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Brain connectivity changes
during ictal aggression
(a strangulation attempt)
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ABSTRACT – Ictal aggressive behaviour is a rare manifestation of focal
seizures. We report an episode of ictal aggression occurring during an
intracerebrally recorded seizure (using stereoelectroencephalography) in
a patient with drug-resistant temporal lobe epilepsy. Aggression occurred
during the last part of the seizure and was coincident with marked EEG
slowing of the frontal regions and persistent ictal activity in the medial
temporal lobe. A functional connectivity study (h2 estimation of interdepen-
dencies) showed a bilateral massive hypersynchronization between frontal
and temporal regions. This case illustrates the occurrence of aggression
during imbalance between the electrical activity in the temporal limbic cor-
tex and prefrontal cortex, in agreement with the current neurobiological

tivity, ictal aggression, focal seizure,

and Bartolomei, 2013). Of these,
postictal aggression, while the
patient is in a confused state, is
likely to be the most prevalent.
However, reported cases with good
quality video-EEG recording are
rare (Tassinari et al., 2005a) and as
a result, it may be difficult to dis-
theories of aggression.

Key words: SEEG, functional connec
fronto-limbic circuit

Minor episodes of aggression are
relatively common in patients with
epilepsy but they are probably no
more frequent than in populations
with social disadvantages or brain
damage (Rantakallio et al., 1992;
Grafman et al., 1996; Treiman, 1999;
Tebartz Van Elst et al., 2001; Fazel
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et al., 2011; Piazzini et al., 2012).
Three different forms of aggressive
behaviours have been described
in epileptic patients on the basis
of their temporal relationship with
seizures: interictal, post-ictal, and
ictal (Tassinari et al., 2005a; Bronsard

tinguish between true semiological
seizure phenomena and postictal
confusional behaviour. In seizures
affecting brain regions involved in
emotion processing, ictal or postic-
tal aggressive behaviour may occur.
Defensive-like behaviour can be
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bserved, particularly during the immediate postic-
al period, in which the patient is often confused
nd in an altered mood state (Delgado-Escueta et
l., 1981). In this context, aggressive behaviour is
ften related to minimally unpleasant stimulation or
ttempts to restrain the patient (Tassinari et al., 2005a).
his phenomenon is rare and has been generally
lassified as a defensive/aggressive behaviour, related
o the interaction between the patient and the
aregivers (i.e. nurse during video-EEG monitoring)
Bronsard and Bartolomei, 2013). It is generally thought
hat the aggressive behaviour is not usually truly
angerous. More serious offences can occur during
ostictal psychosis, but the clinical picture is close

o premeditated/predatory aggression (Kanemoto et
l., 2010). The current view of the neurobiology of
ggressive behaviour is based on a model of an
mbalance between regulatory regions (essentially
refrontal) and regions engaged in emotional and
ehavioural responses (amygdala, hypothalamus, and
rain stem) (Siever, 2008; Rosell and Siever, 2015). Such
scheme has been proposed for seizures associated
ith the emergence of stereotyped emotional abnor-
al behaviour, such as rage or aggression (Bartolomei

t al., 2005, Tassinari et al., 2005a, 2005b).
ctal semiology does not depend on the involve-

ent of a unique region but appears to be related
o the involvement of a set of regions within specific
natomical systems (Bartolomei et al., 2013). This is
articularly true for complex ictal behaviours that nec-
ssarily depend upon altered dynamics within widely
istributed, rather than focal or regional, neural net-
orks. In this way, considering large-scale network

nvolvement during seizure evolution is a way to
nvestigate the emergence of clinical patterns during
eizures. Thus, the study of functional connectivity
uring seizures has been proposed in the past to be
sed to quantify the temporo-spatial changes in net-
ork properties (Bartolomei et al., 2013).

n the present study, we report a case in which, during
ne recorded seizures, we observed violent behaviour,
learly occurring during the ictal phase, culminating
n an aggressive act with a strangulation attempt. We
escribe both SEEG aspects and intracerebral EEG con-
ectivity changes. During the aggressive behaviour
art of the seizure, major changes in functional con-
ectivity (Fc) occurred between frontal and temporal
egions.
68

ase study

33-year-old male patient underwent presurgical eva-
uation for his drug-resistant epilepsy in our epilepsy
nit. He had had an encephalitic illness at the age
1, presenting with fever and recurrent seizures in

v
s
g
fi
t
n
t

he acute phase. He was treated at this time with
cyclovir IV and amoxicillin, and outcome was finally
avourable with no neurological or significant cog-
itive deficit. Seizures developed six months later
nd were resistant to antiepileptic drugs. Non-invasive
resurgical evaluation led to the recording of promi-
ent left side fronto-temporal seizures. Psychiatric
valuation did not reveal major personality disorder or
n anxio-depressive state. Magnetic resonance imag-
ng (MRI) did not show any structural abnormality.
ntracerebral EEG (stereoencephalography [SEEG])
as subsequently performed for presurgical evalua-

ion. Ten electrodes were placed in brain regions
ccording to hypotheses regarding seizure onset and
ropagation (mainly the temporo-frontal left side),

ncluding the right and left temporo-frontal cortices
figure 1A).

onnectivity analysis

nterdependencies between SEEG signals were esti-
ated with Anywave software (Colombet et al., 2015)
hich computes a pairwise non-linear regression

nalysis based on the h2 coefficient. In summary, a
iecewise linear regression is performed between
ach pair of signals, testing all the shifts of one sig-
al relative to the other within a maximum lag. The h2

s the coefficient of determination that measures the
oodness of fit of the non-linear regression. The h2

s bounded between 0 (no correlation) and 1 (maxi-
al correlation) (Wendling and Bartolomei, 2001). We

sed a sliding window of four seconds with an overlap
f two seconds, and a maximum delay between signals
f 100 ms.
ignals were filtered using the Anywave software
Colombet et al., 2015) (available at http://meg.univ-
mu.fr/wiki/AnyWave), with Butterworth filters of
rder 4. We used only a 0.5-Hz high-pass filter for all

he analyses.

raph measures

or all the selected channels (each channel being
bipolar derivation), we computed all the pairwise

2 values. Between two channels, we selected the
igher h2 value between chan1-> chan2 and chan2-
chan1. We thus obtained connectivity graphs, with

ach channel representing a node of the graph, and h2
Epileptic Disord, Vol. 19, No. 3, September 2017

alues the strength of the link between two nodes. We
ummarized the connectivity graphs with two related
raph measures. The first measure, node degrees,
rst involves thresholding the graphs, and then coun-

ing the number of significant links between a given
ode and the rest of the graph. This has the advan-

age of removing the links with low connectivity.
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Figure 1. (A) SEEG implantation showing the electrodes on a 3D MRI mesh of the cortex. TB and TB’ electrodes were used to investigate
the temporo-basal cortex to within the entorhinal cortex; B and B’ electrodes for the anterior hippocampus/amygdala region (medial
leads) and the mid part of MTG (lateral leads); C’ electrode for the posterior hippocampus and the lateral temporal cortex; H’ electrode
for the insula (medial leads) and the anterior part of the superior temporal gyrus (STG) (lateral leads); OF’ electrode for the frontal
operculum; OP’ electrode for the parietal operculum; CR’ electrode for the prefrontal cortex to within the anterior cingulate region;
and OR’ electrode for the prefrontal cortex (superior leads) and the orbitofrontal cortex (inferior leads). The prime symbol refers
to the left side. (B) Captures from the video-SEEG recordings showing the patient jumping from his bed and grabbing the nurse.
(C) SEEG traces showing the seizure onset (SO) and a discharge starting from the left temporal neocortex (blue arrow), before spreading
(middle seizure [MS]) to the suprasylvian cortices (H’, OF’) and the frontal cortices (OR’) and affecting the right temporal lobe. The
l left r
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ast part (end of seizure [ES]) is characterized by a slowing in the
: left; R: right; OFC: orbitofrontal cortex; DLPFC: dorsolateral
perculum; STG: superior temporal gyrus; TBC: basal temporal co
yrus.

he threshold was set empirically to 0.25. The
econd measure, node strength, consists of the mean
2 between one node and all the other nodes. It has

he advantage of not relying on a threshold that can be
ifficult to tune.

tatistical analysis
pileptic Disord, Vol. 19, No. 3, September 2017

ode degrees and connectivity strength were com-
ared between a period preceding seizure onset

background and, in particular, the seizure onset) and
he period in which the aggression occurred (end
f seizure). A comparison was performed using a
ilcoxon non-parametric paired test and a Bonferroni

orrection was applied.

d
t
a
o
a
p
n

egions and a burst activity in the right temporal electrodes.
ontal; CG32: cingulate gyrus Brodmann’s area 32; OPF: frontal
Hip: hippocampus; EC: entorhinal cortex; MTG: middle temporal

ideo-SEEG and intracerebral EEG
onnectivity

uring video-SEEG monitoring (after partial reduc-
ion of antiepileptic drugs), 10 seizures were recorded.
ight seizures started in the right lateral temporal cor-
ex and two on the left side involving the temporal
egions. One episode of ictal aggression was recorded
369

uring a left-sided seizure. The seizure began habi-
ually in clinical terms, characterized by loss of contact
nd mild gestural automatisms. During the course
f the seizure (one minute after the onset), a nurse
rrived in the room and interacted verbally with the
atient in order to carry out the usual ictal exami-
ation protocol. At this moment, the patient became
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Figure 2. Connectivity analysis. (A) Global changes in connectivity during a seizure with aggression (SO: seizure onset; ES: end of
seizure). Mean values over periods of 15 seconds were compared. Changes were significant only for the end of the seizure period
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p<0.00001 relative to background [BKG]). (B) Changes in conn
f electrodes and the graphs thresholded (h2>0.25). On the lef
ontacts, while the end part of the seizure (right) is characterized
ides. Colour scale indicates h2 values. (C, D) For each selected c
etween two conditions (background and seizure end period). *

ggressive, showing combative behaviour with groan-
ng, swearing, and threatening the nurse with his fist.

espite verbal reassurance, the patient then grabbed
he nurse and attempted to strangle her (figure 1B).
fter several seconds and thanks to the intervention of
nother nurse, the patient stopped and finally returned
o his bed. After the seizure, the patient was completely
mnesic for the episode.
lectro-anatomo-clinical correlations for this seizure
re shown in figure 1. The seizure started from the
eft temporal region (lateral and medial parts), becom-
ng rapidly bilateral and spreading to the prefrontal
ortex. Aggressive behaviour coincided with marked
70

lowing of bilateral frontal region activity occurring
n the last part of the seizure and was associated

ith the persistence of ictal activity under the form
f burst activities in the right medial temporal lobe

in particular, the medial contacts of electrodes B
hich were used to investigate the anterior hippocam-
us/amygdala region).

T
d
a
a
p
s
a

ity are illustrated on a 3D mesh of the MRI with the position
zure onset), the main connected regions are the left temporal
onnecting links between temporofrontal regions affecting both
el, the mean values of h2 (C) and the degrees (D) are indicated

ficant interactions (p<0.05 after Bonferroni corrections).

connectivity study (figure 2B) was performed
etween 18 bipolar derivations, recording diffe-
ent brain areas, including the two temporal regions
nd the left prefrontal cortex. This analysis revealed
hat seizure onset was associated with connectivity
hanges (an increase) limited to the left temporal
egions. The global connectivity was not significantly
hanged (figure 2A) at seizure onset (p=0.8), but largely
ncreased at seizure end (p<0.0001). During the aggres-
ive phase (end part of the seizure), a massive change,
haracterized by increased connectivity, was indeed
bserved bilaterally, affecting most of the recorded
onnections between frontal and temporal regions.
Epileptic Disord, Vol. 19, No. 3, September 2017

his hypersynchrony was observed in most of the stu-
ied regions, both in terms of strength of connectivity
nd degrees (figure 2D). We also performed the same
nalysis during a second temporal seizure for the same
atient, starting from the left temporal cortex. In this
eizure, despite the same examination by the nurse, no
ggression occurred. This seizure started from the left
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igure 3. Changes in connectivity during a left side-onset temp
D mesh of the MRI with the position of electrodes and graphs t

esial and lateral temporal cortex, spreading to the
rontal lobe. This seizure was shorter and the signifi-
ant frontal lobe slowing observed during the seizure
ith aggression was not evident. Connectivity changes

re indicated in figure 3 and did not show the same
attern of fronto-temporal hypersynchrony.

iscussion
pileptic Disord, Vol. 19, No. 3, September 2017

e report here seizure-related aggressive behaviour
hat clearly occurred during the ictal phase of a
emporo-frontal seizure, recorded using intracere-
ral electrodes. The clinical changes observed in our
ase can be classified as defensive/aggressive ictal
ehaviour, triggered by the verbal interaction between
urse and patient. However, this was associated

a
b
m
2
w
b
a

eizure without aggressive behaviour. These are illustrated on a
olded (h2=0.25). Colour scale indicates h2 values.

ith a severe aggressive act (strangulation attempt)
hich is fairly unusual in this context. In agreement
ith previous reported cases, our patient had seizures

nvolving the temporo-frontal cortices (Tassinari et al.,
005a; Bronsard and Bartolomei, 2013). The failure of
top-down”control systems in the prefrontal cortex to
odulate aggressive acts (with a possible triggering

timulus) appears to play an important role in aggres-
ive behaviour (Davidson et al., 2000; Siever, 2008). An
mbalance between prefrontal regulatory influences
371

nd hyper-responsivity of the amygdala and other lim-
ic regions involved in affective evaluation is a putative
echanism of aggressive human behaviour (Siever,

008). The observations in the present case could fit
ell with this model, since the patient’s aggressive
ehaviour was concomitant with persistent epileptic
ctivity in the limbic system (internal temporal region
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Fazel S, Lichtenstein P, Grann M, Langstrom N. Risk of
violent crime in individuals with epilepsy and traumatic
brain injury: a 35-year Swedish population study. PLoS Med
2011; 8: e1001150.
. Bartolomei, et al.

ncluding the amygdala) and massive slowing of corti-
al prefrontal regions. Connectivity analysis showed
hat the brain regions investigated, particularly the
rontal-temporal connections, were engaged in mas-
ive abnormal hypersynchrony.
t could be hypothesized that this pathological
ypersynchronous state would lead to a break-
own of normal regulatory function of the cortical
egions. Similar patterns of long-range hypersyn-
hronous activity changes have been correlated
ith ictal altered consciousness, in line with the

heory that seizure-related hypersynchrony disrupts
he “global workspace of consciousness” (Bartolomei
nd Naccache, 2011). Changes in connectivity between
mygdala/mesial temporal regions and the frontal
obes have been described in seizures, including pro-
ound alterations in emotional behaviour such as
creaming, agitation, and facial expression of terror
Bartolomei et al., 2005). Some of these clinical symp-
oms have been interpreted as the emergence of
archaic” or innate motor repertoires (Tassinari et
l., 2005b), in which impaired higher cortical control
ould allow “pre-programmed” and essentially sub-

ortically organised motor behaviours to be inap-
ropriately expressed or “released”. This idea of
ierarchical control of behaviour can indeed be traced
ack to Hughlings Jackson (Jackson, 1931). In this
ontext, aggressive behaviour, such as biting, is an
nteresting finding observed in some patients during
eizures (Bartolomeil et al., 2002; Tassinari et al., 2005a)
hat may indeed reflect the stimulation of an innate
rogram because of its similarity to animal behaviours

Tassinari et al., 2005a).
n conclusion, our case is a rare report of intracere-
rally recorded ictal aggressive behaviour associated
ith altered network dynamics within fronto-limbic

ircuits. Clearly, no firm conclusions can be drawn
rom analysis of a single seizure, in terms of whether
he observed dysfunction within these networks might
ave an eventual causal role or not. However, the
arity of the observation appears to merit discussion.
urrent methods of signal analysis of intracerebrally

ecorded seizures allow estimation of network dyna-
ics correlated with evolving clinical signs, with

otably high temporal resolution in comparison to
ther methods, such as functional MRI. The electrical
ata obtained is entirely dependent on the record-

ng sites selected according to clinical indication for
resurgical evaluation. As such, the vast majority
72

f available data in seizure anatomo-electrical clini-
al correlation are taken from small-volume samples
f cortical and/or limbic structures, albeit precisely
efined anatomically and chosen in order to logically
ample known networks. Understanding of the neural
asis of complex ictal behaviours remains extremely
lusive and it can be imagined that in order to make

G
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r
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rogress in this area, current methods would need to
e combined with means of studying dynamic change
ithin more widespread networks, including multiple

ubcortical structures. �

upplementary data.
ummary didactic slides are available on the
ww.epilepticdisorders.com website.
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