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Abstract

Objective To evaluate the incidence and risk factors of generalized convulsive seizure (GCS)-related fractures and injuries
during video-EEG monitoring.

Methods We analyzed all GCSs in patients undergoing video-EEG-monitoring between 2007 and 2019 at epilepsy centers
in Frankfurt and Marburg in relation to injuries, falls and accidents associated with GCSs. Data were gathered using video
material, EEG material, and a standardized reporting form.

Results A total of 626 GCSs from 411 patients (mean age: 33.6 years; range 3—74 years; 45.0% female) were analyzed. Severe
adverse events (SAEs) such as fractures, joint luxation, corneal erosion, and teeth loosening were observed in 13 patients
resulting in a risk of 2.1% per GCS (95% CI 1.2-3.4%) and 3.2% per patient (95% CI 1.8-5.2%). Except for a nasal fracture
due to a fall onto the face, no SAEs were caused by falls, and all occurred in patients lying in bed without evidence of external
trauma. In seven patients, vertebral body compression fractures were confirmed by imaging. This resulted in a risk of 1.1%
per GCS (95% CI 0.5-2.2%) and 1.7% per patient (95% CI 0.8-3.3%). These fractures occurred within the tonic phase of a
GCS and were accompanied by a characteristic cracking noise. All affected patients reported back pain spontaneously, and
an increase in pain on percussion of the affected spine section.

Conclusions GCSs are associated with a substantial risk of fractures and shoulder dislocations that are not associated with
falls. GCSs accompanied by audible cracking, and resulting in back pain, should prompt clinical and imaging evaluations.
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Video-EEG monitoring is required in many cases to differ-
entiate between epilepsy and other possible diagnoses, to
determine epilepsy type, and is indispensable for presurgical
evaluation of epilepsy. Its diagnostic utility has been dem-
onstrated in several studies [1-5].

In parallel to the increasing use of video-EEG monitor-
ing, questions about the safety of the procedure itself have
arisen [6-8]. Epileptic seizures, especially generalized con-
vulsive seizures (GCSs; focal to bilateral tonic—clonic sei-
zures and generalized tonic—clonic seizures of generalized or
unknown onset [9, 10]) are a common cause of accidents and
injuries due to the seizure itself or to concomitant factors
such as seizure-induced falls or reduced awareness [11]. As
seizure occurrence during video-EEG monitoring is, in part,
artificially provoked by the discontinuation of anti-seizure
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drugs (ASDs) or by sleep deprivation, informed patient con-
sent about related risks must be detailed and supported by
reliable and relevant data.

The aim of this study was to analyze a large number of
GCSs to be able to estimate the associated risk incidence
for injuries, and to identify potential risk factors for adverse
events related to GCSs.

Methods

In this retrospective multicenter study, we evaluated the
medical records of all patients who underwent video-EEG
monitoring at epilepsy centers in Frankfurt and Marburg
between January 2007 and June 2019. The study was
approved by the local ethics committees, and we adhered to
the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines [12].

The video-EEG monitoring was either performed for pre-
surgical evaluations [13] in drug-refractory patients, or for
the classification of epilepsy type. Withdrawal of ASDs or
sleep deprivation were used to record a sufficient number of
seizures. Classifications of seizure type, epilepsy type, and
syndromes were adopted based on the latest definitions pro-
posed by the International League Against Epilepsy (ILAE),
and the semiological seizure classification [9, 14, 15]. In
general, scalp electrodes using the 10-20 and 10-10 inter-
national systems were used for EEG-recordings, and in some
patients with clinical indications, sphenoidal electrodes or
intracranial electrodes were applied. The relevant quality
guidelines of the working group for presurgical epilepsy
diagnosis and operative epilepsy treatment were followed
[13].

Inclusion criteria were the diagnosis of epilepsy, and at
least one video-EEG record of a GCS. The abbreviation
GCS refers to focal to bilateral tonic clonic seizures and
generalized tonic—clonic seizures of generalized or unknown
onset [9]. We assessed the incidence of all adverse events,
and defined serious adverse events (SAEs) as any untoward
medical occurrence that caused prolongation of an existing
hospitalization, resulted in persistent or significant disability
or incapacity, or required intervention to prevent permanent
impairment or damage.

Using a standardized form, information was gathered con-
cerning etiology, duration of epilepsy, habitual seizure fre-
quency, current ASD treatment and previously used ASDs.
Anonymized datasets generated during this study are avail-
able from the corresponding author upon reasonable request.

All GCSs were analyzed based on the corresponding
video recordings, EEG data, and documentation by attend-
ing physicians and the nursing staff. Patients were excluded
from the study if video records were not available for entire
seizure durations. GCS onset was often characterized by

versive head or body movement, or by vocalization. Refer-
ring to the classification of Theodore et al. [16], GCSs were
categorized by different phase names such as generalization,
clonic jerking, tonic phase, jittery tremulous, clonic phase,
and by assessing the timespan of each phase.

Audio recordings from patient rooms during GCSs
were manually annotated for fracture events and evaluated
together with the corresponding EEG and video recordings.
To characterize the audio characteristics of fracture events,
we calculated spectrograms in the range of 0.01-20 kHz.
Then, the average sound intensities below 1 Hz, and in the
range of 3—15 Hz, were calculated as average of intensities
for single spectrogram bands in each range, respectively.
These two ranges were chosen to contrast the frequency con-
tent of fracture events in the range that corresponds to the
main pitch content of human speech (<1 Hz), and a high-
frequency range that is typically only weak in human speech.
Finally, audio temporal dynamics during fracture events
were characterized by taking the first temporal derivative
of the overall sound intensity in the range of 0.01-20 Hz.

Patients who sustained SAEs during monitored GCSs
were compared to a matched patient group without SAEs
to evaluate potential risk factors. Each patient with a SAE
was matched to five patients without SAEs and their first
GCS, matching was based on the adjacent admission to
video-EEG-monitoring.

Data were analyzed using SPSS Statistics version 26
(IBM Corp., Armonk, NY, USA). Comparisons between
groups were performed using the Wilcoxon—-Mann—Whitney
test for nonparametric values. Pearson’s chi-squared tests
were used to assess the distributions of clinical character-
istics between groups. The 95% confidence intervals (95%
ClI5s) for the risks to sustain per-patient, and per GCS, SAEs
were calculated by the Jeffreys method. All p values were
two-sided and regarded as statistically significant at less than
0.05.

Results
Demographic and clinical characteristics

Generalize convulsive seizures were recorded in 411
patients [mean age: 33.6 years; median 31.0 years; range
3-74 years; n=185 (45.0%) female] during the study
period. Patients suffered for a mean of 15.5 years (SD
13.3; median 11.0 years; range 0.2-63 years) from either
focal epilepsy (n =341, 83.0%), genetic generalized epi-
lepsy (n=44, 10.7%) or another (or unknown) epilepsy
syndrome (n=26, 6.3%). Patients were treated with a
mean of 2.1 ASDs, with a previous-treatment mean of 2.6
ASDs; for details refer to Table 1. At admission, 65.9%
(n=271/411) of patients reported having suffered from
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Table 1 Demographic and clinical patient characteristics

Patients (n=411)

% (n)

Age in years

Median 31.0
Range 3-74
Age at epilepsy onset Mean 17.5+12.5
Median 15.0
Range 0.3-67
Epilepsy duration in years Mean 15.5+13.3
Median 11.0
Range 0.2-63
Epilepsy syndrome % (n)
Focal epilepsy 83.0 (341)
Idiopathic (genetic) generalized epilepsy 10.7 (44)
Other or unknown syndrome 6.3 (26)
Drug-refractory epilepsy 88.3 (363)
Overall seizure frequency prior to admission
At least one seizure per day 10.5 (43)
At least once a week 29.7 (121)
At least once a month in 38.5 (157)
Less than once a month or unknown 21.9 (90)
Antiseizure drugs Mean 2.1+0.8
Median 2.0
Range 0-5
Number of antiseizure drugs used in the past” Mean 2.6 +2.6
Median 2.0
Range 0-16
Current antiseizure drugs % (n)
Levetiracetam 55.2 (227)
Lamotrigine 41.6 (171)
Lacosamide 20.7 (85)
Oxcarbazepine 18.5 (76)
Valproate 14.4 (59)
Zonisamide 10.9 (45)
Carbamazepine 9.0 (37)
Brivaracetam 7.1 (29)
Topiramate 6.6 (27)
Pregabalin 4.1 (17)
Clobazam 2.9 (12)
Perampanel 2.7(11)
Eslicarbazepine 2.7(11)
Other 5.1 21

Mean 33.6+13.7

*current antiseizure drugs not included

a GCS within the last 12 months, 29.7% (n=122) denied
a GCS during that time period, and 4.4% (n=18) were
unsure.

The mean duration of video-EEG recordings was 150 h
(SD 66.0; median 120.0 h; range 24—480 h) and a total of
2,534 days of video-EEG monitoring were evaluated. In the
majority (n=387; 95.3%) of patients, ASDs were reduced
or discontinued during video-EEG monitoring, while in 19
patients (4.7%) medication treatment was unchanged.

@ Springer

In total, 626 GCSs were analyzed, with a mean number of
1.6 (median 1.0; range 1-8) per patient. A single GCS was
recorded in 246 patients (59.9%), while 112 patients (27.3%)
suffered two, 33 (8.0%) suffered three, and 20 (4.9%) suf-
fered four or more GCSs.

Adverse events

Within the 12-year observation period, SAEs such as
fractures, joint luxation, corneal erosion, or teeth loos-
ening occurred during 13 GCSs (2.1% per GCS; 95% CI
1.2-3.4%) in 13 patients (3.2% of the total patient cohort;
95% CI 1.8-5.2%). Except for a nasal fracture due to a fall
onto the face, no SAE was caused by a fall, and all occurred
in patients lying in bed without any evidence of external
trauma. We observed further adverse events (tongue biting,
lip biting, lacerations, bruises, and nose bleeds), rated as
minor injuries, in 49 patients (11.9%) and 55 GCSs (8.8%
per GCS).

Among the SAEs, seven patients sustained vertebral-
body compression fractures (1.7% [95 CI 0.8-3.3%] of the
total patient cohort; 1.1% per GCS [95 CI 0.5-2.2%]) four
of which affected the thoracic spine, and three of which
affected the lumbar spine. Details of these injuries, patient
characteristics, and SAE outcomes are presented in Table 2.
Times of vertebral-body fractures could be identified in five
of the seizures by identification of a characteristic broadband
sound of breaking bone. This observation was supported
by digital analysis of audio recordings (Fig. 1). Figure la—
shows an example spectrogram (a), intensity levels (b), and
temporal modulation of intensity (c) for the sound of frac-
ture in one patient. Perceptually, fractures sounded like high-
frequency clicks, and typically occurred in rapid, irregular
series of 2—10 clicks per second. In the spectral domain,
fracture clicks had broad frequency content, with high inten-
sities present in the entire range up to 20 kHz (Fig. 1a, b).
Temporally, fracture clicks were characterized by a rapid,
transient increase in intensity (Fig. 1¢). Across five patients,
we identified 33 fracture-click sounds (Fig. 1d). On average,
all events had a similar temporal extent of approximately
25 ms (Fig. le).

These fractures occurred within the tonic phase of GCSs.
Following a GCS, patients reported spontaneous back pain,
and increased pain on percussion of the affected spine area.
All patients underwent diagnostic imaging (Fig. 2), five of
the fractures were treated conservatively, and two fractures
required surgical intervention.

Risk factors for severe adverse events
The matched groups, with and without SAEs, were well-

matched for age (p =0.972), but there was a trend towards
male gender (p =0.083) in the SAE group. Figure 3 shows
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Table 2 (continued)

&

Diagnostics and
treatment

Injury

Comorbidities

Position during
S

lateralization GC

Total GCS Seizure onset Seizure EEG

Epilepsy syn-
drome

Sex

Epilepsy dura-

(years)

(years) tion

Patient # Age

Springer

Fracture ver- X-ray, CT,

Arterial hyper-

Left lateral, in

58 Female FE (TLE) 2 Sleep Left

69

13

kyphoplasty

tebral bodies
(Th4 & Th9)

tension

bed, no fall

31% right 54%  92% in bed, no

38% awake
62% sleep

1.5

(]

85% FE

23% female
77% male

?339 ©19.8

fall
8% with fall

left
15% bilateral

15% GGE

FE focal epilepsy, FLE frontal lobe epilepsy, TLE temporal lobe epilepsy, OLE occipital lobe epilepsy, GGE genetic generalized epilepsy

the distribution of SAEs according to age and gender.
Female patients with SAEs (mean age 60 years, SD 13.1)
were significantly older than female patients without SAEs
(mean age: 34.5 years, SD 16.3, p=0.02), while the average
age of males with SAEs (mean age: 26.1 years, SD 7.1) was
lower than the average age of controls (mean age: 33.5 years,
SD 17.1), but this difference did not reach statistical sig-
nificance (p =0.35). Patients with SAEs had longer video-
EEG-monitoring than controls, but we did not detect any
other differences among patients, video-EEGs, or seizure
characteristics of GCSs (for details, refer to Table 3).

Discussion

This study analyzed a large number of 626 consecutive
GCSs and estimated the associated risk of SAEs at 2.1%
per GCS and 3.2% per patient in whom GCS were recorded.
During the 12-year observation period, seven patients sus-
tained vertebral-body fractures resulting in a risk of 1.1%
per GCS or 1.7% per recorded patient. Remarkably, none
of the vertebral-body fractures was associated with a fall,
and they occurred spontaneously during the tonic phase of
GCSs. Clinicians should ask all patients who recently had a
GCS about back or shoulder pain, pay attention to patients
reporting these symptoms spontaneously following GCSs,
and proceed with radiological examinations to prove, or rule
out, shoulder and vertebral injuries or fractures. Our obser-
vation of a characteristic sound of vertebral-body breaking
might add to clinical suspicions, and video-EEG data should
be screened for that clinical sign. Audio-based seizure detec-
tion devices are under development [17] and a future appli-
cation might be to search the audio recordings for the sound
of vertebral-body breaking. In summary, the present data
allows patients to be informed of the risks associated with
GCSs during video-EEG monitoring in more detail.

Our findings are in line with other studies reporting
increased risk of injuries and fractures in epilepsy patients
compared to control patients [18-22]. Grzonka et al. per-
formed a systematic review of bone fractures from GCSs
and status epilepticus, including 39 studies and case reports
[23]. They concluded that among all reported fractures,
bilateral posterior fracture-dislocations of the shoulders
(33%), thoracic and lumbar vertebral compression fractures
(29%), skull and jaw fractures (8%), and bilateral femoral
neck fractures (6%) were the most common fracture loca-
tions [23]. Vertebral compression fractures were reported in
eight (5.2%) out of 153 cases for thoracic, and in six (1.2%)
out of 511 cases for lumbar locations. A large study of 2,800
patients admitted to hospital with a diagnosis of seizure
showed fractures in 30 (1.1%) of them, while in 7 patients
(0.3%), fractures were a consequence of seizure alone, with-
out direct trauma [22].
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Fig. 1 Digital analysis of vertebral-body fracture sounds. a Spectro-
gram of click sounds accompanying fracture events in one patient
example. Red arrows mark time points of single-fracture clicks. Hori-
zontal lines indicate boundaries of the frequency ranges, for which
average sound intensities are plotted in b. b Average sound intensi-
ties in the low-frequency range (gray, 1 Hz) and high-frequency range
(blue, >3 Hz) for the same fracture events in a. ¢ Temporal deriva-

Studies on adverse events during video-EEG monitor-
ing units report lower numbers for fractures and injuries not
related to falls. Dobesberger et al. analysed 596 consecu-
tive video-EEG sessions, and reported 53 adverse events
in 9% (44/507) of patients (definitive diagnoses of epilepsy
in 400 of these patients) within a six-year period. Injuries
were reported in 15 patients (3%), with minor injuries in 11
patients (bruises, abrasions, and lacerations), while two falls
resulted in non-dislocated fractures of nasal bones, and one
patient sustained a severe head injury (acute epidural hema-
toma) after a fall during a GCS. Two patients (a 37-year-old
male and 73-year-old female) had compression fractures of
lumbar vertebrae verified by spine computed tomography,
and both presented with back pain after GCSs [7]. These
authors implemented personalized safety measures to reduce
adverse events during video-EEG monitoring and showed
in a follow-up study that injuries decreased from 3 to 2%
[6]. In their follow-up cohort, no vertebral fractures were
reported. Strategies for fall prevention and bathroom safety
were also implemented in other epilepsy-monitoring units,
and resulted in a reduction in fall frequency and associated
injuries [24]; however, there are no specific strategies avail-
able to prevent GCS-related fractures not associated with
falls. Only the prevention of GCS can reduce the probability
of associated fractures; however, this might interfere with
recording enough seizures for presurgical evaluation.

Sauro et al. studied 396 consecutive patients with 101
recorded GCSs, and the most common adverse events
were seizure-related injuries that were not related to falls

O

event #

Power (zscore)

E
1
oy Intensity
19 ——— d/dt Intensit
8 05 4
N
o]
2
[
o
-0.05 0 0.05
time (s)

tives of overall sound intensities for the events depicted in a and b.
Fracture events were characterized by rapid, transient increases in
sound intensity across the entire frequency range. d Average power
across the entire frequency range for n=31 detected fracture-click
sounds, aligned by time-of-sound. e Click events continued for
approximately 25 ms

in nine patients (2.3%), but the details of the injuries were
not specified [25]. Ley et al. examined 175 patient cases
with 195 recorded GCSs, and observed one case of double-
vertebral compression fracture, one spinal disc herniation,
and one relapse in a case of chronic glenohumeral luxation
[26]. Fahoum et al. analyzed 524 consecutive admissions,
and observed one nasal fracture due to a seizure-related fall
[27]. At the other end of the scale, several studies reported
no fractures during video-EEG monitoring. Craciun et al.
studied 976 patients admitted for video-EEG monitoring
and reported falls in 19 patients (1.9%), but none of them
resulted in injury. Overall 177 GCSs were recorded [28].
Recently Cox et al. examined 1062 admissions, comprising
1518 video-EEG monitoring days, and reported no fractures.
In ten patients, falls were reported (1%), but with no, or only
minor, injuries [8]. In their cohort; however, seizures were
only recorded in 256 patients out of 1062 admissions [8],
so the reported risk of injuries and adverse events in video-
EEG monitoring units will depend heavily on the number of
patients in whom seizures, specifically GCSs, were recorded
as these carry the highest risk for fractures and other inju-
ries. However, the number of recorded GCSs is not provided
in the majority of studies that focus on safety of video-EEG
monitoring, making comparisons with our study difficult.
Recognition of fractures can be challenging, as symp-
toms may be misinterpreted as muscle pain, or as emerg-
ing rhabdomyolysis after a seizure or status epilepti-
cus, and studies about injuries related to GCSs may be
affected both by underreporting and by lack of awareness
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T2w

STIR

Patient 2

19-vear-old male patient 2:
With generalized convulsive
seizure (GCS) in 09/2017 and
initial CT-scan of the thoracic
spine (1A) showing vertebral
body fractures decreased in
height (asterisks).

Follow up after another seizure
with x- ray (not shown) 01/2018
and MRI (1B, 1C) 02/2018
without acute fractures or signs
of bone bruise.

Patient 6

Patient 6

26-year old male

patient 6:

Initially seen as
outpatient after GCS and
fall from chair in 12/2015.
Primary X-ray (not
shown) and MRI (2B,
2C) showing multiple
vertebral body fractures
with bone bruises in the
lower thoracic spine,
high signal intensity in
STIR (2C, curved arrow).

Additional CT-scan (2A)
indicating also acute vertebral
body compression fractures with
impacted trabeculae (arrow).

5 years later after another GCS
during video-EEG monitoring in
02/2019, the initial high signal in
STIR (2D) had vanished
(arrowhead). Instead, high signal
in STIR (2E) barely seen in T2WI
(2F) revealing acute vertebral
body fractures of the upper
thoracic spine.

Patient 7

32-year old male patient 7:

With GCS in 02/2017 and initial
CT- scan based on serious back
pain (3A) showing multiple
vertebral body fractures in the
thoracic spine. The additional MRI
shows deformation of the cortical
endplates. High signal in tau
inversion recovery (STIR) image
(3C), hardly seen in T2WI (3B)
allows distinguishing between
acute fractures from pre-existing
fractures with low signal in STIR.

Fig.2 Imaging of spinal injuries
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Fig.3 Age and gender distribu- 70
tion of patients, and severe
adverse events (SAEs) due to

generalized convulsive seizures 60
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[23, 29]. Grzonka et al. suggested a three-step screening
procedure to identify fractures related to seizures. First,
patients should be asked about postictal musculoskeletal
pain, especially in their joints, back, and extremities. Sec-
ond, clinical examinations should look for the presence
of fractures by palpation of specific risk locations, and
check for deformities, limited joint mobility, and bruis-
ing. Third, imaging of areas under suspicion should be
performed [23]. Such recommendations mirror our own
clinical approach, and may have resulted in the substan-
tial number of vertebral compression fractures that were
uncovered by computed tomography and magnetic reso-
nance imaging. The latter allowed a delineation of acute
and older fractures by use of short tau inversion imaging
(STIR) to demonstrate edema and bone bruising (Fig. 2)
[30].

We found a correlation between injuries and older age
in females, a finding that might be attributed to a higher
prevalence of osteoporosis in older women [31, 32].
However, epilepsy patients in general have a high risk of
developing bone disease, caused by ASD intake as well
as other factors [33, 34]. Accordingly, seizure severity,
duration of epilepsy, the use of ASDs known to decrease
bone mineral-density, and a family history of fractures
have all been identified as risk factors for injuries [23].
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Strengths and limitations

The limitations of our analysis were its retrospective design,
the artificial setting during video-EEG monitoring, reduction
of ASDs, and recording and evaluating patients in hospital
settings rather than in patients’ home and work environ-
ments. The strengths of our study include the controlled con-
ditions of continuous video and EEG monitoring, allowing
us to detect seizure phases and the cracking noises associ-
ated with bone fractures, and the large number of patints
with GCSs.

Conclusion

Our results show that GCSs are associated with a sub-
stantial risk of fractures, or shoulder dislocations, not
associated with falls. This finding is important both in the
context of video-EEG monitoring, where patients should
be informed about the risk incidence of injuries, and in
the broader context of inpatient and outpatient treatments,
where physicians should ask about and look for signs and
symptoms of injuries after GCSs. We suggest that clinical
practice guidelines recommend standardized screening for
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Table 3 Clinical and seizure

e : - Patients with SAE Matched controls p value
characteristics in patients with n=13 without SAE
severe adverse events (SAEs) n=65
and matched controls without
SAEs Patient characteristics
Age in years 33.9+16.9 34.0+16.6 0.972
Gender 3110 m 321/33 m 0.083
Epilepsy duration in years 19.7+20.1 13.1+£12.1 0.348
Age at onset of epilepsy in years 13.3+7.2 20.2+17.1 0.293
Epilepsy syndrome
Focal epilepsy 10 (76.9%) 51 (78.5%) 0.219
Genetic generalized epilepsy 2 (15.4%) 11 (16.9%)
Other or unknown syndromes 1(7.7%) 3 (4.6%)
Drug-refractory epilepsy 11 (84.6%) 54 (83.1%) 0.89
Antiseizure drugs 2.2+0.8 2.2+0.8 0.874
Failed antiseizure drugs in the past 24+24 2.6+2.9 0.949
GCS within last 12 months
Yes 11 (84.6%) 44 (67.7%) 0.221
No or unsure 2 (15.4%) 21 (32.3%)
Video-EEG-Monitoring characteristics
Duration of video-EEG in hours 184.6 +60.7 147.4+61.4 0.044
Reduction of ASM 13 (100%) 64 (98.5%) 0.652
Total number of seizures 2.6+3.0 4.4+5.7 0.111
Total number of GCS 1.5+0.7 1.7+1.1 0.869
Seizure characterictics
Duration of GCS in seconds 584+11.8 66.7+19.7 0.119
Duration of tonic phase in seconds 13.0+£6.7 10.2+£5.9 0.133

ASM anti-seizure medication; GCS generalized convulsive seizure

shoulder dislocations and bone fractures in patients after
GCSs, with or without associated falls.

Before discontinuing ASDs during video-EEG monitor-
ing, a risk—benefit analysis should be carried out together
with the patient to discuss the benefits of presurgical eval-
uation, or the benefits of confirming the diagnosis of epi-
lepsy and the resulting therapeutic consequences in both
patient groups. This should particularly apply to patients
who have not recently experienced GCS under therapy
with ASDs, and who have known risk factors for fractures
such as osteoporosis, previous fractures or family history
of fractures.
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