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Epilepsy affects approximately 50million people worldwide, and 20–30% of these cases are refractory to antiep-
ileptic drugs. Many patients with intractable epilepsy can benefit from surgical resection of the tissue generating
the seizures; however, difficulty in precisely localising seizure foci has limited the number of patients undergoing
surgery as well as potentially lowered its effectiveness. Here we demonstrate a novel imaging method for mon-
itoring rapid changes in cerebral tissue impedance occurring during interictal and ictal activity, and show that it
can reveal the propagation of pathological activity in the cortex. Cortical impedancewas recorded simultaneously
to ECoG using a 30-contact electrode mat placed on the exposed cortex of anaesthetised rats, in which interictal
spikes (IISs) and seizures were induced by cortical injection of 4-aminopyridine (4-AP), picrotoxin or penicillin.
We characterised the tissue impedance responses during IISs and seizures, and imaged these responses in the
cortex using Electrical Impedance Tomography (EIT). We found a fast, transient drop in impedance occurring
as early as 12 ms prior to the IISs, followed by a steep rise in impedance within ~120 ms of the IIS. EIT images
of these impedance changes showed that they were co-localised and centred at a depth of 1 mm in the cortex,
and that they closely followed the activity propagation observed in the surface ECoG signals. The fast, pre-IIS im-
pedance dropmost likely reflects synchronised depolarisation in a localised network of neurons, and the post-IIS
impedance increase reflects the subsequent shrinkage of extracellular space caused by the intense activity. EIT
could also be used to picture a steady rise in tissue impedance during seizure activity, which has been previously
described. Thus, our results demonstrate that EIT can detect and localise different physiological changes during
interictal and ictal activity and, in conjunction with ECoG, may in future improve the localisation of seizure foci
in the clinical setting.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Epilepsy is characterised by recurrent unpredictable seizures due to
synchronised neuronal firing and is one of the commonest neurological
conditions, affecting approximately 50 million people worldwide
(Ngugi et al., 2010). Of those with chronic focal epilepsy, 20–30% will
not respond to anti-epileptic drugs (Regesta and Tanganelli, 1999), yet
curative epilepsy surgery remains underutilised for these patients
(Wiebe and Jette, 2012). Even when such surgery is possible, over half
will have seizures over the next 10 years (de Tisi et al., 2011). One
major contributing factor is incorrect or incomplete focus localisation
(Englot et al., 2012). There is therefore an acute clinical need for better
diagnostic tools to define the location of the site of seizure onset.
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Epileptic activity may be in the form of seizures which comprise in-
tense “ictal” neuronal discharge over several seconds, or as isolated
“interictal” neuronal discharges occurring between clinical seizures.
Standard presurgical assessment relies upon scalp electroencephalogra-
phy (EEG) and videomonitoring, neuroimaging includingmagnetic res-
onance imaging (MRI), and psychometry. Several alternative methods
for seizure focus localisation have been proposed, such as intrinsic opti-
cal imaging (Haglund and Hochman, 2004) and spike-triggered fMRI
(Vulliemoz et al., 2010), but have not yet been widely adopted for clin-
ical use. Potential surgical candidates often undergo intracranial EEG re-
cordings (ECoG), where EEG electrodes are implanted directly to the
surface of the cortex suspected to contain the epileptogenic focus
(Rosenow and Lüders, 2001). Depth electrodes can be placed in the cor-
tex but are limited in their spatial sampling as they damage the tissue.
The present work is based on the idea that, using the same intracranial
electrodes, a novel set of electrical measurements can be performed on
the brain simultaneously to ECoG. These additional measurements can
reveal different seizure-dependent changes in brain physiology and,
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2015.09.015&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.neuroimage.2015.09.015
mailto:anna.vongerichten@uniklinik-freiburg.de
http://dx.doi.org/10.1016/j.neuroimage.2015.09.015
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/10538119
www.elsevier.com/locate/ynimg


814 A.N. Vongerichten et al. / NeuroImage 124 (2016) 813–823
together with ECoG, may help identify the epileptogenic area with
greater accuracy.

Electrical Impedance Tomography (EIT) is an emerging medical im-
agingmethod that produces images of the internal electrical impedance
of a subject from multiple surface impedance measurements (Holder,
2005). EIT has recently entered into clinical use for lung imaging in hos-
pital ICUs (Becher et al., 2014), and has the potential for imaging brain
function or pathological conditions (Boone et al., 1994; Oh et al.,
2011). Localisation of the seizure onset zone has been proposed as a
possible application of EIT (Boone et al., 1994); it is based on the well-
established rise of impedance of cerebral tissue during seizure activity
(Van Harreveld and Schade, 1962; Elazar et al., 1966). This increase in
impedance can be attributed to the shrinkage of extracellular space
that follows intense neuronal activity, caused by homeostatic mecha-
nisms that redistribute water and excess potassium ions generated dur-
ing the activity (Dietzel et al., 1980; Holthoff andWitte, 2000; Niermann
et al., 2001). When impedance is measured at low frequencies
(b50 kHz), the injected current flows mostly through the extracellular
fluid and not across the highly-resistive cell membranes, and conse-
quently any reduction in extracellular space causes a direct increase in
tissue impedance (Seoane et al., 2005). Such impedance increases
have been imaged with EIT using a ring of 16 electrodes placed on ex-
posed cerebral cortex in the anaesthetised rabbit (Rao et al., 1997).

Interictal and ictal spikes may also cause a direct, transient shift in
impedance. Synchronised depolarisation in a local network of neurons
causes a fast drop in impedance lasting a few milliseconds due to the
opening of ion channels, which allows current to flow through the
highly-conductive intracellular space. These fast impedance shifts
have been described in anaesthetised animals during evoked responses
(Klivington andGalambos, 1967; Velluti et al., 1968; Oh et al., 2011), but
never before during ictal or interictal events. EIT therefore has the
unique potential to improve the localisation of epileptic foci by imaging
areas of synchronised firing aswell as areas of shrinkage of the extracel-
lular space. In contrast to EEG source localisation which suffers from
cancellation of dipole sources especially along sulci (Ahlfors et al.,
2010), EIT has in principle a unique solution (Somersalo et al., 1992)
andmay be robust for localising foci throughout the brain. Furthermore,
a noninvasive impedance imaging technique using MRI called MR-EIT
(Kim et al., 2008) may open up a way for focus localisation without
surgery.

In this study,we characterise the impedance response of cerebral tis-
sue during interictal and ictal events in a ratmodel and use EIT to image
these impedance changes in the cortical volume at ms temporal resolu-
tion and sub-mm spatial resolution. We induced interictal spikes (IISs)
or seizures by injecting 4-aminopyridine (4-AP), picrotoxin or penicillin
into the cortex of anaesthetised rats and, using highly sensitive elec-
tronic hardware, measured and imaged changes in tissue impedance
during IISs and seizures. Our results show, for the first time, a rapid,
transient decrease in tissue impedance preceding changes in EEG.

Materials and methods

Animal preparation

Female Sprague–Dawley rats (n = 9, 5–8 months, 300–450 g)
were initially anaesthetised using isoflurane 4% in 100% oxygen,
intubated (Vongerichten et al., 2014) and ventilated with 4% isoflurane
in 30/70 oxygen/air. Either the femoral or the tail vein and artery was
cannulated and anaesthesia was continued with: (1) 30–45 mg/kg/h
α-chloralose (Sigma Aldrich Ltd., USA) for the 4-AP epilepsy group; or
(2) 0.5 mg/ml droperidol (Sigma Aldrich Ltd., USA) and 10 μg/ml
fentanyl, 1.5–2.5 ml/h (Martindale Pharmaceuticals Ltd., UK) for the
picrotoxin and penicillin groups. Animals in the penicillin group were
first relaxated with 2 mg/kg of pancuronium. Blood pressure was mon-
itored invasively and mean arterial pressure between 90–110 mmHg
was maintained using adrenaline or labetolol as necessary. Body
temperature was controlled with a homeothermic heating unit
(Harvard Apparatus, UK). All work was conducted under UK Home
Office regulations and carried out in accordance with the Animals
(Scientific Procedures) Act 1986 regulations and the EuropeanDirective
2010/63/EU on the protection of animals used for scientific purposes.

The rats were fixed in a stereotactic frame, and the skin was shaved,
infiltrated with subcutaneous lidocaine and incised. The insertion of the
temporalmuscle on the left sidewas incisedwith a scalpel and themus-
cle bluntly dissected off the bone. Using a veterinary bone drill (Ideal
Micro-Drill, Harvard Apparatus, UK), a craniotomy was performed
reaching para-medial from 2 to 3 mm rostral to the bregma to just ros-
tral of the lambda suture in a triangular fashion, with the tip of the tri-
angle reaching down laterally to 1 mm above the level of the junction
between zygoma and temporal bone. The bone flap was then lifted
and the dura was incised. The brain was kept moist with warm
(38 °C) 0.9% NaCl solution.

A 30-contact, 6 × 8 mm electrode mat was placed directly onto the
cortex. It covered the hemisphere 7 mm from the rostral end to 2 mm
from the caudal end in parallel to the superior sagittal sinus reaching
6 mm laterally. The electrode mat was made from stainless steel
foil on a silicone rubber backing which was laser-cut to expose the
0.6-mm diameter electrodes in a hexagonal arrangement, with a
centre-to-centre electrode spacing of 1.2 mm. The mat also had laser-
cut holes between the contacts to allow for needle insertion. The elec-
trodes were platinised before each experiment to reduce contact im-
pedance. A 1 × 1 cm, silver/silver chloride reference electrode was
placed under the skin on the right side of the skull, opposite the elec-
trode mat.

Induction of epileptiform events

One of three different epileptogenic solutions was injected into the
cerebral cortex: (1) 6–15 μl of 50–100 mM 4-AP (Sigma Aldrich Ltd.,
USA; n = 3 rats); (2) 3–10 μl of 10 mM picrotoxin (Sigma Aldrich Ltd.,
USA; n = 3); or (3) 6.5–20 μl of 100–200 mM penicillin (Sigma Aldrich
Ltd., USA; n=3). All solutionswere prepared in 0.9% saline. Using a ste-
reotactic micromanipulator (SM-15, Narishige, Japan), a 30G needle
was advanced through a pre-cut hole in the electrode mat down a
depth of 1 mm in the cortex, as measured from the brain surface. The
epileptogenic solution was then injected using a syringe driver
(AL1000-220, WPI, USA), and the needle was withdrawn when epilep-
tiform changes became apparent in the ECoG. The epileptiform dis-
charges occurred spontaneously from then on.

Simultaneous ECoG and impedance measurements

ECoG and tissue impedance were simultaneously measured by
connecting the electrodemat to amultiplexed current source in parallel
to a multi-channel biopotential measurement system (ActiveTwo AD-
box, Biosemi, Netherlands) (Fig. 1A). The current sourcewas a program-
mable, ultra-low noise constant current source with an output imped-
ance of over 1 MΩ (details in (Oh et al., 2011)). Tissue impedance was
measured by injecting a constant sinusoidal current (60 μA amplitude,
1700 Hz) between two electrodes on the mat and recording the poten-
tial on the remaining electrodes. Since the current was constant, chang-
es in the measured voltage were proportional to changes in the
underlying tissue impedance (ΔV= IΔZ, where V is voltage, I is current
and Z is impedance). Multiple sets of impedance measurements were
taken by selecting different electrode pairs for the current injection.
Prior to each experiment, the current source was programmed with a
sequence of N electrode pairs [(i1,j1), (i2,j2),…, (iN,jN)] and injection du-
ration T, so that initially the current was injected between electrodes i1
and j1 during T seconds, then between i2 and j2 for another T seconds,
and so on until the Nth pair, after which the sequence was restarted.
Electrode pairs were chosen at different distances from one another in
order to have current penetrating at various depths in the tissue.
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Fig. 1. Setup and signal processing for simultaneous ECoG-EIT recordings of epileptic activity. (A) A 30-electrodemat connected to an EEG amplifier and amultiplexed current source was
placed on the exposed cortex of an anaesthetised rat. Impedance was measured by injecting a 60 μA, 1700 Hz sinusoidal current between a pair of electrodes on the mat. One of three
epileptogenic agents – 4-AP, picrotoxin or penicillin – was injected directly in the cortex through the electrode mat. (B) The recorded broadband voltage signals were low-pass filtered
at 300Hz to recover the ECoG signals (black traces) and band-passfiltered around1700Hz (300Hz bandwidth) followed by demodulation to obtain the dZ signal (red trace). The dZ signal
was analysed with respect to IISs observed in the ECoG.
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Furthermore, in order to maximise the number of linearly independent
measurements, electrode pairs were carefully chosen so as to produce
independent current patterns. That is, if electrodes are nodes in a
graph and electrode pairs are edges between the corresponding
nodes, then electrode pairs were selected in away that avoided forming
cycles in the graph— such as (a,b), (b,c), (a,c). This restricted the max-
imum number of electrode pairs to 29; the actual number used varied
with the time available for the recordings. In all experiments, T was
set to 15 s and N varied between 16 and 27 different electrode pairs.
Having a large number of impedance measurements ensured that the
cortical volume was thoroughly sampled.

Electrode potentials were measured and digitised at high sampling
rate and bit depth (16 kHz sample rate, 3.2 kHz bandwidth, 24 bit
ADC) and contained both ECoG and impedance signals. The ECoG and
impedance signals were obtained by applying filters (fifth-order
Butterworth) on the raw voltage measurements (Fig. 1B): (1) a low-
pass filter with cut-off frequency at 300 Hz extracted the ECoG signals;
and (2) a band-pass filter centred at 1700 Hz and with 300 Hz band-
width (i.e., passband of 1400–2000 Hz) extracted the impedance sig-
nals. The impedance signal was subsequently demodulated by taking
the amplitude of its Hilbert transform. This operation returned the am-
plitude envelope of the impedance signal. The phase information was
not used in the present analysis, because the cortex is mostly resistive
at low frequencies (Seoane et al., 2005; Logothetis et al., 2007) and
the phase angle of the rat cortex in vivo was found to be less than 10°
from DC to 2 kHz (Oh et al., 2011). Therefore, the reactive component
was negligible and the observed impedance was almost entirely
resistive.

Analysis of ECoG and impedance signals

Interictal spikes (IISs) were detected by finding negative deflections
in the ECoG signals larger than 2mV in amplitude and less than 70ms in
duration, with an interval of at least 500ms between spikes. Only spikes
thatwere distinct from clearly evolving electrographic seizureswere in-
cluded in this analysis. For each rat, the electrode recording with the
largest IISs was selected as the trigger signal, and its negative peaks
(“IIS triggers”) were used for the analysis of impedance measurements.
ECoG signalsweremanually annotated for seizures,whichwere defined
as a sequence of spikes occurring at 3 Hz or higher and lasting for amin-
imum of 2 s. The start of the seizure was defined as the first spike in the
sequence or a DC shift preceding the spikes, if present.

Impedance signals were analysed within temporal windows around
the IIS triggers (from 200 ms before each trigger to 2 s after) or around
the seizures (from 200 ms before the start of a seizure to 1 s after its
end). Impedance change signals (“dZ signals”) were obtained by nor-
malising the impedance amplitude in eachwindowby a baseline ampli-
tude and subtracting 1. The baseline amplitude was defined as the
average impedance amplitude during the first 150 ms in each temporal
window. Because the percentage impedance changes were as low as
0.01%, impedance measurements with baseline amplitude less than
2 mV, or with baseline r.m.s. noise N5 μV were removed from analysis.
Recordings from injecting electrodes were also discarded because they
often saturated the DC amplifiers. Finally, in the case of IISs, impedance
measurements with fewer than 10 samples (where one IIS trigger con-
tributes one sample) were removed from analysis.

Statistical analyses were performed to determine the significance of
deflections in the dZ signals. Two-tailed Student's t-test with a p-value
of 0.01 was used to determine whether the average dZ value (averaged
across samples) was significantly different from zero at different time
points. This analysis was used for each impedance measurement to
find significant negative and positive dZ signal peaks, as well as the
time that the dZ signal first reached a significant positive value.

Tomographic reconstruction of impedance changes in the cortex

EIT was used to reconstruct the images of impedance changes in the
cortical volume from the surface measurements. Two problems need to
be solved for image reconstruction: the forward and the inverse prob-
lems. The forward problem consists of inferring the extent that changes
in tissue impedance affect the measured voltages. To solve the forward
problem, we assume a quasi-static approximation of Maxwell's equa-
tions so that ∇ ⋅ σ∇u=0 inside the volume (σ: conductivity, u: electric
potential), and for the boundary conditions we use the complete
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electrode model so that σ du
dν ¼ 0 everywhere except on the injecting

electrodes where uþ ziσ du
dν ¼ Vi (υ: outward unit normal, zi: contact

impedance of electrode i, Vi: voltage on electrode i) (Somersalo et al.,
1992). These differential equations were solved numerically on an ana-
tomically realisticfinite elementmodel of the rat brain obtained froman
MRI, with the electrode mat placed on the cortex over the imaged vol-
ume. It comprised 7 million tetrahedral elements in the mesh
(Aristovich et al., 2014a,b). The same mesh was used for every animal.
The resolution of themodel near the electrodes was 50 μmand gradual-
ly became coarser in depth (up to 200 μm). The brainwas assumed to be
isotropic and with homogeneous conductivities throughout the grey
matter (at 0.3 S ⋅m−1), white matter (0.15 S ⋅m−1) and CSF/ventricles
(1.75 S ⋅m−1). The contact impedance of all electrodes was assumed
to be 1 kΩ-m2. The finite element solver EIDORS (Adler and Lionheart,
2006) was used to compute the solution for the forward problem and
to construct the Jacobian matrix J. Each entry Ji,j in the Jacobian matrix
related the extent that a conductivity change in element j in the finite
element model changed the voltage measured at electrode i: Ji; j ¼ dVi

dσ j
.

The inverse problem refers to the estimation of the conductivity
changes in the volume from themeasured changes in potential. Because
the changes were expected to be small, we assumed linearity so that:ΔV= JΔσ, where ΔV is the vector of measured (unnormalised) voltage
changes, J is the Jacobian matrix, and Δσ is the vector of conductivity
changes in the volume to be estimated. The number of values to be es-
timated was reduced by taking an 8.4 × 11 × 2 mm volume centred
on the electrode mat as the region of interest, and by using a coarsened
mesh with hexahedral elements for the inversion (element size:
0.2 × 0.2 × 0.2 mm) (Borsic et al., 2010). However, the inverse problem
was ill posed as the number of unknowns (23100) still greatly exceeded
the number of measurements (~300–600). Therefore, a first-order
Tikhonov regularisation was applied so that the conductivity changes
were estimated as: Δσ̂ ¼ arg minΔσkΔV− JΔσk22 þ λkLΔσk22 , where
λ is a regularisation parameter and L is the discrete Laplacian deter-
mined from the coarsened mesh. The optimal value for the
regularisation parameter λ was determined by a cross-validation ap-
proach: for each candidate value in the search space, a cross-validated
errorwas computed by leaving out each injection pair in the reconstruc-
tion procedure, and then using the estimated conductivity changes to
predict the measurements that had been left out. The parameter value
λ associated with the lowest total cross-validated error was chosen,
andΔσ̂was estimated using all data. The estimated conductivity chang-
es were normalised by the assumed baseline conductivity of the grey
matter (i.e., dividing by 0.3 S⋅m−1 and subtracting 1), converted to im-

pedance changes ðΔẐ ¼ 1
1þΔσ̂ −1Þ and plotted as raster images.

The number of independent measurements used for image recon-
struction was larger for IIS's (300–600) than for seizures (20–30). Sei-
zures were reconstructed from impedance data measured using single
injection pairs because they often did not have a clear starting point
and were highly variable in duration and intensity. In contrast, IIS's
were highly repeatable and had a temporally sharp reference point
(i.e., the negative peak), and therefore impedance data from multiple
injection pairs were pooled for the image reconstruction. The
electrographic pattern of IIS's were visually inspected, and any dissimi-
lar samples were excluded from the data pool (b1% of samples).
0.
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2 
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Fig. 2. Reproducible IISs and IIS-related impedance changes across three seizure models.
(A) Simultaneous ECoG (top trace) and dZ signals (bottom trace) recorded from the
same electrode. Stable IISs were observed in this electrode shortly after injection of 4-AP,
and at each IIS the dZ signal exhibited a fast negative deflection followed by a slower rise
and decay. (B–C) Same as (A), but for rats injected with picrotoxin (B) or penicillin (C).
Validation of image reconstruction

To validate the measurement system and the method for image re-
construction, the electrode array was placed in a 2% saline solution
and impedance measurements were taken both with and without a 1-
mm-diametre glass bead placed at a distance of 1 mm from the array.
Similarly to the in vivo recordings, impedance measurements were ob-
tained by injecting a constant sinusoidal current (60 μA amplitude,
1700 Hz) between two electrodes on the mat and recording the
potential on the remaining electrodes. 20 different pairs of electrodes
were used for the current injection (using a similar pattern as in the
in vivo recordings), and a total of 600 measurements were obtained
for the image reconstruction. The impedance change (dZ) was defined
as the difference between the measurements with the glass bead in
place and those without (the baseline). The same method for image re-
construction was used as described above, except that instead of a rat
brain mesh a cylindrical mesh was used, with the electrodes placed at
the bottomof the cylinder. The reconstructed image is shown in Supple-
mentary Fig. 1; it shows a roughly spherical region of increased imped-
ance centred at a distance of 1 mm from the electrode array.

Results

IIS-related impedance changes

Stable IISs were induced by intracortical injection of 4-AP, picrotoxin
or penicillin (Fig. 1A). These chemicals trigger epileptic activity by dif-
ferent mechanisms – i.e., 4-AP blocks potassium channels whilst picro-
toxin and penicillin block GABAA receptors – and were chosen so that
the present findings are more likely to be generalisable. IISs occurred
periodically at 0.2–1.5 Hz, and the amplitude of the largest IISs mea-
sured over the mat was −2.7 ± 0.4 mV in the 4-AP model (mean ±
std. dev., n = 754 IISs in 2 rats), −3.5 ± 0.5 mV in the picrotoxin
model (n = 2279 IISs in 3 rats), and −3.3 ± 0.7 mV in the penicillin
model (n = 1699 IISs in 3 rats).

Tissue impedance was recorded simultaneously to the ECoG signals
using the same electrode mat (Fig. 1). The impedance change signal
(“dZ signal”) exhibited a characteristic response at the time of each IIS
(Fig. 2). A sharp negative deflection in the dZ signal preceded the nega-
tive peakof the IIS, andwas followedby a slower rise anddecay until the
next IIS. This pattern in the dZ signal was observed at every IIS and in all
rats tested.
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Characteristics of the IIS-triggered dZ signals

The IISs on the channel with the largest negative deflections were
used as triggers for the analysis of the dZ signals over the array. dZ signal
traceswere temporally alignedwith respect to the negative peaks of the
trigger signal and averaged overmultiple IIS occurrences, given that the
electrographic pattern of IIS's remained stable over the duration of the
recordings. Fig. 3A presents an example set of impedance measure-
ments displayed in the spatial arrangement of their corresponding elec-
trodes, and ECoG signals processed with the same trigger signal are
shown in Fig. 3D. IIS-triggered dZ signals had a similar waveform across
electrodes but at varying amplitudes.

Multiple sets of impedance measurements were obtained by
injecting the 60 μA, 1700 Hz current between different pairs of elec-
trodes on themat (seeMethods). Changing the current injection config-
uration significantly altered the IIS-triggered dZ signals over the array
(Fig. 3A–C), because the injected currents flowed through different re-
gions in the volume. In contrast, the shape of the IIS did not change be-
tween configurations (Fig. 3C). By probing the cortical volume with
multiple injection patterns (between 16 and 27 electrode pairs were
A B

C D

Fig. 3. Different impedance measurements were made with the same electrodes by changing
electrodemat (n=54). Using the largest IIS over the array as a common trigger, the dZ signal at
electrode locations. Filled circles indicate electrodes used for current injection. (B) dZ signalsme
and dZ signals (bottom) recorded at the same electrode but using different current injection con
blue, respectively, and the corresponding dZ signals are indicated with the same colours in (A)
IISs for the red or blue trace, respectively). (D) IIS-triggered ECoG signal pattern over the array
used), we could obtain amore complete view of the impedance changes
occurring in the cortex during IISs.

The amplitude and timing of the negative and positive peaks in the
IIS-triggered dZ signals were analysed in each rat. Results are presented
for an example rat (injectedwith 4-AP) in Fig. 4. In this rat, a total of 480
impedancemeasurements were performed using 16 different electrode
pairs for the current injection. After excluding measurements from
the injecting electrodes and noisy measurements (N5 μV r.m.s. noise),
371 dZ signals were kept for further analysis. Among these, significant,
fast negative deflections were detected in 301 or 81% of the dZ signal
traces (p b 0.01, Student's t-test, n = 10–57 IISs for each dZ signal).
These negative deflections were at most −0.3% in amplitude (median:
−0.04%) and preceded the IIS peak by at most −29.4 ms (median:
−10 ms). Following the IIS, 324 or 87% of the dZ signal traces reached
a significantly positive value within 100 ms of the IIS peak (median:
19 ms). The maximum dZ signal amplitude was 0.69% (median:
0.14%), and the maximum point was reached at a median time of
334 ms. Finally, the positive and negative peak amplitudes were signif-
icantly correlated across measurements (Fig. 4E; r = −0.59, p b 0.01,
n = 371).
the current injection configuration. (A) IIS-triggered dZ signal traces observed across the
each electrodewas aligned and averaged across IISs and are plotted at their corresponding
asured using a different pair of injection electrodes (n=34). (C) Comparison of ECoG (top)
figurations. Signals measured using the configuration in (A) and (B) are shown in red and
and (B). Thick line: mean signal, band: 99% confidence interval for themean (n= 54 or 34
(n = 54).
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IIS-triggered impedance measurement produced similar results in
all rats, which are summarised in Table 1. The negative peak of the dZ
signal had amaximum amplitude between−0.26% and−0.93% (medi-
an values:−0.04 to−0.17%), and had a median time that preceded the
IIS peak in 7 of the 8 rats tested. The only rat with positive median
time nonetheless had 44% of the negative dZ signal peaks preceding
the IIS peak, with the earliest one occurring at−17 ms. All rats had an
increase in impedance following the IIS, with the median time to



Table 1
Summary results for the IIS-triggered dZ signals in all rats measured across all current injection configurations. The electrographic patterns of the IIS's were stable over the duration of the re-
cordings. Fast dZ: component of dZ signal occurring around the time of the IIS peak; Slow dZ: component of dZ signal occurring after IIS; Corr: correlation between peak amplitudes of fast and
slowdZ components; n IIS: number of interictal spikes used in the analysis;max. (%) andmedian (%):maximumandmedianpeak amplitude in dZ signal component; tneg (ms):median timeof
negative peak in dZ signal; tsig (ms):median timewhen dZ signal first turns positive; tpos (ms):median time of positive peak in dZ signal; and r: Pearson correlation coefficient (all p b 0.001).

Fast dZ Slow dZ Corr.

Rat # n IIS Max. (%) Median (%) tneg (ms) Max. (%) Median (%) tsig (ms) tpos (ms) r

4-AP 1 596 −0.3 −0.04 −10.0 0.69 0.14 19 334 −0.59
2 148 −0.26 −0.07 −7.2 1.27 0.19 39 713 −0.84

Picrotoxin 1 630 −0.64 −0.12 −10.8 1.62 0.28 58 734 −0.42
2 821 −0.42 −0.1 −6.4 0.61 0.14 32 406 −0.45
3 828 −0.26 −0.07 −12.1 0.93 0.21 117 766 −0.87

Penicillin 1 279 −0.93 −0.13 −0.56 2.34 0.29 46 930 −0.46
2 292 −0.47 −0.17 −1.17 1.55 0.43 62 699 −0.41
3 1128 −0.47 −0.12 1.82 1.07 0.17 46 537 −0.52
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positive dZ values ranging from16–117ms. Post-IIS impedance changes
had amaximum amplitude of 0.61–2.34% (median values: 0.14–0.43%),
with median peak times ranging between 0.34–0.93 s. Positive and
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Imaging IIS-related impedance changes in the cortex

Tomographic images of cortical impedance changes were recon-
structed from the IIS-triggered dZ signal datasets. Fig. 5 presents an ex-
ample reconstruction using the data shown in Fig. 4. The negative dZ
peak appears as a local decrease in tissue impedance of−0.4% occurring
around−12.5ms andcentred at 1mmdepth (Fig. 5 top). In contrast, the
IISfirst becomes apparent in the ECoGmap at−5ms. These negative de-
flections in the ECoG and dZ images occurred over intervals of less than
25 ms. From around 40 ms, local tissue impedance increased continu-
ously until reaching a maximum of 0.7% at 360 ms (Fig. 5 bottom).
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at a depth of 1mm. Tomographic impedance imageswere reconstructed
for all rats, with similar results to the example shown. The method for
image reconstructionwas validated in a controlled setting (seeMethods;
Supplementary Fig. 1), and also in a separate experiment where EIT was
used to image evoked cortical activity in anasthetised rats using depth
electrodes as the gold standard (unpublished data).

The impedance changes in the reconstructed images occurred be-
neath the IIS region observed in the ECoGmap. Raster images of the re-
constructed impedance changes at 1 mm depth were compared to the
ECoG map at the time of the IIS peak (Fig. 6). The negative impedance
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changes that preceded the IIS peak were localised to the region directly
below the area with the largest recorded deflections in the ECoG
(Fig. 6A–C). The centre-of-mass distance in the X–Y plane between
the IIS region in the ECoG map and the negative changes in the dZ
map was between 0.2 and 0.85 mm (mean: 0.59 mm) across all rats
and seizure models (Fig. 6D; for comparison, the diameter of the elec-
trodes used in this experiment was 0.6 mm). However, when the
same analysis was applied to the positive impedance changes observed
at 500 ms, the distances to the IIS region increased to 0.24–2.83 mm
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To investigate why the positive impedance changes in this rat ap-
peared to occur relatively far from the IIS region, we inspected the prop-
agation of the activity in both ECoG and dZ maps. The ECoG map
revealed that the first negative deflections had occurred at −24 ms on
the lateral side of the electrode mat, but the largest spike (used as trig-
ger in the analysis) occurred more medially and rostrally 24 ms later
(Fig. 7A; Supplementary Movie M1A). This propagation was also
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evident in the dZ maps, both before and after the IIS (Figs. 7B and C;
Supplementary Movie M1B). The centre-of-mass distance between the
negative deflections in the ECoG map at t = 0 ms and in the dZ map
at t = −12 ms was only 0.74 mm, as the impedance changes had al-
ready undergone themedio-rostral shift to the regionwhere the largest
spike would be observed 12 ms later. In contrast, the dZ map at t =
500 ms still preserved a large impedance change on the lateral side of
the array, which shifted the centre-of-mass away from the reference re-
gion, inflating the distance estimate to 2.83 mm. The propagation ob-
served in this rat was more complex than in other rats, which
generally exhibited a single region of activity (Supplementary Movies
M2A and M2B).

Preliminary imaging of seizure activity with EIT

Measurement and reconstruction of impedance changes during sei-
zure activity was performed in one rat that developed seizures but not
IISs following the injection of 4-AP. Seizures lasting between 2 and 20
s and occurring every 8–30 s were observed in this rat (n = 74 seizure
events). The beginning of seizures was characterised by a DC shift
followed by an electrodecremental period of varying length, leading to
spiking at 4–5 Hz frequency (Fig. 8). Impedance measurements were
performed simultaneously to ECoG as in the other rats, and revealed a
steady increase in impedance starting at the time of the DC shift and
continuing over the duration of each seizure (Fig. 8), reaching maxi-
mum amplitudes of 2.21 ± 1.16%. Transient decreases in impedance
similar to those during inter-ictal spikes were sometimes observed
also during ictal spikes, but these were smaller in amplitude and
swamped by the impedance increase. The EIT images revealed a region
of increasing impedance centred at a depth of 1mm,withmaximum re-
constructed impedance changes ranging from 0.67–13.8% (mean:
3.03%).

Discussion

The present report marks the first successful application of EIT for
imaging brain impedance changes at high spatio-temporal resolution
during interictal and ictal activity. Impedance changes during seizure
activity have been previously reported (Van Harreveld and Schade,
1962; Elazar et al., 1966; Olsson et al., 2006; Broberg et al., 2008), but
none of these studies had imaged or localised the region of changing
impedance frommultiple measurements. Previous efforts to image sei-
zures with EIT in an animal model (Rao et al., 1997) showed reproduc-
ible slow changes, but had poor spatio-temporal resolution due to
technical limitations. An attempt to image seizures in human patients
(Fabrizi et al., 2006) suffered from excessive noise and motion artefacts
due to the use of scalp electrodes. Our results demonstrate that EIT can
be applied simultaneously to EEG/ECoG and produce millisecond-
resolution images, which can be effectively used to track the propaga-
tion of epileptic activity (Fig. 7, Supplementary Movie M1A).

Fast cortical impedance responses preceding interictal spikes

To the authors' best knowledge, this is also the first report of fast im-
pedance changes in cerebral tissue associatedwith interictal spikes. Pre-
vious impedance measurements in animal models have characterised
the slow rise in cerebral tissue impedance that occurs during seizures
(as in Fig. 8), but did not report rapid impedance shifts at the time of
interictal or ictal spikes (Van Harreveld and Schade, 1962; Elazar et al.,
1966; Olsson et al., 2006; Broberg et al., 2008). This may be attributed
to the low temporal resolution used for the impedance measurements
in these studies— e.g., Elazar et al. (1966) measured changes occurring
between DC-2 Hz, whilst Olsson et al. (2006) and Broberg et al. (2008)
low-pass filtered the impedance signal at 30 Hz. In contrast, the band-
width of our dZ signal was 300 Hz, which provides a temporal resolu-
tion of 3.3 ms in a single measurement (averaging over multiple IISs
may further increase the resolution). The duration of the fast impedance
responses measured in our study was generally shorter than 15 ms —
therefore, a bandwidth greater than 67 Hz would have been necessary
to detect these deflections.

The fast drop in cortical impedance can be attributed to the opening
of ion channels during synchronised depolarisation. A similar imped-
ance response has beendescribed in the cat and rat in vivo cortex during
evoked activity (Klivington and Galambos, 1967; Oh et al., 2011). These
studies have reported a fast drop in cortical impedance that was time-
locked to evoked potentials following auditory or somatosensory stim-
uli. More recent measurements in the rat in vivo somatosensory cortex
during forepaw stimulation, using the same hardware and signal pro-
cessing as in the present work, found fast impedance changes of at
most −0.26% preceding the peak of evoked potentials by 1–3 ms
(Aristovich et al., 2014a,b). Validation using a depth electrode and cur-
rent source-sink density analysis showed that the EIT images of the
evoked responses closely matched the local field potential recorded
across cortical layers, with a resolution of b200 μm (unpublished
data). Altogether, these results indicate that fast impedance responses
are robust indicators of synchronised cortical activity, although it is
not clear which neuron types or ion channels contribute to these
measurements.

Using EIT, the reconstructed fast impedance responses were centred
below the IIS regions in the ECoGmap (Fig. 6). Furthermore, in the 4-AP
and picrotoxin models the peak of the dZ signal occurred 6–12ms prior
to the peak in the IISs (Fig. 4; Table 1). Together, these results suggest
that the impedance measurements detected activity build-up prior to
the IIS that had not been evident in the ECoG signals. It is well known
that EEG/ECoG are mainly sensitive to synaptic activation of pyramidal
neurons in superficial layers of the cortex (Mitzdorf, 1985). It may be
the case, then, that our impedance measurements reflected activity
synchronised by nonsynaptic mechanisms. Electrical coupling via gap
junctions has been shown to play a role synchronising neurons at high
frequencies and inducing seizures in animal models (Traub et al.,
2001; Szente et al., 2002). More recently, it has been demonstrated in
human epileptic cortex in vitro that reducing gap junction conductance
reversibly abolishes very fast oscillations (VFOs) and interictal events
(Roopun et al., 2010). In contrast to ECoG, impedance measurements
could in principle be used to detect synchronised depolarisation of local-
ised networks of electrically coupled neurons. If confirmed, impedance
measurements can become a valuable tool for monitoring neuronal
synchronisation via nonsynaptic mechanisms in pathophysiological
conditions.

Impedance increase during seizures and IISs reflects shrinkage of
extracellular space

The increase in tissue impedance observed after IISs (Fig. 4) and dur-
ing seizures (Fig. 8) was probably due to shrinkage of extracellular
space. Cell swelling and the concomitant decrease of extracellular
space are well-described phenomena that have been demonstrated to
follow intense activity, such as that during spreading depression (Van
Harreveld and Khattab, 1967), seizures (Lux et al., 1985), and focal elec-
trical stimulation (Dietzel et al., 1980; Holthoff and Witte, 1996, 2000).
The shrinkage of extracellular space is thought to occur due to brain
water and potassium homeostasis regulated by networks of glial cells.
Glial cells drain water and excess potassium ions generated by intense
neuronal depolarisation frommiddle cortical layers to superficial layers,
thereby shrinking the extracellular space in the middle layers (Dietzel
et al., 1980; Holthoff and Witte, 2000; Niermann et al., 2001). Our re-
sults are consistent with this phenomenon, as the reconstructed imped-
ance increase was centred at 1 mm depth, which would correspond to
layer V of the rat sensorimotor cortex (Skoglund et al., 1997). Further-
more, the reconstructed impedance increase matched the location
(Figs. 5 and 6) and trajectory (Fig. 7, Supplementary Movie M1A) of
the earlier, pre-IIS impedance decrease, suggesting that our method
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imaged the pathological activity and subsequent extracellular space
shrinkage in the same cortical region.

Post-IIS impedance changes occurred rapidly, as they were detected
within 19–117 ms of the IIS and reached peak values of 0.61–2.34%
within 0.3–0.9 s (Fig. 4, Table 1). In contrast, extracellular volume mea-
sured in neocortical brain slices in vitro following electrical stimulation
was found to change more slowly, shrinking by a maximum of 3.5 ±
1.4% in 3.1 ± 0.3 s (Holthoff and Witte, 1996). This discrepancy may
be due to physiological differences between in vitro and in vivo condi-
tions. More recently, optical measurements in the rat neocortex
in vivo have revealed metabolic changes – such as an increase in cere-
bral blood volume – occurring within 100 ms of the IISs (Suh et al.,
2005). Faster than the increase in blood volume – which contributes
negligibly to cortical tissue impedance since capillaries take up only
~2% of the cortical volume (Weiss, 1988) –was a decrease in light scat-
tering, measured as a decrease in reflectance at 700 nm. Suh et al.
(2005) found that light scattering in cortical tissue decreased by
0.09 ± 0.02% within ~1.5 s of the IIS. Since shrinkage of extracellular
space has been shown to reduce light scatter (Lipton, 1973), Suh
et al.'s (2005) results and our present findings may reflect the same un-
derlying phenomenon.

Conclusion

We have characterised the impedance response of the cerebral tis-
sue during IISs, and found that a fast, transient drop in impedance oc-
curs before (in the 4-AP and picrotoxin models) or during (penicillin
model) the interictal event, followed by a steep rise in impedancewith-
in ~120 ms of the IIS. We demonstrated that EIT can be used to recon-
struct and localise these impedance changes in the cortical volume,
and that the reconstructed changes were co-localised and centred at
1 mm depth, below the IIS region in the ECoG map. It is likely that the
fast impedance drop reflected synchronised depolarisation in a localised
network of neurons (possibly synchronised by nonsynaptic mecha-
nisms), and that the impedance increase reflects the subsequent shrink-
age of extracellular space in the same area. Finally, EIT was also used to
image the steady rise in impedance during seizure activity in one rat.
We thus conclude that impedance measurement and EIT are powerful
tools for detecting and localising physiological changes associated
with epileptic activity and, in conjunction with ECoG, may in future im-
prove the localisation of seizure foci in the clinical setting. Towards this
objective, we have developed and are testing a new EIT system with
parallel current sources for measuring impedance simultaneously over
multiple frequencies, capable of performing robust single-shot imaging
of individual epileptiform events.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2015.09.015.
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