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Highlights
• The brain shifts in response to ECoG implantation surgery which can impact the
spatial interpretation of electrode locations.
• The amount of shift in ECoG electrode locations immediately after implant in a
pediatric population was 5.64 ± 3.27 mm.
• This shift was significantly greater with larger estimated intracranial volume, in the
parietal lobe, and on grids compared to strips.
• The shift in ECoG immediately after implantation could lead to a misinterpretation
of contact location particularly in patients with larger intracranial volume and for grid
contacts over the parietal lobes.

Abstract
Interpreting electrocorticography (ECoG) in the context of neuroimaging requires that
multimodal information be integrated accurately. However, the implantation of ECoG
electrodes can shift the brain impacting the spatial interpretation of electrode locations
in the context of pre-implant imaging. We characterized the amount of shift in ECoG
electrode locations immediately after implant in a pediatric population. Electrode-shift
was quantified as the difference in the electrode locations immediately after surgery
(via post-operation CT) compared to the brain surface before the operation (preimplant T1 MRI). A total of 1140 ECoG contracts were assessed across 18 patients
ranging from 3 to 19 (12.1 ± 4.8) years of age who underwent intracranial monitoring
in preparation for epilepsy resection surgery. Patients had an average of 63 channels

assessed with an average of 5.64 ± 3.27 mm shift from the pre-implant brain surface
within 24 h of implant. This shift significantly increased with estimated intracranial
volume, but not age. Shift also varied significantly depending of the lobe the contact
was over; where contacts on the temporal and frontal lobe had less shift than the
parietal. Furthermore, contacts on strips had significantly less shift than those on
grids. The shift in the brain surface due to ECoG implantation could lead to a
misinterpretation of contact location particularly in patients with larger intracranial
volume and for grid contacts over the parietal lobes.
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1. Introduction
Recording electrical activity directly from the brain surface with subdural
electrocorticography (ECoG) has tremendous value in epilepsy surgical, neuroscience,
and developing neurotechnology. As the imaging and electrophysiology methods for
diagnosing epilepsy advance, there is a need for combining information across data
types by localizing intracranial electrodes on imaging data (Bayer et al., 2017). For
example, mapping ictal electrographic activity could be enhanced by overlapping
cortical thickness information derived from MRI in cases of focal cortical dysplasia
(Adler et al., 2017). To take advantage of multimodal information, the relative
locations of the ECoG electrodes to the brain anatomy need to be known. However,

co-localizing post-implant electrode locations on pre-implant imaging data can be
challenging (Bayer et al., 2017; Nimsky et al., 2000). A key challenge for localization
is accounting for brain shift, where the operative placement of the electrodes leads to
temporary deformation of the tissue.
Brain shift is a deformation of tissue that occurs after a brain surgery due to several
factors including brain retraction, cerebral edema, excision of tissue, drainage of
cerebrospinal fluid, and surgical intervention. Average post-surgical brain shifts has
been reported between 3 and 24 mm (Elias et al., 2007; Hastreiter et al., 2004; Hill et
al., 1998; Hinds et al., 2018; Letteboer et al., 2005; Nimsky et al., 2000; Roberts et al.,
1998; Van Rooijen et al., 2013; Yang et al., 2017). In adults, the amount of shift from
different types of surgeries has been shown to be independent of sex, age, craniotomy
size, preoperative ventricular volume, surgery duration, and preoperative diagnosis
(Elias et al., 2007; Letteboer et al., 2005; Roberts et al., 1998; Yang et al., 2017) in
adults. Unsurprisingly, brain shift was found to significantly correlate with volume of
pneumocephalus (an approximation of CSF loss), durotomy size, and resection size
(Elias et al., 2007; Yang et al., 2017). The need to account for brain shift has been
identified in pediatric populations and imaging analysis methods have been explored
(Beare et al., 2016; Ducis et al., 2016; Taimouri et al., 2014; Yang et al., 2017), but no
work has characterized this shift at the cortical surface in children.
The discrepancy in ECoG electrode location due to brain shift at the cortical surface
can impact the interpretation of electrophysiological data and compromise clinical
accuracy of neuronavigation systems (Bayer et al., 2017; Ducis et al., 2016; Nimsky
et al., 2000). The amount of shift and its potential impact in interpreting ECoG
information are unknown in pediatric populations. In this study, we quantify the postimplant shift in ECoG contact location for pediatric patients. Our primary aims are to
determine if the shift is dependent on estimated total intracranial volume (eTIV), age,
or brain cortical region directly underneath the electrode.

2. Methods
2.1. Patients
This was a retrospective analysis of patients who underwent intra-cranial monitoring
with surface ECoG in preparation for resective epilepsy surgery at Phoenix Children's

Hospital (IRB: #17-052). All patients were diagnosed with drug resistant localization
related epilepsy. All surgeries were performed at Phoenix Children's Hospital by the
same surgeon (PDA) from 2014 to 2018. A total of 18 patients ranging from 3 to 19
(12.1 ± 4.8) years old at time of surgery with 11 males, 7 females were analyzed.
(Table 1). Three other patients were identified but not included in the study due to
MRI artifacts from VNS (n = 1) and large previous resections (n = 2).
Table 1. Demographics and surgery information.
SEX

n

Female

7 (39 %)

Male

11 (61 %)

PATHOLOGY

n

Cortical dysplasia

10 (56 %)

Normal parenchyma

4 (22 %)

Tumor(s)

2 (11 %)

Neurofibromatosis

1 (6 %)

Tuberous Sclerosis

1 (6 %)

All patients underwent a craniotomy for placement of brain surface ECoG electrodes
that were configured in a grid (8 × 8, 64 contact grid) or strip (1 × 6 or 1 × 8
configuration) (PMT Corporation, Chanhassen, MN, USA). Contacts were platinum–
iridium alloy electrode disks (4 mm dia.) with inter-electrode spacing of 10 mm. Grids
were sutured to the edges of the dura to prevent movement. After implantation and
tunneling of the wires, each of the electrodes were secured individually in 2 locations
by suturing them to the dura and at the exit sites at the skin. The dura was closed in a
tension-free way using an allograft patch using non-synthetic dura substitute
(Durarepair). The bone was replaced rigidly, fixed with mini-plates and screws. No
drain was used for brain relaxation, though Mannitol (0.25 g per kg) was given every
6 h for 48 h. Some depth/ intraparenchymal EEG wires were placed in addition to
surface ECoG. However, depth electrodes are not expected to have substantial shift
(Dalal et al., 2008; Ivan et al., 2014; Yang et al., 2012) and could not be assessed
using the brain-surface analysis presented here and were therefore not assessed.
2.2. Imaging

Pre-implant 3D T1 MRI images were acquired on a Philips 3 T scanner and
incorporated into standard pre-surgical planning. The pre-implant MRI was
segmented using Freesurfer software (version 6.0) (Fischl, 2012) to generate 3D
models of the pial surface. A 3D mesh surface of the outside of the cortex for each
hemisphere was created (via local gyrification index function (Schaer et al., 2008)).
This smoothed cortical envelope (SCE) of the brain was used to account for the
electrodes sitting above sulci (Blenkmann et al., 2017).
CT scan of the head using bone windows with 3D reconstructions were acquired on a
Phillips Brilliance iCT scanner within 24 h but most often on transport from the
operating room en route to the ICU after implantation of the intracranial EEG
electrodes. CTs were captured at 0.46 × 0.46 × 1 mm and MRIs at 0.51 × 0.51 × 0.9
mm. Patients were supine for both MRI and CT imaging. The pre-implant T1 MRI
and post-operative CT showing ECoG locations were then co-registered with a rigid
body transformation via SPM12 (Wellcome Trust Centre for Neuroimaging, UCL)
(Hinds et al., 2018; Penny et al., 2007). This methodology for image co-registration
between pre- and post- surgery has been validated in children (Beare et al., 2016). Coregistration fit was inspected for all cases. The location of the electrodes on the coregistered-CT images were manually marked based on cluster analysis of the high
intensity values of the metal contacts in the CT using iElectrodes software
(Blenkmann et al., 2017).
2.3. Calculating shift
Shift in electrode location was quantified as the distance between the electrode
locations on the co-registered post-implant CT compared to the pre-implant smoothed
brain surface (i.e. the SCE computed from the MRI). A simple projection of each
contact to the closest point on the SCE would not have taken into consideration the
physical rigidity of the grid/strip configurations (e.g. contact spacing would not be
explicitly maintained during the projection). Instead, electrodes were projected to the
SCE using an algorithm that accounted for the displacement of the electrodes while
minimizing the deformation of the connections between contacts (Dykstra et al.,
2012). This method has been well validated elsewhere, and the algorithm has
demonstrated accuracy to a 0.2mm resolution (Blenkmann et al., 2017; Branco et al.,

2018; Hermes et al., 2010; Stolk et al., 2018). The specific implementation of this
algorithm was part of the iElectrodes toolbox (Blenkmann et al., 2017). Individual
electrodes were removed from the analysis if their location was over an area where the
SCE could not be well computed, e.g. a previous resection.
Compression and shear components of the shift were determined for a secondary
analysis of the electrode offsets. The compression-offset was defined as movement
out from the center of the brain (i.e. the radial component of the projection-vector).
The shear-offset was determined as the component tangential to the compressionoffset.
2.4. Statistics
The amount of shift at each contact was considered in the context of patient age at
surgery, eTIV, lobe under the contact, and if the contact was part of a grid or strip
using a mixed effects model. Additional fixed effects were the days between the presurgical T1 and post-surgical CT and the interaction of age and eTIV. Patient id was
included as a random effect. eTIV was calculated using FreeSurfer (Buckner et al.,
2004). Electrodes were manually categorized by lobe.

3. Results
3.1. Electrode shift
A total of 1140 ECoG contacts were assessed across 18 patients. Patients’ eTIV
ranged from 893 to 2244 cm3 (1404 ± 322). A total of 43 out of 1183 contacts were
removed from the analysis based on their location over small resections/lesions,
crossing hemispheres, or interhemispheric placement. No cases of brain hemorrhage
were found in the post-implant CTs. The number of valid electrodes per patient
ranged from 24 to 83 (63.3 ± 16.7). Electrodes shift ranged from 0.0 to 17.0 mm with
an average of 5.6 ± 3.3 mm shift from the original brain surface immediately after
implant (Fig. 1).
Shift was significantly affected by eTIV (p = 0.038, mixed model), lobe (p < 0.001),
and grid/strip (p < 0.001), but not age (p = 0.926). Fig. 2 shows this relationship

between shift and volume (left) and age (right). Age and eTIV were not significantly
related (linear regression analysis, R2 = 0.14, p = 0.132). Fig. 1 shows this relationship
between age and volume. Contacts in grids had significantly more shift than those of
the strips (p < 0.001) (see Fig. 3). Multi-comparisons analysis by lobe found parietal
contacts were significantly more shifted than frontal and temporal contacts (p < 0.001
Tukey) (Fig. 3). There were no contacts over the occipital lobe in this cohort.
The majority of the electrode offset was due to movement in the direction out of the
brain (i.e. the direction of “compression”). The amount of compression-shift (median
± IQR: 4.9 ± 4.9 mm) was significantly greater than shear (median ± IQR: 1.8 ± 2.0
mm) (Wilcoxon Sign Rank, p < 0.001) (Fig. 4). For 95 % of electrodes the shift was
comprised of ≥ 92.6 % compression. The same statistical relationships were found
when only considering compression as the total-shift, but not when considering shear.

4. Discussion
As expected, ECoG contacts were offset relative to pre-implant imaging. In this
cohort, the location of the ECoG contacts immediately after implant were shifted by
an average of > 5 mm. This shift was just over half the distance between the
electrodes (10 mm), but is relatively small considering typical resection sizes.
However, this offset still needs to be considered as part of the decision-making
process when discussing the potential extent of resection and in the context of
minimally invasive surgeries.
Though most previous studies are focused on the surgical impact of brain shift, most
have reported similar amounts of brain shift. Brain shift was measured at 5.6 ± 1.9
mm 1 h into adult craniotomy procedures just prior to tumor resection (Hill et al.,
1998). Hinds et al. measured 5.4 ± 3.8 mm of ECoG contact offset between preimplant MRI and immediate post-implant CT in 30 adults using related co-registration
methods to ours (Hinds et al., 2018). LaViolette et al. found in 10 adults that ECoG
contact positions move 5.4 ± 1.6 mm over 2.9 days from the time of initial implant
until after the reopening (LaViolette et al., 2011). Though this is not the time period
our study evaluated, this is further evidence that a 5 mm discrepancy should be

considered when relating ECoG contact locations to imaging data. Other brain
structures have also been assessed for shift. Letteboer et al. used ultrasound just after
opening the dura of adults and found an average parallel shift of other dura areas of
3.0 mm and perpendicular shift of 3.9 mm, though they did not inspect the cortex shift
directly (Letteboer et al., 2005). Yang et al. evaluated the shift of white matter tracts
during epilepsy resection surgery in 16 children and found an average white matter
shift in the operative hemisphere of 2.19 mm (Yang et al., 2017). However, they did
not evaluate the shift of the brain surface or the impact of placing ECoG.
Our study is the first to demonstrate that the displacement of electrode contacts after
surgery is dependent on intracranial volume (i.e. eTIV). Of further interest, the shift
was not dependent on age. In our cohort, age was not correlated with intracranial
volume as one might initially expect. This lack of correlation between intracranial
volume and age is likely due to the variability in head size in children and specifically
in patients undergoing epilepsy surgery. Interestingly, the intracranial volume of our
cohort was near that of healthy adults (1404 ± 322 vs. 1469.1 ± 155.79 for 63 healthy
adults 26–55 yo (Buckner et al., 2004)), suggesting that the relationship between shift
and eTIV is not specific to a pediatric population and these results may apply to all
age groups. The dependence of shift on intracranial volume makes sense in the
context of the mechanism that cerebral spinal fluid loss during implant surgery and
the placement of intracranial hardware causes shift and that individuals with larger
intracranial volumes would lose more CSF than those with smaller volumes.
Studies of brain shift from DBS implant for movement disorders have evaluated shift
across the brain and have found significant shift specifically in the frontal lobe. Elias
et al. reported frontal cortex shift average of 3.51 ± 2.02 mm with a maximum surface
shift of 10.9 mm (Elias et al., 2007). Ivan et al. found minimal overall shift due to the
DBS burr hole to be 0.7 mm on average, but the frontal lobe had the greatest shift of
1.4 mm on average and a maximum of 10.1 mm ipsilateral to the burr hole procedure
(Ivan et al., 2014). Surface shift occurs throughout surgery and during recovery, and is
attributable to mechanical tissue properties, loss of CSF, anatomical constraints, tissue
resection and removal, intracranial pressure, time after surgery, and, most importantly,
gravity (Nabavi et al., 2001; Škrinjar et al., 2002). We observed that electrodes placed
in the temporal and frontal lobe shifted less than those in more superior areas (i.e.
parietal). This is consistent with previous findings that show shift occurs less on the

inferior surfaces due to the pressure caused by gravity when the patient is sitting
(Nabavi et al., 2001).
We also found that ECoG strips had significantly less shift than grids. The strips were
inserted to supplement a grid and were placed on the brain surface beyond the edges
of the craniotomy to monitor the inferior temporal lobe or the orbital frontal cortex.
As expected from their placement, gravity prevented greater shifting. Considering that
short ECoG strips are often used for current responsive neurostimulation (RNS)
systems, the shift of 3.10 ± 2.27 mm we found across 111 strip contacts may represent
the shift occurring for RNS.
The temporal dynamics of shift recovery are not well characterized, but it has been
estimated that it takes 3–14 days in adults undergoing DBS implant (Sillay et al.,
2013). We evaluated the electrode shift at a single time point, <24 h post-implant,
because this is 1) when localization data are available in a typical clinical environment
and 2) around the earliest time when iEEG are interpreted. Further movement of the
electrodes is expected during the patient’s monitoring visit and again during a
resection surgery (LaViolette et al., 2011). This further movement of the contacts after
the post-implant CT could provide additional challenges in interpreting contact
locations on pre-implant imaging, especially when considering the impact of the
surgery to reopen the brain for resection. However, this study does not aim to address
this. This study also cannot speak to the cause of the electrode shift. It is possible that
forces were applied to the electrodes or brain between the time of implant and CT that
were unrelated to surgery and account for some of the shift. This was not expected
since there were no events reported that could account for external sources of
electrode movements before the CT (e.g. reopening, trauma, or electrode lead
manipulations). Instead, the goal of this study was to quantify the offset in subdural
electrode locations seen by the epileptologists as they read the EEG during typical
clinical procedures, regardless of the cause. Therefore, this ∼5 mm shift could be
considered the minimum discrepancy between contact location and pre-implant brain
surface.
Accounting for this shift may be of immediate importance when considering advanced
signal processing methods of iEEG that require intensive analysis and are therefore
limited to selected time. For example, 10 min to 2 h of high-frequency oscillations are

typically evaluated during only the first evening after implantation (Cimbalnik et al.,
2018; Gliske et al., 2018; Jacobs et al., 2018). From our cohort, the location of these
data would be misinterpreted by >5 mm on average.
This brain surface shift is relatively minimal compared to typical resection margins,
however, surgeries are becoming less invasive with use of laser interstitial thermal
therapy (Wu et al., 2019), high frequency ultrasound, etc. and more targeted with
neural stimulation (e.g. responsive neurostimulation) leading to a need for
submillimeter localization and interpretation may require a re-assessment to ensure
accuracy. Also, as imaging and electrophysiologic methods are improved, clinicians
need to be aware of potential limitations of interpretation from the techniques they
utilize.
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Figures

Fig. 1. Distribution of ECoG location shift distances across contacts (Left) and
relationship of age to eTIV (Right). Age and eTIV were not significantly related in this
cohort.

Fig. 2. ECoG location shift at each contact compared to age (A) and eTIV (B). Shift was
significantly affected by eTIV but not age.

Fig. 3. Shift distance by lobe and strip/grid categorization. Significantly greater shift
occurred in the Parietal lobe and in grids. Bars represent the mean and error bars are
standard deviation.

Fig. 4. The relationship between compression and shear components of the electrode shift.
There was significantly greater compression than shear. ≥ 92.6 % of the electrode shift was
explained by the compression component for 95 % of electrodes.
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