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Much of the motivation to explore simultaneously recorded EEG-fMRI comes from the 

complementary nature of the neurophysiological activity provided by each of the recording 

modalities.  

fMRI has precise spatial resolution, but suffers from poor temporal resolution; whereas, the 

opposite is true for EEG, insofar as EEG has high temporal resolution with less precise spatial 

resolution than fMRI.  

Due to the complementary strengths and weaknesses of each of these recording modalities, 

combining EEG-fMRI may achieve what would otherwise seem largely impossible from either 

one of these recording techniques on its own. 

Since the inception of the first EEG amplifier that can be placed directly in the MR bore in 

2000, Brain Products’ solutions have remained the gold standard for recording EEG-fMRI data 

with the highest quality and safety standards. This booklet is designed to introduce you to 

the solutions offered by Brain Products, as well as provide helpful support tips for successful 

EEG-fMRI recordings. 
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The broad spectrum of simultaneous EEG-fMRI applications: 
epilepsy, resting state, cognitive control and other areas of interest 

More and more researchers are realizing the 

power of a combined EEG-fMRI approach. But 

is a simultaneous recording really necessary 

for combining the temporal resolution of EEG 

and the spatial resolution of fMRI? Couldn’t 

the results of separate sessions simply be 

combined? 

The answer naturally depends on what is 

being sought from the data. With a standard 

paradigm, it can be assumed that if the same 

stimulus is presented, the response should 

be the same. However, there are situations 

where this assumption is not valid and the 

EEG and fMRI data must be acquired at 

exactly the same moment. 

The most straightforward example of when 

EEG and fMRI data must be acquired at 

the same moment is the study of epilepsy. 

Epileptic patients generate interictal spikes 

between seizures. These spikes are believed 

to be generated by the same sources as 

the seizures themselves. Therefore, the 

ability to localize the source of the spike 

will help considerably in gaining a better 

understanding of epilepsy. In order to localize 

the interictal spike, it is necessary to know 

at what moment it occurs. A patient cannot 

generate these spikes at will, so they must 

be located retrospectively. It is therefore 

essential to record EEG activity in parallel 

with fMRI scanning. 

  

The good thing about spikes is that they 

have a large amplitude and therefore yield a 

high ratio of signal to noise. The bad thing 

about them is that their shape is variable, 

and that they can merge with artifacts such 

as movement artifacts in the scanner. Brain 

Products’ support is always ready to help 

customers inspect their EEG data and handle 

artifacts appropriately. The spectacular 

results of the group led by Prof. Louis Lemieux 

(University College, London) demonstrate 

how much additional information can be 

acquired in epileptic patients using EEG-

fMRI [12]. They even went so far as to make 

simultaneous recordings of intracranial 

EEG with fMRI [11]; [14], and optimise the 

application so it can be used for children [13].

Sensory perception is an example of 

a behavioural paradigm in which the 

stimulus predicts the response; however, 

responses to external stimuli do not occur 

in isolation. The brain’s state is changing, 

and this affects the process of perception. 

For example, to determine what happens 

with a visual stimulus when it coincides 

with different phases of ongoing brain 

activity, simultaneous EEG and fMRI must 

be recorded.  It has been shown that the 

visual cortex’s BOLD response is lower 

when a stimulus arrives at the peak of an 

alpha signal rather than at the trough [6].
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In addition, Warbrick et al [18] found that the 

P1 component of the ERP reflects changes 

in the sensory encoding of a stimulus and 

this can be used to model sensory encoding 

related BOLD responses, illustrating 

how perceptual measures in the EEG can 

be integrated in the fMRI data analysis.

What is the brain doing when it is not 

performing a task? This is a crucial question, 

because much of the brain’s metabolism 

is responsible for maintaining the brain 

in a state of readiness rather than being 

expended on task execution. For a long time, 

EEG rhythms were the sole window to the 

resting state of the brain. Recent fMRI studies 

have demonstrated the presence of networks 

in the brain that are active during the resting 

state, most importantly the so-called default-

mode network. The connection between EEG 

rhythms and the resting-state networks can 

be established with simultaneous EEG-fMRI. 

For example, it has been demonstrated that 

ongoing brain activity consists of metastable 

microstates that can be distinguished by 

their EEG signatures and are associated 

with certain default brain networks [3]. 

Furthermore, the neuronal activity underlying 

the fMRI resting-state networks can be 

characterised by recording EEG and fMRI 

simultaneously [20]; [19].

An important special case of the resting 

state is sleep. Picchioni and colleagues 

correlated the oscillations in the infraslow 

range (< 0.1 Hz) with fMRI and discovered 

that during sleep the correlation is positive 

in subcortical areas, but negative in cortical 

areas [4]. Sämann and colleagues used EEG 

in the scanner to monitor the different sleep 

stages and to follow the changes in the 

default-mode network through successive 

stages. Brain Products’ BrainVision RecView 

software was used for online monitoring of 

the sleep stages [5]. Recently, EEG-fMRI has 

been used to advance our understanding of 

thalamic connectivity during sleep [15]; [16], 

further illustrating that simultaneous EEG-

fMRI is a powerful tool in sleep research.

Task execution depends on cognitive 

control. During an experimental task 

subjects will monitor their performance and 

adjust it according to feedback. A variety 

of ERP components, such as N2, P3, ERN 

and CNV are known to be cognitive control 

task performance markers. Using the 

single-trial amplitude of those components 

as regressors in fMRI analysis helps to 

dissociate the respective roles of different 

brain networks during cognitive control 

tasks. For example, Karch and colleagues 

looked at the brain areas that correlated to 

the single-trial amplitudes of the N2 and P3 

components of ERPs during the voluntary 

selection stage in a modified Go-NoGo task 

[2]. Using simultaneously recorded EEG-

fMRI, Baumeister et al [17] were able to 

further distinguish cognitive control effects 

on the N2 and P300 and the brain areas 

associated with cognitive control. Scheibe 

and colleagues used the modulation of 

single-trial CNV variation to reveal the brain 

areas that were sensitive to prior probability 

in the stimuli during decision-making [7]. In 

a dual-task study, Hesselman and colleagues 
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used the single-trial P3 amplitude to study 

the networks responsible for the so-called 

psychological refractory period [1]. Other 

applications of EEG-fMRI in recent years 

have involved memory, pain, somatosensory 

perception and ADHD, but the spectrum of 

possible applications is not restricted to 

this list. Your ideas can contribute to the 

field. For our part, we can assure you that 

the equipment you might need is already 

available for you to use.
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The combination of EEG and fMRI opens a 

window into the brain; however, established 

techniques such as electromyography 

(EMG) and galvanic skin response (GSR, 

also known as SCR or EDA) should not be 

dismissed. Accordingly, some preliminary 

studies involving the use of GSR and EMG 

in the MR environment appeared shortly 

after the new BrainAmp ExG MR system (for 

the co-registration of bipolar and peripheral 

signals) was released.

GSR measurement is an essential tool 

in studies of classical conditioning. 

Spoormaker and colleagues measured GSR 

inside the scanner in a fear-conditioning 

paradigm [10]. The increase in GSR was used 

as a marker of successful conditioning. In a 

further application of the same paradigm, 

the authors introduced a period of sleep 

between fear conditioning sessions. GSR in 

conjunction with the fMRI results confirmed 

the hypothesis that REM sleep has a positive 

role in fear extinction [9]. 

Shitara and colleagues recorded EMG during 

TMS stimulation inside the scanner. The EMG 

made it possible to discriminate the sub- and 

suprathreshold TMS activations. Accordingly, 

the authors could demonstrate differences in 

the fMRI responses between sub- and supra 

threshold fMRI activations [8].

Besides this example, other novel 

applications are being tried, e.g. facial EMG 

for monitoring emotions. The increase in the 

inclusion of non-EEG sensors in EEG-fMRI 

studies is an encouraging trend. We at Brain 

Products strongly believe that using auxiliary 

sensors to monitor peripheral physiological 

responses will add weight to the results of 

any fMRI or EEG-fMRI study.
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Our community of customers is highly productive when it comes to publishing quality research. 

We are always happy to hear about the papers our customers publish and we like to feature 

user research in our press releases. In recent years, many cutting edge simultaneous EEG-

fMRI papers have been published by our customers. Here, we present some examples of the 

papers we have featured in our press releases. The user research covers diverse simultaneous 

EEG-fMRI applications and each one advances knowledge in their respective research field: 

EEG-fMRI in pre-term infants (Tom Arichi and Lorenzo Fabrizi, London UK), artefact handling 

and safety in ultra-high magnetic fields (Joao, Jorge, Lausanne, Switzerland), cortical and 

subcortical processing during sleep (Andrew Bagshaw, Birmingham UK), and a trimodal 

imaging approach using EEG, MR and PET (Jon Shah, Ravi Rajkumar and Irene Neuner, Juelich, 

Germany).
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Introduction
During the third trimester of human gestation 

(28 to 40 weeks post-menstrual age (PMA)), 

the brain undergoes a sequence of functional 

and structural maturational changes as 

the cortex and its underlying framework of 

connectivity are established. The importance 

of this period is emphasised by the greater 

risk of adverse neurodevelopmental outcome 

in infants delivered preterm (prior to 37 

weeks PMA) [1, 2].

In animal models, spontaneous bursts of 

synchronized activity (known as spindle 

bursts) play an instructive role in the 

developmental processes that set early 

cortical circuits [3-5]. In keeping with this, 

experimental disruption of the normal 

occurrence and propagation of early 

spontaneous patterned activity leads 

to permanent loss of healthy cortical 

organization [6, 7]. Similarly, neural 

activity recorded in preterm human infants 

with electroencephalography (EEG) is 

characterized by intermittent high amplitude 

bursts which can occur both spontaneously 

and following external stimulation [4, 8, 9]. 

The most common of these events is the delta 

brush, a transient pattern characterised by a 

slow delta wave (1-4Hz) with a superimposed 

fast frequency spindle (8-25Hz) [8]. This 

pattern appears to represent a key marker 

of healthy neuronal development as 

their persistence at term equivalent age 

(or an earlier absence) correlates with 

underlying brain injury and/or adverse 

neurological outcome later in childhood [10]. 

However, despite the common occurrence, 

developmental importance and clinical 

significance of delta brushes, the brain 

structures which generate this hallmark 

neuronal pattern within the developing 

human brain remain unknown.

While the time of occurrence and the scalp 

distribution of a delta brush event can 

User Research Articles
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be readily identified with EEG, the spatial 

localization of its source cannot be inferred 

with certainty just from the electrical potentials 

recorded at the scalp surface. To overcome 

this intrinsic limitation of EEG recording, 

we pioneered the use of simultaneous EEG-

fMRI in human neonates. Recent research 

has explored the direct correlation between 

neural and hemodynamic function in adult 

humans with this method, demonstrating 

the potential insights it can provide in both 

health and pathology. For example, EEG-fMRI 

has been employed to identify the source 

of epileptogenic EEG activity in presurgical 

planning [11], to investigate the association 

between spontaneous EEG oscillations and 

fMRI fluctuations at rest [12] or in cognitive 

neuroscience to localise the source of 

task-related event related potentials [13, 

14]. However, the coupling between resting 

neuronal and hemodynamic activity has 

never been explored in the developing infant 

brain. Here, we provide the first evidence 

that spontaneous patterns of delta brush 

activity in the preterm period are associated 

with significant hemodynamic activity clearly 

localized to distinct regions within the 

developing cortex.

Methods
Participants

Thirteen preterm infants (five females; 

studied between 32-36 weeks post-

menstrual age, PMA) 5-55 days old (23 ± 

17, mean ± SD) from the Neonatal Unit at 

St Thomas’ Hospital, London, participated 

in this study. Informed written parental 

consent was obtained prior to each study. 

All of the research methods conformed to the 

standards set by the Declaration of Helsinki 

and was approved by the National Research 

Ethics Committee.

EEG-fMRI aquisition

MR images were collected during sleep on 

a 3-Tesla Philips Achieva scanner (Best, 

Netherlands). Concurrent EEG recording were 

conducted with a custom-made BrainCap 

MR sized for the head of preterm infant 

containing 26-32 scalp electrodes (EASYCAP 

GmbH, DE) connected to an MR-compatible 

EEG system (BrainAmp MR, Brain Products 

GmbH, DE).

EEG-fMRI pre-processing and analysis

Gradient artefacts caused by the MR image 

acquisition in the EEG were corrected using 

Analyzer 2 software (Brain Products, DE). 

The typical EEG cardioballistic artefacts were 

not present in our neonatal recordings. fMRI 

standard pre-processing was performed 

using FSL (FMRIB’s software library, www.

fmrib.ox.ac.uk/fsl) [15]. Residual motion 

and physiological noise were removed 

with Probabilistic Independent Component 

Analysis [PICA, v3.0]) [16].

Three independent trained observers 

reviewed the EEG recordings and marked the 

occurrence of delta brush events on the same 

software. Events were then labelled based on 

their field distribution and used as separate 

Explanatory Variables (EVs) in the general 

linear model (GLM) of the fMRI analysis to 

generate spatial maps of activated voxels 

at an individual subject level. Only EVs 



containing more than 3 events 

during the acquisition period 

were used for analysis. Individual 

subject activation maps were 

then co-aligned to an age-specific 

neonatal atlas for group analysis.

Results
Simultaneous EEG-fMRI was 

successfully acquired in 10 of 

the 13 infants over a median 

of 7.5 minutes (range: 3.5-10.5 

minutes).

A median of 4.4 delta brushes per 

minute (range: 1.9 – 6.7) with a 

total of 23 distinct topographical 

distributions were found across 

all subjects. However, only 10 

topographies occurred more 

than three times in a given subject and were 

included in the fMRI analysis (Figure 1). These 

covered the parietal, occipital and temporal, 

but not frontal areas of the scalp.

We then found that different delta brush 

topographies were associated with different 

BOLD activity maps at subject level. When 

significant areas of BOLD activity were 

present, this always included at least one 

cluster ipsilateral to the side of the recorded 

delta brush activity. As most of the delta 

brushes in our study consistently occurred 

over the left (n = 78 from 9/10 subjects) and 

right (n = 86 from 10/10 subjects) posterior.

temporal regions, the corresponding single 

subject data were taken forward to group 

analysis. Lateralized posterior-temporal 

delta brush activity was associated on both a 

single subject and group level with significant 

clusters of positive BOLD activity in the 

insular cortex ipsilateral to the delta brush 

activity (Figure 2). Right-sided delta brush 

activity was also associated with significant 

clusters of hemodynamic activity in the right 

superior temporal cortex and extending to 

the right temporal pole (Figure 2).

Discussion
The human preterm EEG is characterised 

by spontaneous neuronal bursts, which 

in animals are known to be crucial for 

cortical development. Here we have shown 

that these are organized into a set of 

spatiotemporal patterns, the most common 

of which has a unilateral posterior-temporal 

scalp distribution in the period equivalent to 

Figure 1. Examples of delta brushes with different topographies 

recorded in the MR scanner and after gradient artefact removal.
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the last trimester of gestation. These bursts 

are associated with ipsilateral clusters of 

hemodynamic activation in the insular cortex 

only and insular and temporal cortices when 

occurring over the left and right hemispheres 

respectively.

As hypothesised, the simultaneous 

acquisition of EEG-fMRI data proved to be 

highly complementary, permitting the source 

localization of the delta brush activity, not 

previously achieved.  By taking advantage of 

natural sleep, we were able to successfully 

record data for analysis in 10 of the 13 

subjects studied. This approach allowed us 

to identify specific developmental patterns 

of spontaneous neural activity with  EEG and 

subsequently link this activity directly to the 

whole-brain  spatial information offered by

fMRI, combining the strengths 

of these two techniques and 

overcoming their individual 

limitations. 

The incidence and topographical 

distribution of the delta brush 

changes across the preterm 

period. Over this period, delta 

brushes can also be elicited by 

external sensory stimuli  [10] 

and their topography is related 

to the stimulus modality: visual, 

auditory and tactile stimulation 

evoke occipital, mid-temporal 

and pericentral delta brushes 

[17-19]. These observations 

suggest that delta brushes with 

different topographies (whether 

spontaneous or evoked) are 

related to distinct brain functions which 

develop in different time frames. Our 

discovery here, that spontaneous posterior-

temporal delta brushes arise in the insula 

and temporal pole, has therefore important 

implications for understanding the events 

underlying brain development in the preterm 

infant.

The mature insula is a structural and 

functional hub with a dense pattern of 

connectivity to almost all other regions of the 

brain, enabling it to play a versatile role in 

a wide range of functions including sensory 

and pain perception, emotion, and cognition 

[20]. As in humans, the insula plays an 

important multisensory role also in adult 

rodents [21]. 

Figure 2. BOLD activity associated with the occurrence of left 

posterior-temporal (L-PT) and right posterior-temporal (R-PT) 

delta brushes.



This function develops in the third postnatal 

week (equivalent to the late preterm period 

in humans) with the maturation of inhibitory 

circuits and an optimal excitation/inhibition 

balance [22], however nothing is known 

about its spontaneous activity as most of 

these kind of recordings have been from the 

primary sensory cortices. Our results suggest 

that it could be important to record from this 

area as it may represent a major source of 

early neuronal bursting activity in rodents as 

well as in humans.

Our findings are of further significance in light 

of the increasing number of studies using 

fMRI to characterize developmental changes 

in resting state functional connectivity and 

task-induced responses in early infancy 

[23]. Despite marked maturational changes 

in early life in the neurovascular coupling 

cascade [24, 25], we demonstrate for the first 

time in this population, a clear association 

between a direct measure of neural activity 

(EEG) and functional hemodynamic activity 

as measured by fMRI. 

This provides the potential to understand 

hemodynamic fluctuations in terms of 

the underlying neuronal rhythms and, in 

particular, to link connectivity measures 

across the two modalities [26]. Although the 

majority of resting state networks at term 

equivalent age are spatially similar to those 

observed in adults [27, 28] their role and 

underlying neuronal processes may differ.

This study provides the first evidence 

that spontaneous bursting neuronal 

activity, and specifically the delta brush, 

is largely generated by the insula in the 

late human preterm period. The insula is a 

phylogenetically ancient part of the brain that 

undergoes dramatic functional and structural 

maturation at this time, preceding that of the 

overlying neocortex. Since the equivalent of 

the delta brush in rodents has an instructive 

function in the normal neuronal maturation 

of the cortex, we propose that the insula 

plays a key developmental role as generator 

of such activity in early human life.
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Simultaneous EEG-fMRI at ultra-high field:    
Artifact prevention and safety assessment
by João Jorge¹,²

¹Laboratory for Functional and Metabolic Imaging, EPFL, Lausanne, Switzerland

²Institute for Systems and Robotics, IST, Lisbon, Portugal

Introduction
Simultaneous EEG-fMRI acquisitions can 

offer valuable insights for the non-invasive 

study of human brain function (Britz et al., 

2010; Gotman and Pittau, 2011; Scheeringa et 

al., 2011). Concurrently, the benefits offered 

by high-field imaging, yielding super-linear 

gains in BOLD sensitivity (van der Zwaag 

et al., 2009), have attracted considerable 

interest towards simultaneous EEG-fMRI at 

higher field strengths (Neuner et al., 2013). 

Unfortunately, simultaneous acquisitions 

are subject to problematic interactions that 

can compromise data quality and subject 

safety. Safety concerns arise due to the 

possible generation of electric currents along 

the EEG wires, induced by the MRI gradients 

or RF pulses (Dempsey and Condon, 2001). 

This is increasingly problematic at higher 

field strengths such as 7T, where the RF 

pulse energy is higher and the wavelength 

becomes smaller than the sample size 

(Eggenschwiler et al., 2012), increasing the 

risk of resonant antenna effects. Regarding 

data quality, high-field acquisitions are 

likewise affected by increasingly stronger 

artifacts. EEG signals are particularly heavily 

degraded by magnetic induction effects, 

with previously less concerning environment 

noise sources, such as the He compression 

systems, exhibiting important contributions 

in recordings at 7T (Mullinger et al., 2008).

Reducing noise during acquisition is crucial 

to improve EEG data quality, especially at 

higher fields. This can be done by reducing 

the areas formed by electrode leads between 

each channel and the reference, thereby 

reducing magnetic induction effects. In 

this work, we assessed the importance of 

EEG cable length and geometry on noise 

sensitivity, at 7T, at the level of transmission 

between the cap and amplifiers. On a 

phantom model, the effects of different cable 

configurations were assessed, with specific 

attention to He coldhead contributions 

(study I). An optimized EEG setup with short 

bundled cables (approximately 12cm from 

cap to amplifiers) was implemented, and 

a series of safety tests were conducted, 

including EM simulations and surface 

temperature measurements on a phantom 

during fMRI acquisition (study II). Finally, 

the setup was employed for simultaneous 

EEG-fMRI acquisition on 5 healthy volunteers 

undergoing an eyes-open/eyes-closed task 

and a VEP run (study III).



Methods
Optimized EEG-fMRI setup

All measurements were performed on an 

actively-shielded Magnetom 7T head scanner 

(Siemens, Erlangen, Germany) equipped with 

a custom-built 8-channel Tx/Rx loop head 

array (Rapid Biomedical, Rimpar, Germany). 

For studies II and III, EEG data were recorded 

using two 32-channel BrainAmp MR plus 

amplifiers and a customized 64-electrode 

BrainCap MR model. The cap was designed 

with shortened leads terminating in two 

connectors at approximately 2cm from the 

cap surface. The cap connectors were linked

to the EEG amplifiers via two 12cm bundled 

cables, with the amplifiers placed just 

outside the head RF array (Fig. 1).

After bandpass filtering (0.016 – 250Hz) and 

digitization (0.5μV), the EEG signals were 

transmitted to the control room via fiber 

optic cables. EEG sampling was performed at 

5kHz, synchronized with the scanner clock. 

Abralyte gel was used to reduce electrode 

impedances. The scanner He coldheads were 

kept in function at all times in study II and 

study III.

Figure 1. The optimized EEG-fMRI setup implemented in this work.
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Study I – EEG cable noise contributions 

This study assessed EEG noise sensitivity 

depending on the length and geometry of 

the ribbon cables connecting the cap to the 

amplifiers. EEG recordings were performed 

on a phantom, without MRI acquisition, both 

with and without the coldheads in function. 

Data were recorded using a single amplifier 

connected via a ribbon cable to an MR-

compatible tester box, which was fixed to the 

phantom (to capture strictly cable-related 

noise contributions). Six cable configurations 

were tested, comprising 3 different lengths 

(100, 50, and 12cm) and 2 geometries: 

the typical flat ribbon configuration, and a 

bundled configuration where all channels are 

bunched together in a cylindrical shape (Fig. 

1d).

Study II – safety testing

Here, a series of tests were performed to 

evaluate the impact of the optimized setup 

(12cm bundled configuration) on subject 

safety and EEG amplifier integrity. EM 

simulations were performed to study the 

effects on B1+ and SAR distributions across 

the head, as generated by the head RF array 

used in this work. The measurement was 

simulated in a realistic human model; EEG 

electrodes, gel, resistors, wire branches and 

connector positions were modeled according 

to the real cap. Temperature measurements 

were conducted on a phantom fitted with 

the EEG cap. Two probes were placed on 

electrodes AF8 and FT9, one in between

the EEG amplifiers, and another above 

the phantom, for reference. Temperature 

fluctuations were assessed during a 

16min session comprising two fMRI runs: 

a sinusoidal GE-EPI sequence (69% of SAR 

limit) and a SE-EPI sequence (91% of SAR 

limit).

Study III – human acquisitions

Human tests intended to assess BOLD and 

EEG data quality using the optimized setup, 

particularly in terms of functional sensitivity. 

Five healthy volunteers underwent an 

eyes-open/eyes-closed run mediated by 

auditory cues, and a VEP run with reversing-

checkerboard stimuli. After acquisition, 

EEG data underwent gradient and pulse 

artifact reduction (Allen et al., 2000; Niazy 

et al., 2005), downsampling, bad channel 

interpolation and re-referencing to the 

average reference. For the eyes-open/closed 

run, data were decomposed via ICA, and then 

reconstructed by manual selection of the 

relevant components. For the VEP run, data 

were first bandpass filtered to 4–30Hz, then 

ICA-decomposed, and finally reconstructed 

by selection of VEP-related components 

(Arrubla et al., 2013). FMRI data analysis 

comprised motion correction, slice-timing 

adjustments, brain segmentation, spatial 

smoothing (2mm) and temporal detrending 

(Smith et al., 2004). The datasets were then 

analyzed with a GLM approach (Worsley and 

Friston, 1995), modeling both paradigms as 

block designs. 



Figure 2. Left: EEG recordings using a 100cm flat ribbon cable, with the He coldheads in function. Right: ave-

rage EEG noise power for different cable configurations, with and without the coldheads in function.

Results
Study I – EEG cable noise contributions

Based on preliminary tests, the patient 

ventilation system was found to produce 

relevant noise contributions at frequencies 

below 30Hz, but could be switched off 

throughout all recordings (Nierhaus et al., 

2013). With the He coldheads in function, 

using a 100cm conventional (flat) ribbon 

cable, most channels clearly displayed a 

stationary noise pattern of high frequency 

oscillations (> 20Hz), with a fundamental 

period of approximately 1s (Fig. 2a). A 

progressive increase in noise amplitude was 

clearly seen for channels running farther 

away from the reference, a trend which 

became greatly attenuated in the bundled 

geometry. Comparing all the tested cable 

configurations, the influence of cable length 

and geometry on noise power was  found 

highly statistically significant, as was the 

impact of coldhead contributions (p < 0.01). 

Over all tested lengths, bundled cables 

yielded reductions of 0.2 – 69% in total 

noise power relative to flat cables, with 

the coldheads OFF, and 43 – 63% with the 

coldheads ON. Conversely, over the two 

geometry types, shortening from 100 to 12cm 

yielded reductions of 44 – 70% in noise power 

with the coldheads OFF, and 58 – 62% with 

the coldheads ON. Overall, the combination 

of cable bundling and shortening (from 100 

to 12cm) led to a reduction of 84% in total 

noise power and of 91% in inter-channel 

noise power variability, with the coldheads in 

function (Fig. 2b).
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Study II – safety testing

In EM simulations, the presence of the 

EEG materials led to a general loss in B1+ 

amplitude of approximately 8.0%. The general 

field distribution was roughly maintained, 

but a number of local accentuated effects 

were observed in superior regions, mostly 

restricted to the scalp. SAR maps expressed 

similar trends, with an overall decrease of 

approximately 7.9%. A few local increases 

could be observed in superior-anterior 

regions, close to the skin, pushing the 

peak value from 0.39W/Kg to 0.43W/Kg 

with the cap. Regarding the temperature 

measurements, during the 16min session, 

temperature increases in either the reference 

probe or the two probes placed on EEG 

electrodes were found to be minimal (below 

1°C). The sensor placed on the EEG amplifiers 

did measure stronger heating effects (from 

21.4 to 27.9°C), although remaining well 

within their operating range.

Study III – human acquisitions

None of the volunteers reported any 

unusual skin heating effects, and the EEG 

amplifiers operated normally throughout all

acquisitions. The ICA-reconstructed EEG data 

from the eyes-open/closed run revealed 

accentuated alpha modulation in occipital 

channels, with clear alpha power increases 

during most of the eyes-closed periods. In 

the fMRI data, significant negative BOLD 

signal changes were detected for eyes-closed 

periods in occipital regions, with average 

signal changes of -3.9% to -3.7%. For the 

VEP run, all subjects exhibited an average 

EEG response in occipital regions dominated 

by a positive peak occurring approximately 

100ms after stimulus onset (Fig. 3a). This 

P100 peak reflected an anterior-posterior 

dipole, dominating the average GFP response 

at the same latency. On a single-trial scale, 

occipital responses were considerably 

noisier. Nevertheless, a trial-by-trial 

regression analysis showed that statistically 

significant responses (p < 0.05) were found 

in 164 – 177 trials out of 312 for this subject 

group. In the fMRI data, significant positive 

signal changes (+3.0% to +3.8%), correlated 

with checkerboard stimulation periods, were 

detected in occipital regions for all subjects 

(Fig. 3b).



Conclusion
The results obtained in this work demonstrate 

important benefits of careful optimization of 

the EEG signal chain for simultaneous EEG-

fMRI. Focusing on the transmission stage 

between the cap and amplifiers, we have 

confirmed that both cable shortening and 

bundling effectively help reducing cable 

noise contributions to large extents. The 

optimized setup exhibited no significant 

safety concerns for subjects or amplifiers, 

the latter probably owing to the use of 

a Tx/Rx head array for more localized RF

transmission. Based on human recordings, 

we conclude that alpha-wave modulation, 

VEPs and the concomitant BOLD signal 

changes can be detected with favorable 

sensitivity at 7T. Overall, setup improvements 

such as those here proposed, together with 

denoising approaches specifically tailored 

for simultaneous EEG-fMRI, steadily aid to 

bring this multimodal approach to 

satisfactory standards of signal quality, 

allowing for the full exploit of the benefits 

offered by high-field imaging.

Figure 3. EEG (a) and fMRI (b) responses to the VEP run utilizing reversing-checkerboard stimulation.
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Understanding how sleep affects the human thalamus            
with EEG-fMRI
by Dr. Andrew Bagshaw, University of Birmingham, Centre for Human Brain Health and School of Psychology

Abstract
We are able to show using EEG-fMRI that 

the functional connectivity of the thalamus 

is generally increased by sleep onset and 

depth, and that sleep has a differential effect 

on sub-divisions of the thalamus. EEG-fMRI is 

a vital tool to understand the impact of sleep 

on cortical and subcortical processing.

Introduction
Since the thalamus is crucial for regulating 

information flow from the periphery to 

the cortex and between cortical regions1, 

alterations to thalamocortical interactions 

are central to the changes to information 

processing and sensory responsiveness that 

are hallmarks of sleep onset. The thalamus 

is also vital for sleep-wake regulation2, and 

a range of sleep-related electrophysiological 

phenomena, including alpha-attenuation 

with sleep onset, sleep spindles, K-complexes 

and slow waves. As such, understanding the 

intricacies of thalamic and thalamocortical 

interactions across the sleep-wake cycle 

is a necessary step in understanding the 

mechanisms by which the behavioural 

manifestations of sleep are accomplished.

In human subjects, this can only be achieved 

using simultaneous EEG-fMRI. Alternative 

approaches such as polysomnography and 

positron emission tomography either do not 

have the sensitivity to deep brain structures 

or the spatiotemporal resolution that are 

needed. EEG data is mainly used in one of 

two ways: (i) to define sleep stages according 

to standard criteria or (ii) to identify the 

electrophysiological transients of sleep. The 

most common use of this information to 

inform the fMRI analysis is either to examine 

how fMRI functional connectivity (FC, a 

measure of time series correlation between 

brain regions) is modified by sleep stage, or 

to perform an event-related analysis based 

on the timings of discharges.

To date no examination of regional variability 

in thalamic FC during sleep has been 

conducted. This is important because the 

thalamus is not a unitary structure, but 

composed of a number of sub-divisions or 

nuclei3. Nuclei have different functions and 

patterns of connectivity with the cortex and 

other subcortical structures, with one of the 

primary distinctions being whether a nucleus 

receives its main inputs from the sensory 

periphery (first order nuclei) or the cortex 

(higher order nuclei). Given the diverse 

behavioural effects of sleep on sensory and 

cognitive processing, regional variability 

in the effect of sleep onset on thalamic 

subdivisions would be expected. 
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We examined this question using a 

parcellation of the thalamus based on FC 

profiles with large cortical regions4.

The MRI scanner is a difficult environment for 

participants to sleep, particularly with EEG. 

Participant comfort, and selecting participants 

who are familiar with MRI and preferably 

EEG-fMRI, can be vital to ensuring as much 

sleep as possible. Even so, we restricted our 

analysis to compare wakefulness (W) with 

non-rapid eye movement sleep stages 1 and 

2 (N1 and N2). We examined thalamocortical 

FC and intra-thalamic FC, the latter both 

between homologous sub-regions across 

hemispheres, and between sub-regions in a 

single hemisphere.

Methods
Data Acquisition

We initially scanned 21 healthy participants 

with no history of neurological, psychiatric or 

sleep disorders. Participants’ habitual sleep 

patterns were monitored for two weeks prior 

to the scanning session using wrist actigraphy 

(Actiwatch 2, Philips Respironics), and 

several questionnaires were used to assess 

participants’ levels of daytime sleepiness, 

fatigue and subjective sleep quality (Epworth 

Sleepiness Scale, Fatigue Severity Scale, 

Pittsburgh Sleep Quality Index).

Scanning commenced around the 

participants’ normal bedtime (between 22:00 

and 00.00), with participants arriving at the 

imaging centre approximately 30 minutes 

prior to the proposed start time to apply 

the EEG. We used a 64 channel BrainAmp 

MR plus system, with data acquired using 

BrainVision Recorder at 5kHz with hardware 

filters at 0.016-250Hz and synchronisation 

with the MR scanner clock via the SynchBox. 

Electrode impedance were below 20kΩ. MR 

data were acquired with a 3T Philips Achieva 

scanner with a 32 channel receive head coil. 

To ensure comfort and minimize movement 

inside the MR scanner, participants’ heads 

were fixated with foam pads. FMRI data 

were acquired in multiple scans of 1250 

dynamics, each taking approximately 42 

minutes (3x3x4mm voxels, TR=2000ms, 

TE=35ms, flip angle=80°, SENSE=2). These 

very long individual scans of 42 minutes 

were used rather than more common scans 

of 10-15 minutes as the cessation and then 

commencement of the scanner noise is 

the most disturbing to participants, and 

most disruptive to their sleep. Cardiac and 

respiratory data were acquired using the 

vectorcardiogram (VCG) and pneumatic belt 

provided by the MR scanner. Participants 

were given minimal instructions, simply not 

to resist sleep, and to signal via the scanner 

call button when they wished to terminate 

the session.

Our final cohort consisted of 13 participants 

with periods of W, N1 and N2 (9 male, 

age 26±4 years). Three participants were 

excluded for failing to sleep, 2 for failing 

to enter N2, 2 for not having any period of 

wakefulness during the fMRI scanning, and 

one for a problem with the volume triggers 

from the MRI scanner which meant that 

gradient artefacts could not be corrected.



Data Analysis

EEG: The role of the EEG data was to provide 

sleep staging information for each subject, 

which could then be used to examine fMRI 

FC according to sleep stage. To this end, 

the gradient and ballistocardiogram (BCG) 

artefacts were removed using template 

subtraction approaches implemented in 

BrainVision Analyzer 2. The R-peak markers 

necessary for the BCG artefact removal 

were taken from the VCG data5. Sleep 

staging was performed by an experienced 

neurophysiologist according to the 

guidelines of the American Association of 

Sleep Medicine6, leading to a single sleep 

stage being associated with each non-

overlapping 30s epoch of data. 

fMRI: fMRI data were preprocessed for FC 

analysis using a combination of FSL and 

custom code written in Matlab. Data were 

motion corrected, physiological artefacts 

reduced using RETROICOR, spatially 

smoothed (4mm Gaussian kernel) and 

temporally high pass filtered (>0.01Hz). 

White matter, ventricular, and global signals 

were regressed, in addition to the six motion 

parameters. Using a previous methodology 

based on FC with cortical regions of 

interest4, the thalamus was segmented into 

five non-overlapping regions predominantly 

functionally connected to temporal (TEM), 

motor-premotor (MOT), somatosensory 

(SOM), prefrontal (PRE) or occipital-parietal 

(OCC) cortical regions (Fig. 1).

Figure 1: (A) cortical and thalamic masks used to define thalamic ROIs using FC, (B) the five thalamic ROIs
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Thalamocortical FC for each sleep-staged 

epoch was calculated as the Pearson 

correlation between the thalamic ROI 

and its corresponding cortical ROI. These 

values were subsequently z-transformed, 

with degrees of freedom corrected using 

the Bartlett correction factor to account 

for autocorrelation, and individual z-maps 

for each sleep stage and cortical ROI were 

combined across participants using a 

random effects analysis. In addition to 

this thalamocortical analysis, FC between 

subregions of the thalamus was investigated 

in two ways. Inter-hemispheric thalamic 

FC was defined between each homologous 

sub-region in the left and right hemispheres 

(i.e., OCC-OCC, etc.), while intra-thalamic FC 

was between pairwise sub-regions within 

a hemisphere and subsequently averaged 

across hemispheres (e.g., OCC-SOM, SOM-

MOT, etc.).



Results
A total of 705 epochs of W, 944 epochs of N1 and 414 epochs of N2 were analyzed. In terms 

of thalamocortical FC (Fig. 2), there was a significant main effect of region (F(4,48)=4.04, 

p=0.007), and a significant interaction between region and sleep stage (F(3.04,36.45)=4.05, 

p=0.014), indicating that sleep onset affected thalamocortical FC differentially across sub-

regions.

This interaction was driven by significant increases in FC from W to N2 in SOM and MOT. For 

inter-hemispheric thalamic FC, there was a significant effect of region (F(1.27,15.28)=78.86, 

p=6.7×10-8) and of sleep stage (F(2,24)=16.23, p=3.5×10-5). For all thalamic sub-regions, 

inter-hemispheric FC increased in a step-wise fashion from W to N1 and then N2 (Fig. 3).

Figure 2: Thalamocortcal FC as a function of thalamic sub-region and sleep stage
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Finally, there was a significant main effect of sleep stage (F(2,24)=20.4, p=6.6×10-6) and 

thalamic region (F(3.25,41.13)=352.8, p=3.0×10-30) on intra-thalamic FC. Generally, intra-

thalamic FC increased from W to N1 to N2, with the strongest effect observed between MOT 

and SOM sub-regions (Fig. 4).

Figure 3: Inter-thalamic FC as a function of thalamic sub-region and sleep stage

Figure 4: Intra-thalamic FC as a function of thalamic sub-region and sleep stage



Discussion
Sleep stages are defined largely by changes 

to scalp EEG activity6, and therefore any 

approach to understand the effect of sleep 

on the brain must rely upon EEG. However, 

scalp EEG is not a sensitive marker of 

sub-cortical activity, meaning that in the 

context of understanding how sub-cortical 

structures such as the thalamus are affected 

by and contribute to sleep onset and sleep 

depth, EEG much be combined with other 

techniques. Integrating EEG with FC analysis 

of fMRI data allows a novel insight into 

these processes, which is difficult if not 

impossible to achieve with other techniques 

with the same level of spatiotemporal 

precision.

We used three measures of thalamic FC 

and found regionally specific effects of 

sleep in all of them, indicating that FC 

is able to uncover diverse changes to 

the thalamocortical system relating to 

sleep. Most notable of our results is the 

observation that the thalamus becomes a 

more functionally homogeneous structure 

as sleep depth increases, potentially 

representing a shift from externally-driven, 

regionally specific connectivity patterns to 

a mode suggestive of more internally driven 

dynamics. This would be consistent with 

the behavioural and electrophysiological 

signatures of sleep, and opens up new 

avenues of investigation for studying 

the sleeping human brain. Intra-thalamic 

FC in particular is an intriguing metric. 

Electrophysiological studies have 

suggested that thalamic nuclei do not have 

direct connections between them, but that 

interactions are facilitated by an indirect 

route involving the inhibitory thalamic 

reticular nucleus (TRN)7. This suggests 

that intra-thalamic FC may be a marker of 

TRN function, which could prove useful in 

neurological and psychiatric disorders such 

as epilepsy and schizophrenia8,9, as well 

as in normal functions such as attention10.

 

There is considerable scope for future 

methodological improvements. For 

example sleep stages, while useful for 

clinical and research applications, are 

an oversimplification11. Within a 30s 

epoch a diverse and complex range of 

dynamic processes are occurring which 

more detailed sleep staging12 can help to 

uncover. This would be facilitated by faster 

fMRI sequences such as simultaneous multi-

slice, which can reduce the time needed to 

acquire a single volume by a factor four or 

more. Similarly, the spatial dimension could 

clearly be improved, and methods based on 

thalamic anatomy, identified using a range 

of MR sequences13–15, would be beneficial. 

These have the advantage that they do not 

rely on the connectivity profile of thalamic 

sub-regions, which is diverse and complex 

even for first order nuclei. The EEG data 

could also be used more fully, for example 

to examine alterations to EEG-based FC in 

relation to sleep stage, thalamic fMRI FC etc.

EEG-fMRI is a vital tool to understand the 

Page 30

User Research Articles



Page 31

User Research Articles

impact of sleep on cortical and subcortical processing, providing a level of spatiotemporal 

resolution that cannot be accessed with other techniques. In particular, questions about the 

role of the thalamus in sleep that were previously the domain of invasive electrophysiology 

can be addressed, but with the advantage of whole brain coverage in human subjects..

[1] Sherman, S. M. & Guillery, R. W. The role of the thalamus in the flow of information 

to the cortex. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 357, 1695–1708 (2002).

[2] McCormick, D. & Bal, T. Sleep and arousal: thalamocortical 

mechanisms. Annu. Rev. Neurosci. 20, 185–215 (1997).

[3] Sherman, S. M. The thalamus is more than just a relay. Curr. Opin. Neurobiol. 17, 417–422 (2007).

[4] Hale, J. R. et al. Comparison of functional thalamic segmentation from seed-

based analysis and ICA. Neuroimage 114, 448–465 (2015).

[5] Mullinger, K. J., Morgan, P. S. & Bowtell, R. W. Improved Artifact Correction for Combined 

Electroencephalography / Functional MRI by Means of Synchronization and Use of 

Vectorcardiogram Recordings. J. Magn. Reson. Imaging 616, 607–616 (2008).

[6] Iber, C., Ancoli-Israel, S., Chesson, A. & Quan, S. The AASM manual 

for the scoring of sleep and associated events. 

Rules, terminology and technical specifications. (American Association of Sleep Medicine, Westchester, IL, 2007).

[7] Crabtree, J. W. Intrathalamic sensory connections mediated by the thalamic 

reticular nucleus. Cell. Mol. Life Sci. 56, 683–700 (1999).

[8] Steriade, M. Sleep , epilepsy and thalamic reticular inhibitory neurons. Trends Neurosci 28, 317–324 (2005).

[9] Ferrarelli, F. & Tononi, G. The Thalamic Reticular Nucleus and Schizophrenia. Schizophr Bull 37, 306–315 (2011).

[10] Halassa, M. M. et al. State-Dependent Architecture of Thalamic Reticular Subnetworks. Cell 158, 808–821 (2014).

[11] Müller, B., Gäbelein, W. D. & Schulz, H. A Taxonomic Analysis of Sleep Stages. Sleep 29, 967–974 (2006).

[12] Ogilvie, R. D. The process of falling asleep. Sleep Med. Rev. 5, 247–270 (2001).

[13] Tourdias, T., Saranathan, M., Levesque, I. R., Su, J. & Rutt, B. K. Visualization of intra-thalamic 

nuclei with optimized white-matter-nulled MPRAGE at 7T. Neuroimage 84, 534–545 (2014).

[14] Gringel, T. et al. Optimized high-resolution mapping of magnetization transfer (MT) 

at 3 Tesla for direct visualization of substructures of the human thalamus in clinically 

feasible measurement time. J. Magn. Reson. Imaging 29, 1285–1292 (2009).

[15] Traynor, C. R., Barker, G. J., Crum, W. R., Williams, S. C. R. & Richardson, M. P. Segmentation 

of the thalamus in MRI based on T1 and T2. Neuroimage 56, 939–950 (2011).

References



Short abstract
Recent efforts have seen advances in hybrid 

imaging, i.e. simultaneous acquisition of 

data from magnetic resonance imaging – 

electroencephalography (MRI-EEG) (Mullinger 

et al. 2011; Neuner et al. 2013) or MRIpositron 

emission tomography (PET) (Wehrl et al. 

2013; Shah et al. 2013). In this work, we 

show the implementation of simultaneous 

trimodal imaging by employing the benefits 

of EEG, to acquire the electrophysiology of the 

brain, simultaneously with PET, to ascertain 

metabolic details, and MRI, to integrate brain 

function and structure. Trimodal imaging 

methodology is presented here for the first 

time, and we have carried out a pilot study to 

highlight its advantages. This article is based 

on recently published work, Shah NJ, Arrubla 

J, Rajkumar R, Farrher E, Mauler J, Kops ER, 

et al. Multimodal Fingerprints of Resting 

State Networks as assessed by Simultaneous 

Trimodal MR-PET-EEG Imaging. Scientific 

Reports 2017;7:6452. doi:10.1038/s41598-

017-05484-w.

Introduction
The human brain is one of the most complex 

and efficient organs in the body. It can 

be functionally segregated into various 

functional networks (Shirer et al. 2012). One 

such functional network is the resting state   

network (RSN), which organises the brain in a 

large-scale cerebral network, in the absence 

of any external stimulation (Biswal et al. 

1995). Among RSNs, the so called default 

mode network (DMN) is widely studied and 

its hubs are found to be most vulnerable to 

neurological disorders (Chételat & Marine 

2013). It has also been found that the 

functional connectivity within DMN has a 

high impact on task performance (Berkovich-

Ohana et al. 2016). The energy metabolism 

of the DMN and its relationship with the 

concentration of the neurotransmitters, as 

well as ist electrophysiological signatures, 

could be potential biomarkers in the early 

detection of neuro-disorders. To date, 

such parameters have been studied using 

neuroimaging techniques via sequential 

Multimodal Fingerprints of Resting State Networks as assessed 
by Simultaneous Trimodal MR-PET-EEG-Imaging
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measurements. However, sequential 

measurement has the major confounding 

factor that the data are recorded at different 

time points and the physiological condition 

of the brain might have altered between 

the different time points. Also, from a 

clinical routine point of view, sequential 

measurement is time consuming and 

requires more human resources. Thus, 

in order to simultaneously measure 

structural and functional information 

via magnetic resonance imaging (MRI), 

metabolic information via positron emission 

tomography (PET) and electrophysiological 

information via electroencephalography 

(EEG), the modalities of MRI, PET and 

EEG have been combined into a single 

trimodal imaging facility in our Institute. 

The simultaneous trimodal facility provides 

high spatial resolution MR images, highly 

molecular specific PET images (depending 

on the radiolabelled tracer used) and high 

temporal resolution EEG signals. By utilising 

the complementary information provided by 

each modality in this novel imaging facility, 

we investigated the DMN region of the brain 

Figure 1: Trimodal set-up. The diagram displays the connections between the various components of the 

simultaneous MR-PET-EEG setup. The components inside the red dotted, rectangular box are inside the RF-

shielded MR room. (Shah NJ, et. al., 2017)



and characterised DMN in healthy male 

subjects using multimodal fingerprints, such 

as functional connectivity via fMRI, energy 

metabolism via 2- [18F]fluoro-2-desoxy-D-

glucose PET (FDG-PET), mean diffusivity (MD) 

via diffusion weighted imaging (DWI), the 

inhibition – excitation balance of neuronal 

activation via MR spectroscopy (MRS), and 

electrophysiological signature via EEG.

Methods
Data Acquisition

In a single imaging session per subject, 

MRI, FDG-PET and EEG data were recorded 

simultaneously from 11 healthy male volunteers 

(age 28.6 ± 3.4) using a 3T hybrid MR-BrainPET 

system (Siemens, Erlangen, Germany). A 

32-channel, MR-compatible EEG system from 

Brain Products GmbH (Gilching, Germany) was 

used for EEG data acquisition. The trimodal 

data acquisition is shown in Fig. 1.

The subjects were instructed to fast 

overnight and to skip breakfast on the day 

of measurement. First, the subjects were 

prepared for EEG recording. An intravenous 

(IV) line was inserted in the right arm of the 

subject to facilitate injection of the FDG tracer. 

FDG tracer (~200 MBq) was injected as a single 

bolus into the subject, while lying in supine 

position in the scanner. Dynamic PET data 

recording in list mode started immediately 

after the injection of the tracer and lasted 

60 minutes. Simultaneously, MR structural 

data and MRS data (in posterior cingulate 

cortex (PCC), medial prefrontal cortex (MPfC), 

and precuneus) were recorded. Exactly 50 

minutes after the FDG tracer injection, eyes 

closed resting state fMRI (T2*-weighted echo 

planar imaging) was measured for about 6 

minutes. Simultaneously during resting state 

fMRI, the EEG data were also recorded using 

BrainVision Recorder (Brain Products GmbH, 

Gilching, Germany).

Data Analysis

MRS: The GABA ratio (to Cr+PCr) and the 

glutamate-glutamine ratio (to Cr+PCr) were 

extracted for each of the three investigated 

voxels (PCC, MPfC and precuneus) and used 

for posterior analyses.

fMRI: Data was pre-processed for motion 

correction, brain extraction, spatial 

smoothing (6 mm FWHM) and high pass 

filtering (100 s). DMN regions were identified 

for every subject via temporal concatenation 

ICA. A group DMN mask was created using 

the mean of the identified DMN regions in 

each subject. Similarly, a non-DMN mask 

was created by subtracting the DMN mask 

from the whole brain mask. Additionally, 

for functional network level comparison, a 

mask of the dorsal DMN (dDMN) and the 

sensorimotor network (SMN) was obtained 

from the 90 fROI atlas (Shirer et al. 2012). 

All four masks (DMN, non-DMN, dDMN and 

SMN) were corrected for grey matter. After 

pre-processing and intensity normalisation 

(grand mean scaling), the mean BOLD signal 

intensity was extracted individually from the 

created masks for each subject.

DWI: Diffusion data were corrected for eddy-

current and motion distortions. The MD maps 

(Basser & Pierpaoli 1996) were calculated for 
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further analysis.

PET: PET data reconstructed between 30 and 

60 minutes after the injection of the FDG 

tracer was used for the analysis. The PET 

images were converted to standard uptake 

value (SUV) maps, accounting for the body 

weight and injected dose of every subject.

EEG: EEG data were partly pre-processed 

using a BrainVision Analyzer 2 (Brain 

Products, Germany). The EEG raw data were 

corrected for artefacts (gradient, ocular, 

cardioballistic). The de-noised data was 

exported to the LORETA-KEY software. The 

distribution of the neuro-electrical generators 

was computed using eLORETA (Pascual-

Marqui et al. 1994) at different EEG frequency 

bands (δ ,θ, α and β).

The mean MD, SUV and neuro-electrical 

generators (from eLORETA) values were 

extracted from the created masks. A 

Wilcoxon-Mann-Whitney (WMW) exact test 

was performed using the SAS software 

(version 9.4) to compare the mean value of 

each parameter in the DMN and the non-

DMN, as well as in the dDMN and the SMN. 

Additionally, bivariate correlation tests were 

performed between calculated parameters 

using the Spearman rankorder correlation 

coefficient.

Results
fMRI: The WMW test showed that the mean 

BOLD signal in the DMN mask was higher than 

outside the DMN mask (Z = 3.94, two sided p 

< 0.001). Similarly the mean BOLD signal in 

the dDMN mask was higher than in the SMN 

mask (Z= 3.94, two sided p < 0.0001).

DWI: No significant differences were found 

between the mean MD in the DMN and in non 

DMN (Z = 1.44, two sided p= 0.15) as well as 

in dDMN mask and in SMN mask (Z = 0.06, 

two sided p = 0.95)

PET: The WMW test showed that the SUV in 

the DMN mask was higher than outside the 

DMN mask (Z = 3.94, p < 0.0001). Similarly, 

the SUV in the dDMN mask and in SMN mask 

(Z = 3.81, two sided p < 0.0001) showed a 

significant difference.

EEG: The WMW test showed a significant 

difference in the electrical sources between 

the DMN and SMN in δ (Z= 3.35, two sided p = 

0.0003) , θ (Z = 3.22, two sided p = 0.0006), 

α (Z = 3.09, two sided p = 0.001) and β–1 (Z = 

2.76, two sided p ≤ 0.0041) frequency bands. 

Such differences were not found in the β–2 (Z 

= 0.2, two sided p = 0.85) and β–3 (Z = 0.98, 

two sided p = 0.33) frequency bands.

The Spearman rank-order correlation did not 

show any statistically significant correlation 

between the MRS parameters (the GABA ratio 

and the glutamate-glutamine ratio) and any 

of the other measured imaging parameters, 

such as BOLD intensity, MD, SUV and 

electrical generators.

The Spearman rank-order correlation shows 

a statistically significant positive correlation 

between BOLD signal intensity and SUV of 

FDG in DMN (rs = 0.77, n = 11, p = 0.0053) and 



dDMN (rs = 0.71, n = 11, p = 0.0146) (Fig. 2).

Discussion and Concludions
Our aim of simultaneously measuring MRI, 

PET and EEG was successfully developed and 

implemented for the first time. This exploratory 

study, using FDG as PET tracer for the trimodal 

study, has demonstrated the feasibility of 

measuring three modalities simultaneously. 

Also, the significant differences observed in 

calculated parameters (BOLD intensity, SUV, 

electrical generators) between DMN and non-

DMN regions during resting state confirm the 

reliability of the results.

Higher correlation between resting state 

BOLD intensity and metabolic activity of 

glucose (accessed via FDGPET) in the DMN 

shows that higher neuronal activation is 

coupled to a higher energy consumption, 

which is in agreement with a study by 

Riedl et al. (Riedl et al. 2014). A significant 

difference was found between the DMN and 

SMN when comparing the electrical sources 

for δ ,θ, α and β-1. These frequency ranges 

play an important role in the long-range 

synchronisation for the effective coupling 

between more remote brain regions (Uhlhaas 

& Singer 2015).

This explorative pilot study in humans has 

the limitations of being based only on a 

small sample size and on the limited number 

of parameters assessed. However, the 

successful implementation of the trimodal 

simultaneous approach is demonstrated 

here in a general context.

In addition to providing insight into basic 

neuroscience questions addressing 

neurovascular-metabolic coupling, this 

trimodal methodology lays the foundation 

for investigating individual physiological and 

pathological fingerprints/biomarkers. These 

then have the potential for supporting a 

wide research field addressing, for example, 

healthy aging, gender effects, plasticity 

and various diseases. In particular, studies 

Figure 2: Correlation plot between normalised SUV uptake of FDG PET and BOLD signal intensity in DMN (right 

side) and dDMN (left side). (Shah NJ, et. al., 2017)
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addressing pharmacological challenges will 

profit from this approach which paves the 

way for the possibility to predict individual 

treatment response in the framework of 

individually tailored medication. This would

have significant benefits for the treatment of 

psychiatric and neurological disorders ranging 

from major depression and schizophrenia to 

epilepsy and neurodegenerative diseases.
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Support Tip

Simultaneous EEG and BOLD fMRI:     
Best setup practice in a nutshell

Acknowledgement
Simultaneous EEG and fMRI experiments 

require careful setup and pilot testing. Here, 

we provide an overview of how to make sure 

you obtain best data quality.

Introduction
The most widely used EEG equipment for 

simultaneous EEG-BOLD fMRI acquisition 

consists of the BrainAmp MR plus, RecView 

and Analyzer 2. Thus, the Brain Products’ 

Technical Support team has great experience 

in helping our customers solve technical 

problems concerning EEG-fMRI studies. 

In this article, we share our experience by 

presenting an overview of the most important 

set up steps for a successful EEG-fMRI 

experiment.

So, off we go ...

We have seen studies where support was 

a particular challenge and the scientific 

outcome was not as good as expected. In all 

of these problem cases one or more of the 

following crucial conditions were neglected:

• Careful experiment implementation 

and porting of the experiment to the MR-

environment

•  Pilot testing at multiple stages of setting 

up the experiment

• Ongoing data quality control as the 

study progresses

• Timely contact with the technical 

support team.

While many review papers on combined 

EEG-fMRI address particular theoretical 

aspects of this methodology, we aim to 

provide a practical overview on planning and 

implementing combined EEG-fMRI studies 

based on our customer support experience 

in the past years.

Successful combined EEG-fMRI studies are 

always the result of systematic, step by step 

implementation and ongoing data quality 

control during the entire study. Ideally, the 

implementation is an iterative process which 

aims to establish a setup maximizing signal 

features of interest while minimizing artifacts 

and noise in a way that offline MR correction 

becomes as simple as possible.

We therefore summarize an optimal workflow 

for avoiding these pitfalls.

Experiment implementation workflow

The implementation should be seen as a  

fixed sequence of three consecutive  steps 

which result in the final study setup.



▸ Stage 1: Establish paradigm and EEG measurement outside of 
the MR environment
The experimental design needs to be established under non-MR conditions in a way that the 

EEG features of interest are reliably obtained.
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Volunteer

The scanner bore is, in many regards, 

different from conditions in the EEG-

laboratory and the potential effect of this 

on your study volunteers should not be 

underestimated. The following aspects 

should be considered with respect to their 

effects on your volunteers’ comfort and also 

their ability to perform the tasks you set 

for them: Stress induced by the unfamiliar, 

narrow environment, body posture and 

distractions from the environment (acoustic 

noise and discomfort also often reduce 

alertness).

Paradigm

Stimulus presentation modalities are likely 

to be different to those used in the lab 

environment. For example, acoustic stimuli 

will be delivered using MR compatible 

headphones/earphones which are different 

regarding loudness and sound quality. Visual 

stimuli will be delivered via a different screen, 

located at some distance from the volunteer 

and may also be viewed via mirror mounted 

on the headcoil. Visibility, luminance, 

contrast, and viewing angle all need to 

be considered. Importantly, the temporal 

precision of stimulation systems is crucial in 

EEG experiments and is more critical than for 

pure fMRI experiments; thus, the precision of 

stimulation event codes (triggers) with regard 

to the actual stimulation needs to be verified 

with appropriate methods. Previous Press 

Release articles on Brain Products StimTrak 

and Photo Sensor demonstrate the principles.

Magnetic field specific artifacts

The presence of the static field adds relevant 

technical noise to all EEG measurements. 

Subject movements (i.e. heart synchronous 

head movements, involuntary head 

movements) and vibrations of technical 

origin (floor, perhaps Helium-pump or bore 

air condition) translate via Faradays law 

into electrical noise. Electrical fields from 

dimmable scanner room lighting, or in rare 

cases, mains noise might add electrical 

noise directly to the EEG. Ideally the noise 

profile of the individual scanner environment 

should be assessed by means of a dummy 

experiment before the first subject is 

measured. The cardioballistic artifact should 

be inspected and its removal tested before 

starting imaging.

Already at this stage, thorough 

implementation is important: Careful head 

immobilization is the most important way 

to reduce the impact of the cardioballistic 

artifact on EEG. For the cardioballistic 

artifact correction is an ECG with a 

▸ Stage 2: Porting the experiment to the MR environment and 
piloting in the static field (B0)
Within this stage there are a number of aspects to consider in relation to the scanner 

environment that fall broadly into three categories: volunteer, paradigm, magnetic field 

specific artifacts.



clearly distinguishable R wave is vital for 

cardioballistic (CB) artifact correction. The 

length of the physical signal path between 

EEG cap and amplifiers must be restricted 

to the correct distance between the magnet 

isocenter and amplifier. Cable swinging 

(vibrations) and propagated cardioballistic 

head movements have to be avoided by 

means of weighting with sand bags and 

tapes. Routing of the cables must be straight 

and in line with the central Z-axis to minimize 

noise further. Depending on the EEG 

frequency band of interest and noise profile 

of the scanner, the helium compressor and 

ventilation systems need to be considered 

and where necessary switched off during EEG 

data acquisition.

Pilot tests in the static field give important 

insights into what needs to be optimized 

for the final experiment implementation 

during functional imaging. It is important 

that the full experiment is carried out: Only 

by running all phases of the experiment 

weaknesses will be discovered. For example, 

sometimes posture turns out to be too 

uncomfortable over the full duration of the 

experiment, involuntary head co-movements 

in response paradigms can add time-locked 

artifacts to the paradigm, or the MR headset 

can induce artifacts in the EEG. There are a 

huge number of unexpected side effects 

which need to be identified and ruled out 

during pilot testing. Subtle inspection of the 

raw data for artifacts and correct handling 

of cardioballistic artifacts must be followed 

by performing the complete data analysis 

pipeline for extracting the feature of interest.

In addition, prior to measuring any data, 

make sure you have the correct workspace 

settings in Recorder for the BrainAmp MR.

Notice that we have not yet run one single 

BOLD sequence. Taking care of the pilot 

testing steps listed above can identify 

problems critical to data quality before we 

even start scanning. If we are familiar with 

what our data looks like in the static field we 

know what data quality we can expect after 

correction of the gradient artifact.
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Once the non imaging related environmental 

factors have been assessed and the 

performance of the stimulation (and 

response) system has been verified, a first 

volunteer pilot comes into consideration.

If the pilot tests in the static field provide 

reliably good data quality, EEG with 

concurrent scanning is the final step of the 

pilot testing. In contrast to the tests in the 

static field, gradient fields and RF pulses 

require particular attention regarding 

patient and equipment safety. Only the Brain 

Products released BOLD sequences must 

be used, cable paths must be straight and 

centered, and only EEG compatible headcoils 

must be used. All electrodes need to be well 

prepared to obtain low impedances.

For the pilot tests in the static field, only 

the stimulation system and EEG-system 

were interfaced. For the first EEG-fMRI pilot, 

there are now two more interfaces between 

scanner gradient system and EEG system 

needed to enable highest EEG data quality 

and a simple straight forward gradient 

correction procedure. The scanner gradient 

system and BrainAmp MR plus interface on 

two distinct levels:

(1) Scanner clock and BrainAmp MR plus 

clock via SyncBox (synchronization level) 

to ensure a phase locked EEG acquisition 

in relation to the switching of the gradients 

during the MR acquisition.

(2) Gradient system and BrainAmp MR 

plus trigger port (volume- or slice trigger 

level). The TR needs to be completely 

stable over time on data point precision 

and volume/slice triggers need to be sent 

accurately. Moreover, slice wise gradient 

correction is facilitated if the following 

conditions are met: TR (volume) and 

TR (slice) are integer multiples of the 

EEG sampling interval (200 μs @ 5kHz). 

Phantom testing provides an insight about 

correct function of interfaces and the 

appropriateness of the sequence timing. 

However, the timing of the stimuli in 

relation to the volume acquisition should 

also be considered. It is important to 

avoid stimulation repetitions time locked 

to the TR. A volume artifact based gradient 

artifact correction would, in this case, 

extinguish all event related EEG patterns.

▸ Stage 3: Piloting EEG and BOLD imaging simultaneously



Support Tip

Once you have successfully performed 

the simultaneous EEG and BOLD fMRI 

measurement, you should correct the data 

for the gradient artifact. You should then 

check that the removal of gradient artifact 

was successful and that the data quality is 

the same as the best data that you recorded 

in the static field. The final steps will be to 

correct for CB artifact and to perform the 

whole data analysis pipeline to retrieve the 

feature of interest. Only when you are happy 

that all of the pilot testing steps have been 

performed satisfactorily, are you ready to 

start your simultaneous EEG-fMRI study.

While the implementation is an iterative 

process, maintenance of optimal data quality 

is a feedback based process. This starts 

already during the recording when the EEG 

is corrected online for gradient and pulse 

artifacts so that the experimenter can rate 

the data quality online and intervene if 

needed. We also advise that you analyze 

your data after each acquisition throughout 

the study. If the data analyses start only after 

the last study subject, acquisition problems 

remain unaddressed, and often cannot be 

fixed in the offline analysis and precious time 

and resources are irretrievably lost.

We hope this article might serve as a 

guideline for successful EEG-fMRI studies 

and helps to prevent common pitfalls. 

However, if you still meet problems, need 

more detailed advice or have problems with 

data correction, Brain Products’ Technical 

Support Team (techsup@brainproducts.com) 

will be happy to help you. By asking for our 

help during the set up and pilot testing phase 

of your experiment you can save yourself lost 

time and lost data.
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professionalBRAINAMP MR

BrainAmp MR and BrainAmp MR plus 
Superior solutions for combining EEG and fMRI

professionalBRAINAMP MR plus

Products for EEG-fMRI / Hardware

The simultaneous recording of combined 

EEG-fMRI in neuroscience is rapidly evolving 

and has received substantial attention. Since 

its inception in 2000 as the first truly MR 

compatible EEG amplifier, the BrainAmp MR 

has remained the gold standard in EEG-fMRI 

recordings.

The extremely high data quality, ease of use, 

long lasting experience of our developers 

as well as the unparalleled scientific and 

technical support made the BrainAmp MR 

amplifier the first choice for researchers 

all over the world. Hundreds of scientific 

publications refer to EEG-fMRI studies 

performed with BrainAmp MR/MR plus 

systems.

The BrainAmp MR/MR plus is a technologically 

superior shielded amplifier, which can 

be taken directly inside the MRI chamber 

and placed in the bore directly behind the 

subject’s head. From the amplifier, the 

digitized signal is sent via fiber optic cable to 

the USB interface located in the control room. 

Therefore, no artifacts are accumulated along 

the way to the outside of the MRI chamber. 

The short length of the electrical cables 

used to connect the electrode cap with the 

amplifier fulfills all safety requirements for 

the subject and, at the same time, guarantees 

an outstanding data quality.

Additionally, the BrainAmp MR plus offers 

multiple hardware signal resolution options 

that are easily selected within the recording 

software. Depending on the recording needs, 

with just one “click” it is possible to switch 

from AC to DC mode acquisition, as well as to 

extend the hardware bandwidth.

These features translate into a multi-

functional, versatile, state of the art 

amplifier that has been used successfully 

for simultaneous EEG-fMRI acquisitions, 

EEG/TMS co-registrations and for EEG/

ERP studies, as well as for Brain Computer 

Interface (BCI) applications.

BrainAmp MR and MR plus systems are 

powered by the rechargeable PowerPack 

battery. Multiple amplifiers can be combined 

to increase the maximum number of available 

channels to 128 for recordings in the MRI 

environment and up to 256 channels for 

laboratory applications.



The increased use of simultaneous EEG-fMRI 

recordings to investigate brain activity very 

quickly led to the need to also co-register 

other types of physiological data such as 

bipolar and peripheral signals. The BrainAmp 

ExG MR bridges this gap and makes the 

recording of bipolar and polygraphic signals 

in the MRI environment a simple procedure.

Exactly like all other amplifiers belonging to 

this product family, the BrainAmp ExG MR 

system can be used inside the MRI chamber 

right next to the subject, thereby keeping 

cable length as short as possible, ensuring 

highest data quality and fulfillment of all 

safety requirements.

The MR usable auxiliary sensors offered by 

Brain Products are powered directly from the 

amplifier which guarantees patient safety 

and product portability. This 16 channel 

amplifier can either be purchased as an 

extension to the BrainAmp MR and BrainAmp 

MR plus, or as a fully independent unit.

BrainAmp ExG MR  
MR Compatible bipolar amplifier with unparalleled design

Products for EEG-fMRI / Hardware
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The SyncBox is a unique tool which 

significantly reduces timing related errors 

and increases the quality of MRI artifact 

correction by synchronizing the clock of the 

recording system with the clock driving the 

MRI scanner’s gradient switching system.

Phase synchronization between the EEG 

equipment and the MRI scanner results in 

temporal stability of the EEG acquisition in 

relation to the switching of the gradients 

during the MR acquisition. This leads to 

significant improvements in MRI artifact 

correction and, therefore, tremendously 

increases the quality of the recorded data.

The SyncBox’s scanner interface and the 

appropriate clock output available in the 

scanner electronics cabinets are physically 

connected by using a galvanic coupling 

device to avoid any potential influence on 

the MR scanner system. 

Hundreds of Brain Products users have 

already chosen this solution and are 

experiencing the added advantage in using 

it together with all major commercial MRI 

scanners available on the market. If you 

would like to optimize your data quality, join 

the crowd!

professionalSYNCBOX

SyncBox

An integral tool designed to boost data quality for concurrent EEG 
and fMRI recordings





Skin conductance (SC) has been one 

of the most employed measures in 

psychophysiological research. As a sensitive 

parameter for emotional and cognitive 

states, stress and pain, SC has also been 

widely used in psychiatric research.

Our MR amplifier development team devised 

an extremely compact but heavily shielded 

DC instrumentation amplifier capable of 

measuring conductance directly using 0.5 V 

constant voltage. Because of this amplifiers’ 

high CMRR properties, the gradient artifact 

emerges remarkably suppressed, so that 

in many cases smoothing is sufficient to 

get a laboratory-like GSR signal. The sensor 

interfaces with the bipolar BrainAmp ExG MR 

via the ExG AUX box and the GSR is recorded 

synchronously with the EEG.

The device meets the highest safety 

standards; it has been tested for electrical 

safety according to IEC 60601-1 and has 

undergone EMC testing according to IEC 

60601-1-2. Add the GSR MR module to your 

already existing BrainAmp ExG MR system 

and record laboratory-standard quality GSR 

during functional MRI!
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Sensors for MR

professionalGSR MR

GSR (Galvanic Skin Response) module for fMRI

Products for EEG-fMRI / Sensors

The increased use of EEG-fMRI has been met 

by an increased demand for simultaneously 

measuring psychophysiological parameters. 

Following our experience in applied EEG-

fMRI research and strict adherence to safety 

guidelines and best practices, we profoundly 

believe that the use of short, resistive 

electrode wires fulfills safety requirements 

rendering it superior to other (MR 

incompatible) solutions currently available 

on the market.

As one of the leading providers for solutions 

in EEG research, we are aware of potential 

safety and noise issues due to galvanically 

connected devices located outside of the 

scanner room. With these considerations 

in mind, we initiated the development of 

completely RF-proof sensors for use inside 

the scanner bore.



The 3D Acceleration Sensor captures 

movements in three dimensions. The module 

is made up of the sensor and a preamplifier. 

Two sensors with cables of different lengths 

are supplied as standard. This is intended to 

ensure that the cables are routed in the best 

possible fashion.

It allows the sensor to be combined with 

other recording modules and the ExG AUX box 

to best meet the needs of the experimental 

design and comply with particular conditions 

in the scanner.

The primary application of the Acceleration 

Sensor is to detect and record movement/

acceleration of the extremities. It is, 

however, also possible to detect blood 

pulse and breathing, technical artifacts 

such as vibrations of the scanner, as well as 

identifying positions.

Products for EEG-fMRI / Sensors

professional ACCELERATION
Sensor

3D Acceleration Sensor MR
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Respiration plays a critical role in the MR 

environment, where it may not only be a 

confounding factor, but also a source of 

related artifacts. It can be linked to movement 

artifacts (due to the mechanical action of 

breathing, physiological alterations (change 

of BOLD signal properties), induced field 

inhomogeneity (change of air volume in the 

lungs can affect the magnetic field locally), or 

interference with the experimental paradigm.

Studies using fMRI show that respiratory 

effects cannot be ignored, given that 

respiration induces great changes in terms 

of artifacts, and different respiratory patterns 

cause different oxygenation and finally 

change the fMRI measured BOLD signal [1].

For this reason, advanced signal processing 

techniques have been developed with 

the goal of eliminating these confounding 

factors. One proposal was the use of 

Independent Component Analysis (ICA) to 

correct and remove structured 

noise [2]. However, recent work 

has shown that ICA alone cannot 

completely remove physiological 

noise from fMRI data [3] and 

moreover that higher order 

fluctuations in respiratory 

patterns induce detectable 

signal changes which can act as 

a confounding factor in research 

related to resting state [4].

Even if advances in data analysis techniques 

can provide better results at the cost 

of greater complexity, these results are 

considerably improved by parallel dedicated 

measurements of the sources of the artifacts. 

An efficient method which exploits parallel 

measurements for artifact correction uses 

acquired respiratory signals to create a 

principal regressor, along with other derived 

regressors obtained with a higher order 

analysis of the signal itself. This approach 

is known as RETROICOR [5]. A higher quality 

and sensitivity of acquired respiratory data 

will lead to an improved quality of all the 

regressors and finally to a higher quality of 

artifact correction and final denoised data, 

independent of the strategy adopted to 

correct for respiratory artifacts.  Towards this 

end, the Respiration Belt MR was developed 

for the acquisition of respiratory signals 

within MR environments (Fig.1).

professional

Respiration Belt MR

a device for parallel respiratory measurements

Respiration Belt MR 
Transducer

Respiration Belt MR

Auxiliary 
Connector 

Cable

Respiration Belt MR Pouch

Figure 1
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Figure 2
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Working in an MR environment imposes 

several constraints ranging from the safety 

and care of the subject to the quality of the 

acquired data. Our solution offers advantages 

for all these factors. The Respiration Belt MR 

is a non-intrusive sensor which is comfortable 

for the test subjects, who may already be 

negatively affected by the fMRI procedure [6].

The compatibility and safety of the 

Respiration Belt MR result from its technical 

characteristics. Namely, it is based on a 

pneumatic technology, unlike most solutions 

on the market. This avoids safety issues 

related to the introduction of electrical 

devices in strong magnetic fields; therefore, 

it is not a source of artifacts for the MR 

imaging, thus preserving the highest data 

quality and ensuring that no noise is induced 

in the MR recorded signal. Extensive tests 

have been carried out with scanners from 

various manufacturers with very satisfactory 

results.

Moreover, we developed our Respiration 

Belt MR with the aim of having a device 

with great sensitivity which can adequately 

follow different types of respiratory acts 

in a robust way. Figure 2 shows a slow and 

deep respiration (black line) and a faster and 

shallow respiration (red line) as measured 

by the Respiration Belt MR: The Respiration 

Belt MR is sensititve enough to follow the 

dynamic of respiratory act over quite a 

wide range. This makes it a powerful and 

sophisticated tool to obtain high quality 

respiratory signals, and thus regressors for 

artifact correction, and also to investigate 

interrelation between physiology and brain 

activity more accurately. The higher sensitivity 

of the belt to respiratory dynamics makes it 

easier and more effective to compute higher 

order regressors describing fluctuations 

of respiration over time. We are convinced 

that our Respiration Belt MR represents 

a very useful instrument for advanced 

research over a wide range of applications 

and we will be pleased to welcome any 

of your further enquires. The Respiration 

Belt MR makes it makes it easier and more 

effective to compute higher order regressors 

describing fluctuations of respiration over 

time. We are convinced that our Respiration 

Belt MR represents a very useful instrument 

for advanced research over a wide range 

of applications and we will be pleased to 

welcome any of your further inquiries.

Products for EEG-fMRI / Sensors
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The PowerPack is an MR usable rechargeable 

battery designed for use with BrainAmp MR, 

BrainAmp MR plus, BrainAmp Standard, 

Brain Amp DC, BrainAmp ExG and BrainAmp 

ExG MR systems.

The PowerPack is the perfect solution for 

safe EEG recordings in the MR. It is also a 

valid alternative to the mains power systems 

for standard EEG/ERP recordings as it fully 

eliminates problems with 50/60 Hz noise. 

The PowerPack can be used for continuous 

acquisitions of up to 30 hours and allows for 

more than 1000 recharging cycles.

PowerPack 
MR usable rechargeable batteries

professionalPOWERPACK
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The techniques behind combined EEG-fMRI 

recordings are constantly evolving, thus so 

are our products.  In order to always meet 

the most up to date safety requirements, the 

BrainCap MR requires ongoing modifications 

to guarantee the highest safety, comfort as 

well as ensure outstanding data quality of 

both the EEG-fMRI recordings. 

All the electrodes in the BrainCap MR are 

fitted with serial current-limiting resistors. 

The electrode cables are routed on the 

outside of the BrainCap MR and are secured 

to the cap so that loops are not formed 

and cable movement is avoided. The drop-

down electrodes (e.g. ECG, EOG, EMG) are 

additionally sheathed in plastic, avoiding 

direct contact with the skin of the test 

subject. Flat electrode holders are used to 

guarantee the comfort of the cap, especially 

when the head of the test subject in supine 

position is resting on the electrodes.

Caps with less than 64 channels contain 

spare electrode holders to compensate for 

gaps between the electrodes. This increases 

the number of contact points between the 

test subjects’ head and the MRI scanner 

head-rest to further decrease discomfort.

professionalBRAINCAP MR

BrainCap MR 
The state of the art cap for combined EEG and fMRI recordings
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BrainVision RecView is an advanced solution 

designed for real-time analysis of data 

received over the Ethernet network via 

TCP/IP directly from the Recorder software. 

BrainVision RecView is widely used for 

EEG-fMRI co-registration to remove both 

the gradient and the ballistocardiogram 

artifact permitting experimental control 

during the scan. The innovative Template 

Drift Compensation algorithm remedies 

template jitter caused by imperfect 

synchronization between the EEG amplifier 

and the scanner clock and thus ensures 

optimal data correction at any time.

By using the same History Tree® concept 

already implemented in BrainVision 

Analyzer 2, RecView can also be used for 

FFT analysis, data filtering, mapping of the 

surface potentials as well as BCI and bio-/

neurofeedback of the incoming data.

The BrainVision Recorder controls all our 

amplifiers, displays and saves the incoming 

data. Various options such as online 

averaging or video integration are available.

Direct output of incoming data on the 

Recorder computer to the network via TCP/

IP protocol to the client computer makes 

BrainVision Recorder a BCI real-time server.

Our market leading complete EEG & ERP 

processing software with more than 20 years 

on the market and in use by labs worldwide 

is self-documenting, easy to use, and comes 

with a variety useful tools. Its unique History 

Tree® structure for analysis and powerful 

features with MATLAB® integration, Wavelet 

analysis, ICA and many more make it the 

perfect tool for analyzing data from nearly 

any EEG amplifier available on the market.

Products for EEG-fMRI / Software

2professional

BrainVision Analyzer 2 
Our answer for today and tomorrow 

professionalRECORDER

BrainVision Recorder 
Easy to use multifunctional recording software

professionalRECVIEW

BrainVision RecView 
Software for real-time data analyses
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