those in dark-light 

pink are the positive correlations. These are overlaid on the fMRI group-average results of the task contrast for 

that session. All results are thresholded z-statistical maps (min = 2.3, max = 4). 
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[Figure 3] 
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[Figure 4] 
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[Figure 5] 
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