iEEG document text
[bookmark: _Hlk45021967]iEEG is an invasive technique usually performed in a clinical context while undergoing procedures such as brain surgery. 
iEEG allows for the direct recording of electrical activity at the individual cell or cellular cluster-level. Other modalities like PET and fMRI rely upon signals from the biproducts of neural activity such as the BOLD signal in fMRI. Another advantage to iEEG is its extremely high spatial and temporal resolution, as well as its high signal to noise ratio (Mukamel & Fried, 2012). iEEG can provide data about neuronal activity on the millimeter scale in terms of localization and can measure temporal dymanics at the millisecond scale (Parvizi & Kastner, 2018). It can also help us understand the nature of functional activity between different networks or regions of the brain and can determine causality through neural electrical stimulation (ibid).  iEEG is also not prone to artifacts from movement in the same way as regular EEG (ibid). 
[bookmark: _Hlk45023461]However, some limitations must be considered when developing a study around his modality. Because of the nature of iEEG, only patient groups with serious pathology (usually epilepsy) can be sampled, which may limit generalizability of the findings. It is also not possible to cover the entire brain, and study time is often limited to a period in which the participant is admitted to a hospital for observation, often prior to surgery (ibid; Parvizi & Kastner, 2018). Additionally, the type of electrode used relates to clinical necessity and not to the aims of a research project. Because these studies are mostly carried out on patients with epilepsy, the regions studied frequently mirror the focal areas that tend to be common among such patients: the temporal and frontal lobes. Studies on the subcortical regions are rare as a result.  Because studies take place in a hospital, the ability to carry out elaborate research paradigms is limited as well. Lastly, access to this modality is rare and requires the involvement of clinicians trained in iEEG (Parvizi & Kastner, 2018).

Can record local field potentials (LFPs), which are groups of cells firing, or at the individual cell level via action potentials (Mukamel & Fried, 2012)
[bookmark: _Hlk45023615]Two forms of iEEG exist, with the defining feature of each being the type of electrode and its placement. The measurement of electrical activity in the brain using subdural grid electrodes is called electrocorticography (ECoG). Studies using depth electrodes in data collection are referred to as stereotactic EEG (sEEG) (Parvisi & Kastner, 2018).
Types of electrodes used:
· Subdural strips or grids of electrodes (typically platinum-iridium or steel) implanted just under the dura. This type allows for longer study time, as the electrodes usually remain implanted for a longer period (Mukamel & Fried, 2012). These ECoG electrodes are shaped like circular plates and have a diameter of 1.2-3mm (Parvizi & Kastner, 2018).
· Depth electrodes can record electrical activity from deeper brain structures. These electrodes, which record activity from neurons in proximity to the electrode, are inserted into the brain parenchyma. Microwires may also be used from the tip/sides of the electrodes to cover more area in terms of recording (Mukamel & Fried, 2012). Depth electrodes are cylindrically shaped, with a diameter of .86-1.1 mm and a height of 2.29 or 2.44 mm (Parvizi & Kastner, 2018).
· Hybrid depth electrodes (HDE) are another type of depth electrode to record action potentials from specific cells or those adjacent to the electrode.
· Intracortical electrodes are inserted into the cortex and are able to record both action potentials from specific cells and LFP from regions of the brain. 
· Neurotropic electrodes.
· Microdialysis probes can measure neurotransmitter levels and are implanted via depth electrodes, or with the subdural strips or grids (Mukamel & Fried, 2012)
[bookmark: _Hlk45024850]It is additionally possible to stimulate various regions of the brain with the use of some types of electrodes during awake brain surgery for functional brain mapping (Penfield in Mukamel & Fried, 2012). This is usually performed during surgery for epilepsy. Deep brain stimulation (DBS) is a permanent implantation of electrodes for chronic neurological conditions like Parkinsons disease. As these electrodes are implanted, functional studies may be conducted. In some instances, they may be used in iEEG recording for longer periods of time. 
[bookmark: _Hlk45026271]When working with iEEG data, one must be aware of several challenges. Movement artifacts may result from the fact that the patient is hooked up to wires outside. Localization of the electrodes can also prove problematic. 
[bookmark: _GoBack]If one takes structural images prior to surgery, there is a risk that the brain may have moved somewhat in position which may lead to the images no longer registering properly (Parvizi & Kastner, 2018). This can be due to swelling, the craniotomy itself or the number of electrodes (Dalal et al., 2008) Additionally, the electrodes themselves may create artifacts in the data that make localization after implantation difficult, and in MRI, some electrodes which are placed closely together may be difficult to see. A combination of pre-operative structural MRI scans together with photographs taken under implantation of the electrodes and post-operative computed tomography (CT) scans may present one way of addressing this problem (Dalal et al., 2008). 
File Types:
In addition to structural MRI and CT scans, there are several iEEG file types, which vary depending on the system. There is no one single format for iEEG data at present, but iEEG BIDS lists two categories of formats accepted by the protocol: compliant formats and unofficially supported formats. Compliant formats include:
	The European Data Format (.edf)
	Brain Vision Core Data Format (.vhdr, .vmrk, .eeg)
The unofficially supported formats include: 
	Neurodata Without Borders (.nwb)
	EEGLab (.set)
	Multiscale Eletrophysiology Format Version 3 (.mef3)
Unofficially supported formats will pass a bids validator, but may lose support or be upgraded as their use wanes or increases (Holdgraf et al., 2019). 
[bookmark: _Hlk45026633]Researchers at UiO thus far use two systems for data collection: Micromed System (.trc) SEEG depth electrodes and the Neuralynx System grid electrode. You will note that neither of these two formats are BIDS compatible. With Micromeds, it is possible, however, to generate an .edf file. The reason why reasearchers would opt for the previous file formats instead is related to problems that have been encountered with the recording of events.
Neuralynx System file formats and their use:
.ncs single continuous channel file
.nse single electrode waveform file
.nts single stereotrode file
.nst spike timestamps
.ntt single tetrode file
.nev event information
.nrd raw data file with all channels sampled at 32kHx/multiplexed.  
Standard format writes a single file for each channel in the dataset directory. All of the files for these channels can be read at the same time.
http://www.fieldtriptoolbox.org/getting_started/neuralynx/
https://www.ieeg.org/  - Links to datasets and tools for iEEG analysis.
Neuralyx files can be converted to .edf format using the EDF Plus File Convertor: https://neuralynx.com/software/category/file-converters-utilities
Micromed Group homepage:
https://micromedgroup.com/

BIDS for iEEG also requires metadata files which capture the location of electrodes as a _electrodes.tsv file, as well as a description of their coordinate system in a _coordsystem.json file. These files should accompany the neuroimaging files in nii.gz (compressed NIfTI) format, as cortical surfaces or 2-D images (Holdgraf et al., 2019).
Data Transfer
Data transfer occurs using password-protected encrypted hard drives. Both the neuroimaging files and the iEEG data files constitute sensitive information. The neuroimaging files are sensitive in that they capture a participant’s facial features, whereas the iEEG files must be anonymized using an automated process in MATLAB. The files contain the participants’ identifying information up until the point at which anonymization is carried out. The files must be given to the data manager. The neuroimages will be defaced and the iEEG data will be anonymized and placed in the Durable folder in Lagringshotellet. The original neuroimaging data will be preserved in TSD.
Each step in the data processing pipeline also poses a risk of distorting the data (Parvizi & Kastner, 2018).
Common steps in the processing of iEEG data are:
1. Concatenating data files, often across blocks or conditions spanning days.
2. Down sampling the data from 1,000-10,000 to 250-1,000 samples per second. Downsampling may change the temporal resolution.
3. Identification and removal of artifacts, as well as seizure activity. You may need to discard trials in which seizures occurred. 
4. Choosing a baseline for comparison, which is usually (but not always) the pre-stimulus phase.
5. Multiple comparisons. (Parvizi & Kasthner, 2018). 

