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KEYWORDS Summary

Frequency; Objectives. —Rhythmic, stereotyped movements occur in some epileptic seizures. We aimed
Frontal seizures; to document time-evolving frequencies of antero-posterior rocking occurring during prefrontal
Rocking; seizures, using a quantitative video analysis.

Stereotypies; Methods. — Six seizures from 3 patients with prefrontal epilepsy yet different sublobar local-
Video quantification izations were analyzed using a deep learning-based head-tracking method.

Results. — Mean rocking frequency varied between patients and seizures (0.37—1.0Hz). Coeffi-
cient of variation of frequency was low (< 12%).

Discussion. — Regularity of body rocking movements suggests a mechanism involving intrinsic
oscillatory generators. Since localization of seizure onset varied within prefrontal cortex across
patients, altered dynamics converging on a ‘‘final common pathway’’ of seizure propagation
involving cortico-subcortical circuits is hypothesized.

© 2020 Elsevier Masson SAS. All rights reserved.

Introduction

Rhythmic movement patterns constitute typical functional
motor behaviors across species and across the lifes-
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pan [14], and are considered to arise from subcortical
central pattern generators [19,28]. Stereotyped non-
functional rhythmic movements are observed in sleep
disorders [26], movement disorders [11,13], and epilepsy
[38]. To date, very little data exist quantifying the time-
evolving frequencies of these movement sequences, which
is unfortunate as these may help in elucidating the mecha-
nisms underlying such pathological behaviors. Semiological
“fingerprints’’ of similar rhythmic movements occurring
in both epileptic seizures and sleep disorders have led to
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speculation of possible shared mechanisms [38]. However,
understanding of these is limited, notably in terms of how
higher cortical circuits might interact with subcortical com-
ponents of the motor system to produce similar clinical
expressions in conditions with different physiopathologies
[13,30,38], even though the neural circuitry involved in
repetitive behaviors is increasingly well characterized from
animal models, notably in terms of defining the corticos-
triatal circuitry involved. Methods allowing more precise
documentation of clinical and physiological phenomena
involving complex motor patterns might facilitate further
investigation and understanding of this relatively unknown
domain [6,30].

Rhythmic movements are a common feature of epileptic
seizures, the best-known example being clonic jerk move-
ments in the context of generalized tonic-clonic seizures
[16,27]. Other seizure-related rhythmic movements involve
multi-segmental motor behaviors, which can involve the
axial segment (e.g. rocking movements of the trunk) [34] or
upper or lower limbs (e.g. bicycling-like movements of the
lower limbs, hand tapping) [5]. Oro-alimentary automatisms
may also occur rhythmically [3,31]. Amongst possible meth-
ods of movement quantification in neurological disorders
(for comprehensive review, see [12]), there is increasing
interest in video analysis techniques, including those based
on deep learning or machine learning, for automated anal-
ysis of movements in epileptic seizures [1,2,7,8,33] and for
motor stereotypies (e.g., in autism [20]). However, such
studies have tended to focus on detection and categorization
of movement patterns; quantification of multi-segmental
rhythmic behaviors in terms of time-evolving movement fre-
quencies has not yet been reported. Here, we describe a
series of prefrontal seizures characterized by highly stereo-
typed rhythmic antero-posterior body rocking movements,
analyzed using quantitative video methods as well as elec-
troencephalography (EEG).

Methods

Clinical data

Videos recorded in the context of presurgical epilepsy eval-
uation in Timone University Hospital, Marseille, France were
studied. All patients provided written informed consent for
use of data. From a series of 220 cases of frontal epilepsy,
3 patients demonstrated a characteristic pattern of antero-
posterior rocking during epileptic seizures. Two patients had
intracerebral electrode exploration with stereoelectroen-
cephalography (SEEG) and one had surface video-EEG. All
had full presurgical work-up including neuroimaging.

Video method

Videos of seizures with rocking movements were analyzed
using a head tracking method (see Video file). Recorded
seizures in which rocking movements were not clearly vis-
ible were excluded. Each seizure video was converted into
an image sequence under 25 frame-per-second and resized
to 512 x 512 pixels dimension.

Video processing consisted of four parts: head detection,
denoising, peak detection, and frequency analysis. First, the

head of the patient was detected in each video by utilizing a
robust detector: the Single Shot Multibox Detector (SSD) net-
work [24], a deep learning-based model. We opted for this
approach as partial occlusions and changing environmental
lighting conditions, could have jeopardized the performance
of simpler head detection approaches. The location of the
head was manually annotated for 10-15% of the image sam-
ples per video, selected randomly, then SSD was used for
head detection. The SSD network is pre-trained on Ima-
geNet [10], a large-scaled image recognition dataset. The
pre-trained weights were used as the initialization weights
for the SSD network while the network was retrained with
the manually labelled samples for fine-tuning the network.
After head detection throughout the whole video, the head
movement trace was computed in the horizontal and verti-
cal direction. This was then normalized between 0 and 1,
and denoised in both directions by filtering with Empirical
Mode Decomposition (EMD) [42], which breaks down signals
into different components. The method is purely data-driven
and suitable for non-stationary and nonlinear signals, which
corresponds to the conditions for our movement traces. The
head movement trace was decomposed into several compo-
nents, Intrinsic Mode Functions (IMFs). By adding the IMFs
except the first, which revealed higher frequency compo-
nents, we reconstructed and obtained the denoised trace
signal.

Peaks of the traces in both directions were next detected
for calculating the cyclic head movement frequencies. To
identify peaks corresponding to real antero-posterior move-
ments, we referred to the traces in both directions. We
defined two functions f and g, such that f (ns) and ¢ (ny)
represent the trace value in the horizontal and vertical
directions at time-sampled points n, and n,. In addition,
ny and n, are denoted as n, and ny, respectively, once f (ny)
and g (ny) are viewed as peaks. If |n, — ny| < T where
T is a threshold for deciding how close the peaks in the
traces from both directions are to be considered as real
peaks associated with antero-posterior head movement.

Results

Clinical and neurophysiological results

Localization by SEEG showed low voltage fast epileptic
discharge in a widespread right dorsolateral prefrontal dis-
tribution for patient 1, and focally in the left orbitofrontal
cortex for patient 2. Patient 3 did not require SEEG
for presurgical work-up since non-invasive investigations
including high resolution scalp EEG and positron emission
tomography confirmed focal right prefrontal epilepsy organi-
sation (right intermediate frontal sulcus). All 3 patients had
normal neuroimaging. All 3 underwent subsequent cortec-
tomy, with cure of epileptic seizures and disappearance of
stereotyped behavior, with minimally 2 years’ follow-up. Eti-
ology of epilepsy was cryptogenic in patient 1 and due to
focal cortical dysplasia in patients 2 and 3.

Video analysis

Six seizure videos with antero-posterior rocking movement
from the 3 patients were included. Duration of rock-



Table 1 Data for each video on frequency of rocking movements, as calculated using automated head tracking.
Seizure 1 Seizure 2 Seizure 3 Seizure 4 Seizure 5 Seizure 6
(patient 1)  (patient 1)  (patient 1)  (patient 1)  (patient 2)  (patient 3)
Duration of seizure-related rocking (sec) 16 20 17 14 40 15
Maximum (Hz) 0.49 1.23 0.76 0.97 0.42 0.79
Minimum (Hz) 0.46 0.77 0.54 0.73 0.33 0.63
Median (Hz) 0.48 1.01 0.63 0.92 0.36 0.72
Standard deviation (Hz) 0.02 0.12 0.06 0.08 0.03 0.05
Mean (Hz) 0.48 1.00 0.63 0.90 0.37 0.71
Coefficient of variation (%) 4.17 12 9.52 8.89 8.11 7.04
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Figure 1

A. Ictal SEEG trace from patient 1 (10 seconds per page, 50 microV/mm). Note preictal spiking across a widespread right

predominantly dorsolateral prefrontal distribution, followed by abrupt transition to a low voltage fast discharge in the gamma band
(vertical red line), showing similar distribution as the preictal spikes. A less tonic and slightly later discharge is seen in electrodes
exploring right premotor cortex (top of SEEG trace). The first semiological sign (sudden onset of antero-posterior rhythmic rocking
and altered contact; vertical blue line) occurs approximately 3 seconds after electrical seizure onset, at which point slower diffuse
rhythmic activity is seen on SEEG. Inset to panel A: schematic illustration of epileptogenic zone of Patient 1, with right dorsolateral
prefrontal organisation projecting to premotor areas. B. Patient 2: focal left orbitofrontal organisation of epileptogenic zone, based
on SEEG exploration. C. Patient 3: focal right intermediate frontal sulcus organisation of epileptogenic zone, based on non-invasive
presurgical evaluation; here, source localisation of HR-EEG interictal data is shown.

ing within seizures lasted 15-40sec (mean 16.5). Mean
frequency of rocking movements was 0.37—1.00 Hz (median
0.67) (Table 1). Each seizure was characterized by a stable
frequency of rocking throughout its duration, with a mean
coefficient of variation 8.3% (Table 1, Figs. 1 and 2).

Discussion

The directionality and regularity of rhythmic axial rock-
ing movements were highly stereotyped across seizures

and patients, without goal-directed or habitual behavior
[37]. Body rocking also occurs in sleep-related movement
disorder [29], or ‘‘self-stimulatory behaviors’’ [25] e.g.,
in autism, as well as in normal infant development [39].
Anteroposterior spinal rocking is relatively uncommon in
epileptic seizures and has only been seen by us in a con-
text of prefrontal epilepsy; such a pattern occurs in only
a small proportion of seizures involving prefrontal cor-
tex (around 1% in our series). The 3 cases reported here
represent the only ones with this characteristic semiolog-
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peak in each seizure video. The color represents individual
patients.

ical pattern seen in our Epilepsy Unit over decades of
recording.

The repetition, rhythmicity, cyclicity and topograph-
ical similarity suggest a pathophysiological role for a
temporal assembly of neural structures acting as an oscil-
lator [18,23], with clinical expression reflecting interaction
between nervous system activity and biomechanical dynam-
ics of the musculoskeletal system [21]. Rocking frequency
varied between individuals and between seizures, within
a mean range (0.37—1.0Hz) overlapping with but slightly
lower than that associated with most physiological rhythmic
behaviors (0.8—2 Hz) [32] and those occurring in sleep disor-
ders (0.5—2Hz) [26]. Despite the short durations available
for calculation, each sequence showed a stable frequency
throughout, in keeping with the reduced variability typically
associated with stereotyped movements [41]. The coeffi-
cient of variation was similar to that reported for healthy
gait [22]. It is of interest that patient 1, who presented
4 seizures with rocking, showed slight differences in rock-
ing frequency between seizures, suggesting that these were
not caused by rigidly predetermined rhythmic generators.
The observation that the rocking frequency differed some-
what between seizures may reflect individual differences, as
for spontaneous natural rocking [35]. Seizure-specific fac-
tors may also have played a role, for example, variations
in frequency of cortical seizure discharge, and degree of
synchrony between key structures, may contribute to dif-
ferences in clinical output. Higher rocking frequencies were
related to smaller amplitudes (e.g. upper trunk rocking
rather than whole body), in keeping with known biomechan-
ical effects of inertia [4]. Antero-posterior directionality
remained the same throughout each seizure.

Repetitive, rhythmic movement patterns in frontal lobe
seizures may be characterized as stereotypies [5,13], whose
segmental distribution was previously shown to be cor-
related with localization of the epileptogenic zone along
a rostro-caudal axis: axial/proximal motor stereotypies
were associated with more posterior frontal regions and
distal stereotypies with anterior prefrontal regions [30].
All seizures here showed prefrontal cortex epileptic dis-
charge, but with different sublobar localization across

patients. Thus, the here observed movement patterns were
not directly related to epileptic activity within a single
specific cortical region [5], but suggested an effect involv-
ing associative motor regions that might project to a ‘‘final
common pathway’’ underlying the repetitive movements.
Clinical expression would likely depend on subcortical cir-
cuits triggered by different possible cortical localizations of
epileptic activity [40] and probably specific temporal (fre-
quency, synchrony) conditions of discharge [3,6].

From a hierarchical perspective of nervous system
organization, abnormal triggering of innate movement
patterns may occur by top-down ‘‘release’’ due to tran-
siently altered dynamics within topographically organized
cortico-subcortical motor control circuits [36], as has
been suggested for some other seizure patterns involv-
ing ‘‘programmed’’ behaviors (e.g. rhythmic movements
related to locomotion or mastication) [15]. From an ontoge-
netic perspective, fetal somersaults around the transverse
axis occur from around 12 weeks’ gestation [9]; in addition,
rhythmic stereotypies seem to play a specific developmen-
tal role in normal infants, with rhythmic trunk movements
occurring mainly between 6 and 12 months of age [39]. Phy-
logenetically, rhythmic spinal flexion underlies rectilinear
locomotion in some limbless vertebrates [17].

In previous SEEG work on seizure-related oroalimentary
automatisms, the authors suggested that functional cou-
pling between cortical structures during seizures may be
responsible for a top-down effect on outflow pathways from
masticatory cortex [3]. Similarly, specific synchronization
dynamics created during certain prefrontal seizures might
allow expression of subcortical generators of regular, stereo-
typed, rhythmic movement, in this case involving spinal
musculature.

Limitations of our work include the use of a single cam-
era, which allowed 2-D video analysis. More data allowing
more detailed characterization of movements could have
been achieved using a 3-D video approach, through record-
ing with multiple cameras placed at different angles to the
subject. A novel 3-D method, NeuroKinect, has recently
been used to successfully record and quantify movements
in epileptic seizures [7]. One specific advantage of a multi-
camera approach in the present series would have been a
lateral view of these movements, which could have allowed
assessment of their amplitude. However, since the present
data came from a retrospective series recorded in the con-
ventional way in our videotelemetry unit, we were obliged
to work with the available video data. The other major
limitation is the small number of cases (due to the rarity
of this specific semiological pattern), and the possibility
that including several seizures from the same patient was
a source of bias in determining the mean rocking frequency
of the whole group.

Conclusion

Automated video analysis confirmed stable frequency
throughout rocking sequences in the prefrontal seizures,
suggesting a mechanism involving intrinsic oscillatory gen-
erators. Since localization of seizure onset varied within
prefrontal cortex across patients, altered dynamics within
a ‘'final common pathway’’ involving cortico-subcortical



movement circuits is hypothesized. Further work on time-
evolving frequencies of stereotyped movements across a
range of pathologies could help shed light on possible shared
pathophysiological mechanisms; to this end, documenta-
tion of kinematic properties of stereotypies using automated
video analysis could be a useful tool. Future studies could
focus on a larger series of seizures with complex motor
behaviors, aiming to identify clinical subgroups based on
automated video analysis (including a control group), and
to correlate these with intracerebral EEG signal analysis.
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