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ABSTRACT

Objectives: Simultaneous intracranial EEG and functional MRI (icEEG-fMRI) recordings in
humans, whereby EEG is recorded from electrodes implanted inside the cranium during fMRI
scanning, were made possible following safety studies on test phantoms and our specification of
arigorous data acquisition protocol. In parallel with this work, other investigations in our
laboratory revealed the damage caused by the EEG electrode implantation procedure at the
cellular level.

The purpose of this report is to further explore the safety of performing MRI, including
simultaneous icEEG-fMRI data acquisitions, in the presence of implanted intra-cranial EEG
electrodes, by presenting some histopathological and heat-shock immunopositive labelling
observations in surgical tissue samples from patients who underwent the scanning procedure.

Methods: We performed histopathology and heat shock protein expression analyses on surgical
tissue samples from nine patients who had been implanted with icEEG electrodes. Three
patients underwent icEEG-fMRI and structural MRI (sMRI); three underwent sMRI only, all at
similar time points after icEEG implantation; and three who did not undergo functional or sMRI
with icEEG electrodes.

Results: The histopathological findings from the three patients who underwent icEEG-fMRI were
similar to those who did not, in that they showed no evidence of additional damage in the
vicinity of the electrodes, compared to cases who had no MRI with implanted icEEG electrodes.
This finding was similar to our observations in patients who only underwent sMRI with
implanted icEEG electrodes.

Conclusion: This work provides unique evidence on the safety of functional MRI in the presence
of implanted EEG electrodes. In the cases studied, icEEG-fMRI performed in accordance with our
protocol based on low-SAR (<0.1 W/kg) sequences at 1.5T using a head-transmit RF coil, did not
result in measurable additional damage to the brain tissue in the vicinity of implanted
electrodes. Furthermore, while one cannot generalize the results of this study beyond the
specific electrode implantation and scanning conditions described herein, we submit that our
approach is a useful framework for the post-hoc safety assessment of MR scanning with brain
implants.

Keywords:
IcEEG-fMRI safety, brain implants, brain injury, RF heating, histopathology,
immunohistochemistry.
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1. INTRODUCTION

Electroencephalography (EEG) is an important technique capable of recording electrical brain
activity in patients. Intracranial electroencephalography (icEEG) plays a significant role in the
evaluation and planning for the surgery in some patients with drug-resistant epilepsy, and is
considered the gold standard for the localization of the epileptic zone and the surrounding
activity with higher sensitivity and spatial resolution than scalp EEG (Murta et al,, 2014;
Vulliemoz et al., 2010). There are three types of icEEG electrodes: depths, which consist of 1mm
diameter probes with regularly spaced ring-shaped metallic recording contacts placed within
the brain; and subdural grids and strips, which consist of planar arrays (a single row for strips)
of regularly-spaced metallic disk-shaped contacts imbedded in a silicon sheet and placed on
brain’s surface. Depth EEG recording electrodes are similar in design, diameter and materials to
those used for deep brain stimulation (DBS) in movement disorders and other conditions
(Hawsawi et al,, 2017). When appropriate and possible, based on the results of non-invasive
imaging, electrophysiological and clinical evaluations, icEEG offers greater sensitivity and
enhanced localising value for ictal epileptic activities than scalp EEG (Jayakar et al., 2016; Tao et
al,, 2005). Because of its very localized sensitivity profile, particularly in the case of depth
electrodes, icEEG requires the use of multiple implants, an invasive surgical procedure
associated with risks of infection, headache, intracerebral hemorrhage, neurological deficit,
fever, nausea, and infarction (Gonzalez-Martinez et al., 2015; Koubeissi et al., 2009; Yan et al,,
2019). The degree of those complications is attributed to several factors including the number
of electrode implants, the types and (material) composition of electrodes, the age of the subject
and the location of the insertion of the icEEG implants (Enatsu and Mikuni, 2016). The resulting
spatial sampling is an important limitation of icEEG which may be mitigated by combining it
with a non-invasive technique such as functional magnetic resonance imaging (fMRI)
(Vulliemoz et al,, 2011).

Functional Magnetic resonance imaging (fMRI) with simultaneous EEG recording, is a powerful
technique because of its ability to map blood oxygenation level dependent (BOLD) signals
related to events or states observed on the latter (Glynn and Detre, 2013; Goebel and Esposito,
2010). In patients with epilepsy, this technique may help to develop better surgical strategies
(Gonzalez-Martinez et al., 2015) and, more specifically localize the BOLD changes associated
with interictal (Vulliemoz et al.,, 2011) and ictal discharges (Chaudhary et al., 2016). EEG-fMRI
has been used to reveal interictal epileptiform discharge-related BOLD networks which may be
used during pre-surgical planning to improve postsurgical outcome (An et al., 2013; Centeno et
al,, 2017; Coan et al., 2016; Oya et al., 2017; Thornton et al., 2010). Simultaneous icEEG-fMRI, a
more recent development, adds the potential advantage of much greater electrophysiological
sensitivity to fMRI’s whole-brain mapping capability (Carmichael et al., 2010; Chaudhary et al,,
2016; Cunningham et al,, 2012; Murta et al., 2017; Ridley et al., 2017; Vulliemoz et al,, 2011).

The acquisition of any type of MRI data requires excitation of the brain using radiofrequency
signals (Deichmann, 2016), leading to temperature increases (Angelone et al., 2006, 2004;
Carmichael et al., 2010). According to the international safety guidelines, the temperature of the
human tissue in moderate environmental conditions (ambient temperature more than 25°C and
relative humidity above 60%) (MHRA, 2015) should not be increased by more 1 °C and 3.2 W Kg
-1 for the head-average over an exposure of 6 minutes (IEC, 2016). Furthermore, heat-related
tissue damage is a function of exposure time (Sapareto and Dewey, 1984).
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In the presence of metallic, conductive devices such as icEEG electrodes, additional hazards
might arise in the vicinity of the electrodes due to the interaction between the scanner-
generated radio-frequency (RF) electromagnetic (EM) waves and the electrodes’ metallic
components: antenna effects (Carmichael et al., 2010, 2007; Golestanirad et al., 2019, 2017a,
2017b). This mechanism can give rise to excessive local current concentrations with resulting
tissue burns. In addition, the scanner gradients with switching frequencies in the kHz range can
induce currents in loops formed by the electrodes and human tissue, resulting in possible
localized heating (Lemieux et al., 1997). For neurological implants, the recommended maximum
temperature increase is 2 °C ((ANSI-AAMI-ISO-14708, 2012); see (Serano et al., 2015)).

We have previously performed experiments in test phantoms in 1.5 T and 3 T MRI scanners and
to assess the likely increases in temperature in the vicinity of implanted depth electrodes. We
found that when using a fast spin echo sequence, such as used for structural MR imaging, the
temperature increase was in the range +0.3-1 °C when the head RF transmit coil was used in a
1.5 T MRI scanner for a range of circuit configurations and temperature increases of up to 6.9 °C
in the 3 T scanner using the body RF transmit coil, highlighting the need for careful safety
testing and detailed, restrictive scanning implementation protocols (Carmichael et al., 2012,
2010). We concluded that temperature elevation can be kept within the safe limits (below 1 °C)
by using MRI head transmit coil, applying less SAR sequences, and positioning the EEG cables
along the central z-axis with the open circuit configuration rather than the short circuit
(Carmichael et al., 2010). In accordance with guidance (US-FDA, 1998) for ‘off-label’ research
use of medical devices, this evidence was used to obtain local ethical committee approval
allowing us to perform simultaneous icEEG-fMRI investigations into human epileptic activity
(Murta et al,, 2017, 2016; Ridley et al., 2017; Vulliemoz et al., 2011), without incident or
discomfort reported by the patients.

However, the phantom studies we performed, and the feedback obtained from the patients who
subsequently underwent icEEG-fMRI at our centre (and the clinicians involved in their
management), while reassuring do not provide a complete picture of the technique’s safety. In
particular, it is possible that asymptomatic brain damage has taken place that could be revealed
by histopathological examinations (Coffey et al., 2014). Therefore, we wanted to obtain more
direct, a posteriori evidence on the effect of MR scanning while recording icEEG on the human
brain for the first time ever (to our knowledge) taking advantage of the local expertise in the
application of histopathology to the study of post-implantation brain damage (Goc et al., 2014).

In this paper, we report the results of histopathological analysis of tissue in the vicinity of the
icEEG depth electrode implantation in three patients who underwent icEEG-fMRI and compared
with histopathological data from three patients that underwent structural MRI only at a similar
time point following icEEG electrode implantation. We also interpret the findings in relation to a
larger study on the damage caused by the implantation process itself, without exposure to fMRI
(Goc et al,, 2014). Additionally, the expression of heat shock proteins, which are upregulated in
cells in response to stress, such as thermal changes or injuries, and can activate immune
responses through inducing the synthesis of pro-inflammatory cytokines and promoting the
maturation of lymphocytes and dendritic cells (Van Eden et al,, 2005), was investigated to
further study RF-related heating damage around penetrating lesions.
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2. MATERIALS AND METHODS

Nineteen patients with severe epilepsy underwent simultaneous icEEG-fMRI scans for research
purposes at the end of their clinical invasive EEG investigations: All patients in whom
histopathology along the implanted depth electrodes’ paths was available were selected for this
study. Three out of the 19 patients met this criterion: Cases Goc-7 and Goc-10 (histopathology
results were previously reported (Goc et al., 2014), and case NEW-1 (histopathology not
previously reported). These patients also underwent structural MRI (sMRI) with implanted
icEEG electrodes for clinical (implantation localization verification, performed immediately
after implantation) purposes.

In addition, six patients who did not undergo simultaneous icEEG-fMRI scanning were included
in the study as controls: three who underwent sMRI with implanted icEEG electrodes: Goc-5 and
Goc-17 (histopathology results previously reported (Goc et al.,, 2014)), and NEW-2 (not
previously reported); and three who had no sMRI with implanted icEEG electrodes: Goc-15
(histopathology results previously reported (Goc et al., 2014)), NEW-3 and NEW-4 (not
previously reported).

In summary, we have three groups of three cases each, characterized as: icEEG-fMRI and sMRI;
sMRI only; and no sMRI or icEEG-fMRI (Table 1). The details of each patient’s icEEG electrode
implantation are contained in the Appendix. In summary, in 8/9 cases the implantation
comprised a mixture of depth and subdural (grid or strip) electrodes, and one case had subdural
grids and strips only. The number of implanted electrodes ranged from 3 to 8 (mean: 4.9), of
which between 0 and 4 were depth electrodes (mean: 2.1), and 1 and 4 were subdural grids and
strips (mean: 2.8). The mean number of implanted electrodes for the groups ranged from 4.3 to
5.7. The targeted lobes were: temporal (6 cases), frontal (8 cases) and parietal (3 cases). The
ages of the electrode lesions (interval between icEEG investigation and surgical resection)
ranged from a few days to more than a year in all three groups. See Table 1.

2.1. Simultaneous icEEG-fMRI research scans (patients: Goc-7, Goc-10 and NEW-1)
At the end of the invasive EEG monitoring period, the patients were disconnected from the
clinical recording system and taken to the neuroradiology department to undergo a
simultaneous icEEG-fMRI data acquisition as part of a research project on the generators of
epileptic activity approved by the joint UCL/UCLH ethical review committee. The patients gave
written, informed consent to participate in the research.

The patients were scanned using a 1.5T Avanto scanner (Siemens, Erlangen, Germany) with the
head transmit and receive radiofrequency (RF) coil in accordance with our protocol (Carmichael
etal, 2010).

For patients Goc-10 and NEW-1, all implanted electrodes were recorded from during fMRI
acquisitions. These were connected to the MR-compatible amplifiers (BrainAmp MR Plus, Brain
Products, Munich, Germany) using short cables (90 cm long) specifically for the icEEG-fMRI
scanning session, in accordance with our protocol (Carmichael et al., 2012, 2010). For patient
Goc-7, due to the limited number of recording channels of the MR-compatible amplifiers, the
recordings during fMRI were limited to the following electrodes: the two left frontal subdural
grids ((‘G1-01 to G1-64’) and (‘G2-01 to G2-16’)) and two depth electrodes ((‘DA01-DA06’) and
(‘DP01-DP067).
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The icEEG-fMRI scanning protocol consists of:

1) Localizer, 2) FLASH T1-volume (TR 3 s, TE 40 ms, flip angle 90° and Specific Absorption Rate
(SAR): 0.1 W/Kg head average), 3) two 10-minutes gradient echo EPI fMRI scans (TR 3 s, TE 78
ms, 38 slices, 200 volumes 3x3x3 mm, and SAR: 0.1 W/Kg head average) for Goc-7, three 10-
minute gradient echo EPI fMRI scans (TR 3 s, TE 78 ms, 38 slices, 200 volumes 3x3x3 mm, and
SAR: 0.2 W/Kg head average) for Goc-10, two 10-minute gradient echo EPI fMRI scans (TR 3 s,
TE 40 ms, 38 slices, 200 volumes 3x3x3 mm, and SAR: 0.2 W/Kg head average), and two 10-
minute gradient echo field mapping three 10-minute gradient echo EPI fMRI scans (TR 0.8 s, TE
4.92 ms, 38 slices, 200 volumes 3x3x3 mm, and SAR: 0.1 W/Kg head average) for NEW-1.

2.2. Structural MRI scans for implantation localization verification (patients: Goc-7,
Goc-10, NEW-1, Goc-5, Goc-17 and NEW-2)

As part of the clinical invasive EEG monitoring protocol all patients should undergo a sMRI
scanning protocol, using the same 1.5T Avanto MRI scanner, to verify the position of the
implanted electrodes which consists of: 1) Localizer, 2) T1-weighted magnetization-prepared
rapid (MPR) gradient echo volume (TR 1930 ms, TE 3.37 ms, TI 1100 ms, flip angle 15° and SAR:
0.1 W/Kg head average).

This protocol is not performed in some patients in certain circumstances, such as the icEEG
electrodes being too close together as determined by intra-operative X-ray; this was the case for
Goc-15, NEW-3 and NEW-4.

2.3. Histopathology samples

Surgically resected tissue from all cases was retrieved from the Epilepsy Society Brain and
Tissue Bank at UCL Queen Square Institute of Neurology, Division of Neuropathology, UK, and
written consents were obtained from patients prior to the use of tissue for research. Patients
underwent frontal or temporal lobectomy at National Hospital for Neurology and Neurosurgery
(London, UK) as treatment for their refractory epilepsy. Clinical details including the time
interval between icEEG recording and surgical resection are summarized in Table 1.
Immediately after surgery, surgical tissue was fixed in 10% neutral-buffered formalin, and was
macroscopically dissected into 5mm-thick blocks. Tissue blocks were then processed through
graded alcohol and xylene before embedding in paraffin wax. Paraffin-embedded blocks were
sectioned at 5 pm (or 14pum for histological staining) on a microtome (Leica, UK). For
neuropathological assessment, sections from each case were routinely stained using
Hematoxylin and Eosin (H&E), Luxol Fast Blue (LFB), and immunolabelled using neuronal
(NeuN, SMI31, SMI132), astroglia (GFAP), microglia (ibal), myelin (SMI94R), endothelial (CD34)
and immature cell markers (Nestin) following established protocols as previously described
(Goc et al,, 2014) (see Table 2). Images of sections were acquired using a brightfield microscope
connected to a camera (Zeiss Axio Imager 2, Germany).

In addition, immunohistochemistry using antibodies against heat shock protein 60 (HSP60;
1:1000; Cell Signal Technology, UK) were performed on seven cases: Goc-7 and Goc-10 (icEEG-
fMRI), Goc-5 and Goc-17 (sMRI and implanted icEEG), Goc-15, NEW-3 and NEW-4 (icEEG only).
Tissue samples from NEW-1 and NEW-2 were not available for this analysis. Three zones were
defined for this analysis in relation to the position of the injury caused by each electrode: zone 1
(immediate vicinity: 0-350 pm), zone 2 (350-700 um) and zone 3 (remote 22000 pm) as
previously described (Goc et al., 2014).
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For quantitative analysis, HSP60-immunolabelled sections were scanned at 20x magnification
using the whole-slide scanner, AxioScan.Z1 (Zeiss, Germany) and scans were analysed using the
image analysis software, QuPath (Bankhead et al., 2017). For each scan, zone 1, 2 and 3 were
annotated at 2x magnification using the same method as previously described in (Goc et al.,
2014). In brief, the internal border of zone 1 outlined the periphery of the lesion core and the
outer border of zone 1 was 350um away from the internal border thus forming a
circumferential region surrounding the lesion. The internal border of zone 2 followed the outer
border of zone 1 and its outer border was 350um distanced from the internal border of zone 2.
The control region of <2000um?2, zone 3, was sampled as far away from the lesion as possible
within normal-appearing tissue in the same tissue section. For automated quantification,
QuPath was trained to recognise immunopositive labelling within the tissue section using the
positive labelling detection module in QuPath where DAB threshold (positive) was set at 0.08
OD unit and haematoxylin threshold was set to 0.1 OD unit. The percentage area of HSP60-
positive immunolabelling per zone were compared amongst three zones per case and amongst
groups. Statistical tests including Krusal-Wallis and Spearman correlations were performed
using SPSS (v24; IBM, USA; P<0.05) to compare the percentage area of HSP60-immunopositive
labelling amongst zones for each case, and to examine the relationship between percentage area
of HSP60-immunopositive labelling and the age of lesion (days post-lesion).

3. RESULTS

None of the patients who underwent icEEG-fMRI reported any discomfort during or following
the scan.

Electrode penetrating lesions were identified in all cases during neuropathological assessment
of the cases with depth electrodes; we note that the portion of the penetrating lesion length
contained in the samples varies from a cross-section to a significant length, depending on their
relative orientation. Except for case Goc-7, the penetrating lesions studied here were in areas
away from any epilepsy pathology. Noting that the lesion tracts can only be identified
microscopically with confidence after histological/immunohistochemical staining, the gross
appearance of the tissue samples was similar to other epileptic tissue specimens; The same
observation applies to the samples from tissue adjacent to subdural grids.

3.1. Pathology relating to epilepsy

H&E and LFB stained sections showed abnormal cortical lamination and myeloarchitecture in
the frontal cortex of cases Goc-7 and Goc-10. Dysmorphic neurons immunopositive for SMI31
and SMI32, and balloon cells immunopositive for CD34, Nestin, and GFAP were also observed,
mainly at the grey/ white matter border. Dysmorphic neurons and balloon cells are typically
observed in the brains of patients with focal cortical dysplasia type IIB (ILAE classification
system) (Bliimcke et al., 2011). The temporal cortex of case NEW-1 appeared normal, except for
the superior temporal gyrus, which was strongly immunopositive for GFAP and showed
enlarged SMI32 immunopositive neurons and vacuolation of the parenchyma. Infiltration of
inflammatory cells, including microglia was also noted. No marked neuronal loss was observed
in the hippocampus. Tissue from the lesion sample showed patchy immunoreactivity with BRAF
V600, low numbers of Ki67 immunopositive cells, but the presence of many angular cells and
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large dysmorphic neurons. The lesion was negative for IDH1(R132H). Case NEW-1 was likely to
show pathology consistent with a low grade glioneuronal tumour (WHO grade 1).

3.2. Pathology relating to intracranial electrode insertion

The pathologies around intracranial electrode insertion sites observed in cases Goc-7, Goc-10
and NEW-1 were not remarkably different from controls (Goc-5, Goc-15, Goc-17, NEW-2, NEW-3
and NEW-4) or other epilepsy cases who did not undergo simultaneous icEEG-fMRI (Goc et al.,
2014). Surgical tissue from all patients showed microscopic focal lesions characteristic of injury
caused by intracranial subdural or depth electrodes during icEEG.

Focusing on the three cases who underwent simultaneous icEEG-fMRI, the lesion in case Goc-7
was located deeply in the grey and white matter demarcation, while the lesion in case Goc-10
was noted superficially in the cortex. The lesion in case NEW-1 was found in the white matter of
the hippocampus. For cases Goc-7, and Goc-10, the lesions were estimated to be between ten to
13 days old (post icEEG). Lesions in both cases Goc-7 (Figure 1A, B) and Goc-10 (Figure 24, B)
had a necrotic core, infiltrated by numerous inflammatory cells including macrophages,
microglia and lymphocytes which is characteristic of an acute inflammatory response. Increased
cellularity was also observed in the regions immediately around the lesion core (zone 1) and
extending to nearby ‘normal-appearing’ regions of the tissue. The lesion core in case Goc-10 had
the appearance of acellular coagulative necrosis, and the deposition of fibrous materials that
appeared to be strongly eosinophilic on H&E stained sections (Figure 2A).

Many ibal-immunopositive microglia and activated macrophages were observed in the lesion
core and immediate periphery of case Goc-7 (Figure 1C). Most iba-1 immunopositive cells in this
region were enlarged and intensely labelled, and appeared to form focal clusters or aggregates
(Figure 1D). Nestin immunoreactivity was observed around the necrotic core (Figure 1E). Thick,
short ‘strapped-like’ nestin immunopositive fibres and cells were observed in the penumbra of
the lesion (Figure 1F). Endothelial cells in blood vessels around the lesion were also intensely
expressing nestin and CD34. Compared to ibal and nestin immunoreactivities in zone 1, the
expression of GFAP astrocytic processes and soma was observed further away from the lesion
core in zone 2. The necrotic core and its immediate vicinity was generally immunonegative for
GFAP in case Goc-7 (Figure 2C). GFAP immunopositive cells in zone 2 were multipolar and
heterogenous in size. Intensely-labelled GFAP immunopositive processes and cells were
observed perivascularly along the length of blood vessels (Figure 2D). The lesion observed in
case NEW-1 had the appearance of a chronic fibrous scar composed of eosinophilic collagen
fibres. The lesion was estimated to be over year and three months. Inflammatory mediators
were still numerous and visible in the lesion. Similar changes to cellularity and inflammatory
reactions were also observed in the vicinity of the electrode placement sites in control cases.

3.3. Heat Shock Protein 60 (HSP60)-immunopositive labelling

The distance between the centres of zones 1 and 3 was in the range 8.1 to 14.0 mm along the x-
axis (average = S.E.M: 10.3 + 0.7 mm) and 2.4 to 7.6 mm along the y-axis (4.3 = 0.6 mm).

In the seven cases studied for heat-related damage, HSP60 immunopositive labelling was
predominantly observed in the cerebral cortex, particularly in layer I or subpial layer (Figure
3A), and perivascular regions (Figure 3B). In these areas, HSP60 immunolabelling appeared to
be granular, and clustered in the parenchyma and/or perinuclear regions within cells (Figure
3B). HSP60 immunopositive labelling was also observed in regions around penetrating injuries
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caused by icEEG electrode placement (Figure 4A-C, E-G). Intensely immunolabelled neuronal
and glial-like cells as well as endothelial cells were observed near penetrating injuries (zones 1
and 2) in all cases (Figure 4B-C, F-G). Quantitative analysis of HSP60 immunopositive labelling
in all cases revealed significantly higher percentage of HSP60 immunolabelling in zones 1 and 2
than in the remote region, zone 3 (p=0.006, p=0.042 respectively; non-parametric Kruskal-
Wallis test; Figure 5). No significant correlation was observed between the percentage of HSP60
immunolabelling in each zone and days after injury (P>0.05). Qualitatively, no marked
difference in HSP60 immunolabelling was observed in any of the zones between the cases that
underwent simultaneous icEEG-fMRI than controls.

4. DISCUSSION AND CONCLUSIONS

The combination of the clinical and scientific importance of MRI and increased use of brain
implants in patients with neuronal diseases raises the level of interest in the safety aspects of
performing MRI in the presence of invasive devices (Erhardt et al., 2018). We investigated the
possibility of additional cellular damage caused specifically by exposure of the brain to the
radio-frequency electromagnetic waves used in MRI scanning in the presence of indwelling
metallic implants, namely intracranial EEG electrodes (depth, and subdural grids and strips)
used for the pre-surgical evaluation of patients with severe epilepsy. In this retrospective study
we examined tissue from surgical samples in a group of patients who took part in a research
project focused on mapping the changes in blood flow associated with epileptic discharges
recorded invasively as measured using functional MRI (Carmichael et al.,, 2012; Chaudhary et al,,
2016; Murta et al,, 2016; Vulliemoz et al;, 2011).

In summary, we found that the pathology observed in three patients who had undergone
simultaneous icEEG-fMRI for research purposes was not remarkably different from other
epilepsy cases who had not undergone icEEG-fMRI, or not undergone any MRI with implanted
icEEG electrodes (as performed as part of our clinical procedure for localization purposes), in
line with our previous findings (Goc et al., 2014; Liu et al., 2012; Stephan et al,, 2001). These
results also provide new histopathological evidence on the risks associated with performing
sMRI for icEEG electrode localization verification. Namely, that the findings for the three cases
in the sub-group who underwent sMRI only were unremarkable (same inflammatory reactions)
compared to those who did not undergo any MRI with icEEG electrodes.

Up to now, the safety of MR scanning in the presence of intracranial leads, and in particular the
issue of RF-induced heating, has been investigated prospectively (i.e. prior to application in
living subjects) mostly using two methodologies: temperature measurements in test objects (gel
phantoms and animal cadavers) and computational simulations. Such studies, such our own in
gel phantoms (Carmichael et al., 2010, 2008), are typically performed in advance of MR
scanning of human subjects with the implants to obtain evidence on the level of risk posed by
the scanning. This evidence can then be used to establish the feasibility and conditions under
which application in humans can be performed with an acceptable risk level, as was done in
advance of the acquisition of the MRI data considered in the present work (Carmichael et al.,
2012). In addition, there have been retrospective reviews aimed at identifying complications
resulting from MR scanning of patients with implants for clinical purposes (Davis et al., 1999;
Erhardt et al., 2018; Larson et al., 2008; Nazzaro et al,, 2010; Weise et al., 2010; Zrinzo et al,,
2011). For deep brain stimulation (DBS) and recording electrodes of the type studied here,
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those have shown a very low rate of adverse incidents. The present study is in line with this
approach, but focused on histopathological findings, by capitalising on an ongoing investigation
at our institution on brain damage caused by implantations (notwithstanding MR scanning). The
retrospective study of tissue samples as performed here, is complementary to, and we suggest
may even be more sensitive to certain forms of tissue damage due to localised heating, than
clinical and radiological evaluations.

The sMRI and icEEG-MRI scans took place at the start and the end of each patient’s clinical
icEEG investigation (implantation and monitoring), respectively. Most of the implantations
considered here consisted of mixed depth and subdural electrodes, with an average of 4.9
implanted electrodes. We note that in terms of the types and number of electrodes, these
correspond well to the configurations tested in our phantom work (Carmichael et al., 2010,
2008). While it is suspected that the risk associated with MR scanning of patients with brain
implants is a function of the implantation configuration (i.e. the number and position and
orientation of the electrodes), no systematic study of this effect has been published to date.
Furthermore, it is difficult to assess how representative of our implantations are of the wider
practice as detailed descriptions of icEEG electrode implantations for epilepsy are not available
in the literature, and we hope that this report will provide some impetus in this regard. Given
these limitations, icEEG-fMRI is performed at our centre following a strict protocol (Carmichael
etal, 2012), and in particular no MRI (of any kind) can be performed in cases with electrodes
found, or suspected, to be in contact with each other based on a post-implantation X-ray or CT.
Furthermore, this research project is the subject of a prospective safety monitoring programme,
as part of which we request that the surgeons, when proceeding to respective surgery in cases
with subdural strips and grids, to carefully examine the visual aspect of the surface of the cortex
for any sign of additional damage around the electrodes and leads, such as discolouration. The
patients’ general neurological condition is monitored for any sign of adverse effects potentially
associated with the research scan. Up to now, with 19 patients having undergone icEEG-fMRI,
no such adverse effect has been observed. As a further step in this monitoring process, and
following our previous work on the effects of icEEG electrode implantation (Goc et al.,, 2014), we
wanted to examine the possibility of any effect specific to fMRI scanning in presence of
indwelling icEEG electrodes at the cellular level. Three of 19 patients satisfied the selection
criteria and were included in the present study.

In this study, a number of immunohistochemical markers were used to examine neuronal cell
loss (NeuN, SMI31/32) and myelin changes (SM194), vascular damage (CD34) and inflammatory
response (astrogliosis (GFAP), microgliosis (Ibal) and immature cell/pericyte stimulation
(Nestin)) around the vicinity of the lesion (see Table 2 and Methods Page 13 L38-42). The
pathological changes around vicinity of the lesion as detected by immunohistochemistry were
typical and as expected of injuries caused by invasive depth electrode placement as reported in
our previous studies (Goc et al., 2014; Reeves et al.,, 2019) as well as by other researchers (Fong
etal, 2012). We did not observe any additional pathologies around penetrating lesions in brain
resections from patients who underwent simultaneous pre-surgical MRI and EEG investigations
compared to control groups.

To further explore potential thermal-related injuries to brain tissue around electrodes in
patients that underwent simultaneous MRI and EEG, immunohistochemical investigation of heat
shock proteins (HSP) were performed. HSP are inducible by thermal and oxidative stress and
they maintain protein homeostasis through regulating protein folding and removal of misfolded
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aggregates during stress (Stetler et al., 2010). HSP60 is one of the most evolutionarily conserved
HSP, and it is upregulated in response to heat shock as well as oxidative stress and DNA damage
in the mammalian brain (D’Souza and Brown, 1998; Sarangi et al., 2013; Sharma et al,, 2007).
Little is known about HSP60 expression in the epileptic human brain; however, a previous study
using limbic model of Temporal Lobe Epilepsy found elevated level of HSP60 in the
hippocampus (including regions where stimulating and recording electrode placements were
placed) of test and sham animals (with electrode placement but no stimulation) compared to
control rats (Gammazza et al.,, 2015). In this study, HSP60 expression was higher in brain
regions closer to the lesion compared to control (zone 3) but no remarkable changes were
noted between groups.

The main limitations of this study are the following: First, this study contains a small number of
patients due to the fact that these types of fMRI studies are rarely performed (with a total of 38
scans reported in the literature since 2011) and it is very difficult to obtain samples of the brain
tissue post-icEEG implantations. The additional selection criterion of histopathology being
available along the implanted depth electrodes’ paths further increases the difficulty of
collecting the kind of evidence we sought. This number is small because other patients either
did not have icEEG electrodes or did not proceed to surgery or had surgery, but resections did
not include brain regions in which icEEG electrodes were implanted. Second, while RF-induced
heating damage may be spatially inhomogeneous, the same sampling procedure was followed as
in (Goc et al,, 2014), and therefore is limited to the immediate vicinity of the implanted
electrodes. This is due to the focus of the ongoing study in our centre on the impact of icEEG
electrodes implantation on the surrounding tissue, and for which the tissue samples were
collected (Goc et al, 2014). Therefore, we only investigated the expression of heat shock protein
immediately around the area of injury. Also, while the extent of tract necrosis may be an
indicator of the severity of injury, this was not quantified. Third, the pathological assessment
presented here is an ex vivo assessment of resected materials, and other studies have reported
pathological changes associated with icEEG (Fong et al., 2012). It is unknown whether further
brain damage takes place in vivo, as a result of invasive EEG to the brain of patients. However,
according to our experience of imaging 19 patients implanted with icEEG using fMRI, no other
complications have been observed or reported. Finally, spatial coverage provided by the
pathology slices is incomplete and therefore some damage may have been missed. In particular,
it is possible that the slices did not capture possible damage due to their specific orientation in
relation to the electrode trajectories. We hope that this work may encourage other studies of
existing tissue samples from subjects who underwent MRI with implants.

While this investigation is not a substitute for preparatory safety evaluations (as were
performed previously to the present data being acquired (Carmichael et al., 2010; 2012)), we
suggest that data derived from human in-vivo experiments following prospective evaluation
such as presented here is rare and valuable. Furthermore, phantom tests and/or computational
simulations such as those recommended for off-label use (as was the case for the acquisition of
the MRI data described here), or legally required for device commercialization regulatory
approval (e.g. FDA), have their own limitations - they are models of very complex systems that
require validation. In this context we believe that this work, despite its limitations in terms of
sample size and generalization, provides a methodology and concrete and particularly direct
evidence relevant to this issue, and might encourage others to undertake similar studies
prospectively, at the earliest possible opportunity.
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In conclusion, despite the limitations of MRI safety testing in phantoms that lead us to perform
functional MRI in the presence of implanted EEG electrodes, we now provide histopathological
and heat shock protein expression evidence to the effect that following our strict protocol, as
performed in our centre at 1.5T using our low-SAR (<0.1 W/kg) scanning protocol and head
transmit RF coil (Carmichael et al., 2012) did not result in significant additional brain damage in
the cases studied. While it is not possible to generalize the results of our study, we believe that
our methodology constitutes a useful framework for the post-hoc monitoring of MR scanning in
the presence of brain implants, and could, in the hands of other investigators, provide a growing
body of empirical evidence against which the traditional preparatory safety assessment work
(i.e. theoretical, and phantom and computational experiments) should be assessed.
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Table 1. Imaging, clinical details and HSP60 test status of cases. The cases are stratified into three sub-groups defined based on the combination
of types of, or absence of, MRI imaging in the presence of implanted icEEG electrodes. The age of icEEG lesion in each case was recorded as number
of days post injury (DPI; interval between electrode implantation and tissue resection). The area of icEEG lesions ranged from 0.69 to 2.81mm?2
(average£S.E.M., 1.57mm?2+0.30). Tissue samples were not available for HSP60 labelling for cases New-1 and New-2. * Underlined: tissue-sample
electrode(s).

F: Frontal; T: Temporal; P: Parietal. DNT: Dysembryoplastic neuroepithelial tumor; ET: Electrode track; FCD: Focal Cortical Dysplasia; HS:

Hippocampal sclerosis; LGG: Low grade glioneuronal tumor; SG: Subdural grid lesion; -: No significant pathology. WG: WHO Grade.

Age at . Age (DPI) and
. . surgery Implanted icEEG type of Location of | Underlying | HSP-60 test
MR imaging Case electrodes
(years) (lobe)* electrode- resection pathology | performed?
/ gender related lesion
2 depths (F)
Goc-7 | 34/F 2 grids (F) ég Fc?rrtl(:il FCD 1B Yes
2 strips (F)
g 2 depths (F) 13 Frontal
Yes Goc-10 29/M 2 grids (E, P-T) G cortex FCD IIB Yes
Temporal
Structural MRI New-1 45/M 22 li_?il;t[%}(;'ll‘) 26,1,1 white (\EIV%GI) No
Simultaneou with g ’ matter
s icEEG- implanted | Yes
) 2 depths (T)
fMRI? icEEG Goc-5 23/F 1 grid (T) ég Tem‘;“al - Yes
electrodes? 1 strip (T) cortex
Temporal
4 depths (T) 301 . HS and old
No Goc-17 34/M 1 strip (F) ET white contusions Yes
matter
4 depths (T) 385
New-2 55/M 2 grids (T) ET Temporal - No
2 strips (F)
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Age at . Age (DPI) and
MR imagin Case surgery lmg}:lcl::: dl;fEG type of Location of | Underlying | HSP-60 test
ging (years) electrode- resection pathology | performed?
(lobe)* X
/ gender related lesion
1 depth (F 209 Frontal
Goc-15 52/M 1 grid (F) ET white FCD IIB Yes
1 strip (P) matter
2 grids (F) 3 Frontal
New-3 49/M 2 strips (F) SG cortex DNT Yes
. Epitope/labeling pattern in normal Pre-treatment, Antibody
Antibody (source) cortex dilution (mins, temperature)
No
2 depths (F)
New-4 | 23/F 2 grids (F) EGT Fcro"r‘t‘;il ; Yes
2 strips (F-P)

Table 2. Protocol for immunohistochemical study. Antigen retrieval buffers (buffers used in auto-immunostainer is in italics): ENZ1, Bond
enzyme concentrate and diluent (Leica, Milton Keynes, UK); ER1, Bond citrate-based buffer (Leica, Milton Keynes, UK); H-3300 Vector’s citrate-based

buffer pH6.0 (Vector Lab, Peterborough, UK). Suppliers: EMD Millipore, Watford, UK; Sternberger, Maryland, US; DAKO, Cambridgeshire, UK; Abcam,
Cambridge, UK; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan.

RT: room temperature; ov: overnight.
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NeuN (EMD)

Neuronal nuclear antigen/neuronal
nuclei and cytoplasm

ER1, 1:2000 (20, RT)

SMI32/31 (Sternberger)

Neurofilament (non-
photosphorylated and
phosphorylated 200kDa proteins)

1:500 (20, RT)

GFAP (DAKO) GFAP/astrocytes ENZ1, 1:2500 (20, RT)

SIM94 (Sternberger) Myelin basic protein ENZ1, 1:2000 (20, RT)
Ionized calcium binding adaptor

Ibal (Wako) molecule 1 protein expressed in H-3300, 1:1000 (ov, 40°C)
macrophage and microglia

D34 (DKAO) Stem cell marker/endothelial cells, 1:50 (20, RT)

glioma

Nestin (Abcam)

Intermediate filament;
developmentally regulated /expressed
in stem cells and radial glial

H-3300, 1:1000 (ov, 49C)
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Appendix: Details of the icEEG electrode implantations
Patient Goc-5 (sMRI only) underwent the following implantation of four electrodes:

Two 6-contact depth electrodes (Ad-Tech electrode type SDO6R-SP05X) were inserted,
one into left amygdala and labeled LA1 to LA6 and the other into left hippocampus and
labeled LH1 to LH6 (spacing: 5mm);

One 32-contact subdural grid (Ad-Tech electrode type FG32A-SP10X) was placed over
the left lateral temporal lobe, mostly infra-sylvian in such a way that contact number 1
was oriented in the anterior/superior position whilst the last contact number 32 was
oriented in the posterior/inferior position. The grid positions were labeled G1 to G32
(spacing: 10mm);

One subdural strip with 6 contacts (Ad-Tech electrode type MSO6R-IP10X-0JH) was
placed as a unilateral implantation in the left basal temporal region (close to contact
G29). The strip contacts were labeled AT1 to AT6 (spacing: 10mm).

Patient Goc-7 (icEEG-fMRI and sMRI) underwent the following implantation of six electrodes:

Two depth electrodes: a 6-contact (Ad-Tech type SDO6R-SP05X) inserted in the left
frontal lobe and labeled as DA.01 to DA.06 and a 4-contact (Ad-Tech type SD04R-SP05X)
inserted posterior to DA in the left frontal lobe and with contacts labeled DP.01 to DP.04
(spacing: 5mm);

Two subdural grids: one 8x8-contact grid (Ad-Tech electrode type FG64C-SP10X-0C6)
placed in the left frontal lobe; contacts labeled G1.01 to G1.64; and a 2x8 contact grid
(Ad-Tech electrode type FG16A-SP10X) implanted sub frontally; with contacts labeled
G2.01 to G2.16 (spacing: 10mm);

Two 6-contact subdural strips (Ad-Tech type ISO6R-IP10X-0JH) were placed over the
left frontal pole with contacts labeled S1.01 to S1.06 and S2.01 to S2.06 respectively
(spacing: 10mm).

Patient Goc-10 (icEEG-fMRI and sMRI) had four implanted electrodes:

Two 4-contact depth electrodes (Ad-Tech type SD04R-SP05X) inserted in the left
superior frontal sulcus; labeled DA-01 to DA-04 and DP-01 to DP-4, respectively
(spacing: 5mm);

One 8x8 contacts subdural grid (Ad-Tech type FG64C-SP10X-0C6) placed in the left
lateral frontal region, covering the superior and middle parts of the inferior frontal
gyrus, pre-central gyrus, central sulcus and part of the post-central sulcus; contacts
labeled G1-01 to G1-64 (spacing: 10mm);

One 2x8 contacts subdural grid (Ad-Tech type FG16A-SP10X) positioned in the left
parieto-temporal and post-central regions; with contacts labeled G2-01 to G2-16
(spacing: 10mm).
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Patient Goc-15 (no sMRI or icEEG-fMRI) had three implanted electrodes:

One 6-contact depth electrode (Ad-Tech type SDO6R-SP05X) was placed through the
grid (see below) into the left frontal region and labeled D1 to D6 (spacing: 5mm);

One 48-contact subdural grid electrode (Ad-Tech type FG48G-SS10X-000) was placed
over the left frontal region; contacts labeled G1-G48 (spacing: 10mm);

One 6-contact subdural strip (Ad-Tech) was placed over the left parietal region; contacts
labeled S1-S6 (spacing: 10mm).

Patient Goc-17 (sMRI only) had five implanted electrodes:

Four 6-contact depth electrodes (Ad-Tech type SDO6R-SP05X) were implanted to target
each of the following structures: the right amygdala, right hippocampus, left amygdala
and left hippocampus; contacts labeled RA1-RA6, RH1-RH6, LA1-LA6, LH1-LH6
(spacing: 5mm);

One 6-contact subdural strip (Ad-Tech) was placed over the right frontal region;
contacts labelled S1-S7 (spacing: 10mm).

Patient NEW-1 (icEEG-fMRI and sMRI) had four implanted electrodes:

Two 6-contact depth electrodes (Ad-Tech type SD04R-SP05X) targeting the left
amygdala and hippocampus; contacts labelled LA1-LA6 and LH1-LH6 (spacing: 5mm for
the 3 deepest contacts and 10mm for the 3 most superficial);

One 4x8 contacts subdural grid (Ad-Tech type FG32A-SP10X), partially covering the left
lateral temporal lobe and part of the frontal lobe, labeled (GA). The most anterior
inferior contact was GA-01 and the most anterior superior contact was GA-25. The most
posterior inferior contact was GA-08 and the most posterior superior contact was GA-32
(spacing: 10mm);

One 4x8 contacts subdural grid (Ad-Tech type FG32A-SP05X) covering the left basal
temporal lobe. The most lateral anterior contact was GB32, and the most mesial
posterior was GB-01 (spacing: 5mm).

Patient NEW-2 (sMRI only) had eight implanted electrodes:

Three 6-contact depth electrodes were inserted (all Ad-Tech type SDO6R-SP10X) (all
spacing: 10mm): one targeting the left amygdala through a hole made between GA20
and GA12, and labelled AM1-AM6. A second targeting the anterior hippocampus was
inserted between GA21, GA22, GA29 and GA30, and labeled AH1-AH6. The third
targeted the posterior hippocampus, and was inserted between GA31 and GA32 and
labeled PH1-PH6;

A fourth depth electrode, with 10 contacts (Ad-Tech type SDO6R-SP05X), was inserted
into the left Heschel’s gyrus between GA14, GA15, GA22 and GA23 and labelled HG1-
HG6 (spacing: 5mm);
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Two subdural grids: one with 32 contacts (Ad-Tech type FG32A-SP100X), placed over
the lateral temporal lobe, labeled GA01-GA32 (spacing: 10mm). The second had 24
contacts (Ad-Tech type FG24A-SP05X) positioned over the left basal temporal area and
labeled GB01-GB24 (spacing: 5mm);

Two subdural strips were placed. One strip 6-contact strip (Ad-Tech type ISO6R-IP10X-
0JH) in the left superior Sylvian area, positioned such that contact number 6 was
adjacent to GA06, and the contacts were labelled SS1-SS6 (spacing: 10mm). The second
6-contact strip (Ad-Tech type MS06R-IP10X-0JH) was positioned in the sub frontal area
such that contact 6 was close to GA06; and the contacts were labeled SF1-SF6 (spacing:
10mm).

Patient NEW-3 (no sMRI or icEEG-fMRI) had four implanted electrodes:

One 48-contact subdural grid electrode (Ad-Tech type FG48G-SS10X-000) was placed
over the left frontal region; contacts labeled GA1-GA48 (spacing: 10mm);

One 32-channel subdural grid (Ad-Tech type FG32A-SP100X) was over the inferior
aspect of the left frontal lobe; contacts labeled GB1-GB32 (spacing: 10mm);

Two 6-contact subdural strips (Ad-Tech type ISO6R-IP10X-0JH) were placed over the
left anterior frontal region; contacts labeled F1-F6 and FP1-FP6 (spacing: 10mm).

Patient NEW-4 (no sMRI or icEEG-fMRI) had six implanted electrodes:

Two 6-contact depth electrodes (Ad-Tech type SD04R-SP05X) were inserted in the left
frontal lobe and labeled DA01-DA06 and DP01-DP06 (spacing: 5mm for the 3 deepest
contacts and 10mm for the 3 most superficial);

One 48-contact subdural grid electrode (Ad-Tech type FG48G-SS10X-000) was placed
over the left frontal region; contacts labeled GA1-GA48 (spacing: 10mm);

One 4x4 grid (Ad-Tech) was placed over the mesial aspect of the left frontal lobe;
contacts labelled GB1-GB16 (spacing: 10mm);

Two 6-contact subdural strips (Ad-Tech type ISO6R-IP10X-0JH) were placed over the
fronto-parietal convexity; contacts labelled SA1-SA6 and SB1-SB6 (spacing: 10mm).



Figures
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Figure 1. Case Goc-7 with a focal lesion caused by icEEG electrode insertion. (A, B) Images
of a hematoxylin and eosin stained section showing a lesion with a necrotic core and a small
cavity (*) acquired at low and high magnification respectively. The lesion was infiltrated by
many small inflammatory cells. Numerous hemorrhagic blood vessels were also noted in the
periphery of the lesion. (C, D) The lesion core and immediate vicinity (zone 1) were strongly
immunopositive for ibal. Ibalimmunopositive cells were densely populated around the lesion
core. Ibal immunopositive cells were also visible further away from the lesion. (E, F) In
comparison to ibal immunolabelling, nestin immunoreactivity was primarily observed in zone
1. Nestin immunopositive cells appeared small with multipolar processes, although
occasionally bipolar cells were observed. Nestin immunopositive fibres were generally short
and thick (arrowhead). Nestin immunopositive vessels could also be observed (closed
arrowhead).



Figure 2 Case Goc-10 with icEEG- electrode penetration-related lesion in the superficial
cortex. (A, B) The lesion core in case Goc-10 had the appearance of an acellular coagulative scar.
The coagulation was surrounded by irregular blood vessels (some hemorrhagic filled with red
blood cells) and numerous inflammatory mediators including ibal-immunopositive microglia
and macrophages. (C, D) The lesion core and its immediate vicinity was immunonegative for
GFAP, but a dense matrix of GFAP immunopositive fibres were observed in zone 2, areas
distanced from zone 1 of the lesion. GFAP immunopositive cells were astrocytes-like with a
small cell body and multipolar processes.
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Figure 3. HSP60 immunopositive labelling. Patient Goc-10 underwent simultaneous icEEG-
fMRI and structural MRI with icEEG electrodes implanted in the frontal cortex. (A): Subpial area;
(B): Perivascular area. Scale: 50um.
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Figure 4. HSP60-immunopositive labelling around the icEEG electrode penetrating
injuries. Left (A, C, E, G): patient Goc-10 who had simultaneous icEEG-fMRI and structural MRI
with icEEG electrodes; Right (B, D, F, H): patient Goc-5 who underwent structural MRI with
icEEG electrodes in place only. The age of injury were 13 days and 10 days old, respectively. In
both cases, HSP60-immunopositive labelling was strongly observed in neuronal, glial and
endothelial-like cells near the injury (*) (zone 1; C-F), and less intensely in remote region, zone
3 (G-H). Granular HSP60-immunolabelling was often observed in the parenchyma around
vascular structures near the injury (F). Scale in A: 1mm; B: 200pm; C, D: 100pm, E-H: 50pum.
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Figure 5. Proportion of HSP60-immunopositive labelling. The patterns between regions
near (zones 1 and 2) and remote (zone 3) from the icEEG electrode penetrating lesion are
similar, across the seven cases studied using HSP60 and irrespective of exposure to MRI. Cases
Goc-7 and Goc-10 underwent icEEG-fMRI and structural MRI (sMRI) with implanted icEEG
electrodes; Goc-5 and Goc-17 underwent sMRI with implanted icEEG electrodes only; and Goc-
15, New-3 and New-4 had no MRI with icEEG electrodes.



