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ABSTRACT
Objective. To assess whether trainees can learn and implement the operational
definition of interictal epileptiform discharges (IEDs) of the International
Federation of Clinical Neurophysiology (IFCN), based on six morphological
criteria, and whether its implementation improves their diagnostic performance
and inter-rater agreement (IRA).
Methods. Seven trainees evaluated a balanced dataset of 70 EEG samples
containing sharp transients (35 from patients with epilepsy and 35 from patients
with non-epileptic paroxysmal events). The gold standard was derived from
video-EEG recordings of the habitual clinical episodes. The trainees individually
reviewed the EEGs, blinded to all other data, in two successive training sessions,
three months apart. The second session was preceded by a teaching module
about the IFCN criteria, and the trainees implemented them during the second
reading session.
Results. By implementing the IFCN criteria, trainees significantly improved their
specificity (94.29% vs. 77.14%; p=0.01) and overall accuracy (81.43% vs. 64.29%;
p=0.01) for identifying IEDs. Sensitivity also improved but did not reach the level
of statistical significance (77.14% vs. 60%; p=0.07). IRA improved significantly
from fair (k=0.31; 95% CI: 0.22-0.40) to high-moderate (k=0.56; 95% CI:0.46-0.67)
beyond-chance agreement.
Significance. Implementing the IFCN criteria significantly improves the diagnos-
tic performance and IRA of trainees in identifying IEDs. Teaching the IFCN
criteria for IEDs will increase specificity in clinical EEG and avoid over-reading,
the most common cause of misdiagnosing epilepsy.
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Electroencephalography (EEG) is the
most commonly used investigative
method in patients with epilepsy [1].
Interictal epileptiformdischarges (IEDs)

confirm the diagnosis [2, 3], predict
recurrence of seizures [4], and help
classifying epilepsy [5]. In spite of
advances in automated signal analysis
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[6, 7], algorithms have not yet achieved sufficient
accuracy and reliability for clinical implementation,
and visual assessment remains the clinical method of
EEG reading [8]. However, this requires expertise,
which is not available everywhere. Most EEGs in the
United States are read by neurologists who have not
had fellowship training in EEG, and a recent study
identified a lack of consistency in EEG training of
neurology residents [9].
Routine interictal EEG recording is one of the most
abused investigations in clinical practice: over-read-
ing of EEG is the most frequent cause of epilepsy
misdiagnosis [10-13]. Approximately 30% of patients
seen at epilepsy centres for drug-resistant seizures do
not have epilepsy [13-16]. Epilepsy misdiagnosis is
detrimental to the patients, as it unnecessarily
exposes them to antiepileptic medications, prevents
them from driving, and limits their career choices
[17, 18]. Therefore, “conservative” reading of the EEG
has been recommended [8] in order to achieve high
specificity and avoid over-diagnosing epilepsy
[11, 13, 19].
Sharp transients are oftenmisinterpreted as IEDswhen
presenting with sharp morphology and higher ampli-
tude on EEG during early drowsiness [10-12]. Several
attempts have been made to define the characteristic
morphology of IEDs [1, 10, 11, 19-26]. Recently, The
International Federation of Clinical Neurophysiology

(IFCN) has proposed an operational definition, con-
sisting of six criteria, describing the morphological
features of IEDs:
� di- or tri-phasic waves with sharp or spiky morphol-
ogy (i.e., pointed peak);
� different wave duration relative to ongoing back-
ground activity, either shorter or longer;
� asymmetry of the waveform- a sharply rising
ascending phase and a more slowly decaying des-
cending phase, or vice versa;
� the transient is followed by an associated slow after-
wave;
� the background activity surrounding epileptiform
discharges is disrupted by the presence of the
epileptiform discharges;
� and distribution of the negative and positive
potentials on the scalp suggests a source of the
signal in the brain, corresponding to a radial,
oblique or tangential orientation of the source [27]
(figure 1).
We have previously demonstrated that systematic
implementation of the IFCN operational criteria
yielded high specificity (over 95%) and reasonable
sensitivity (over 80%) when at least five of the IFCN
criteria were present (in any combination), or the
specific combination of Criteria 1, 4 and 6 were
present [28, 29]. However, in these studies, all raters
were experienced EEG readers.
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& Figure 1. Infographic summarizing the six spike criteria of the International Federation of Clinical
Neurophysiology: (1) di- or tri-phasic waves with sharp or spikymorphology (i.e., pointed peak); (2) different
wave duration relative to ongoing background activity, either shorter or longer; (3) asymmetry of the
waveform- a sharply rising ascending phase and a more slowly decaying descending phase, or vice versa; (4)
the transient is followed by an associated slow after-wave; (5) the background activity surrounding
epileptiform discharges is disrupted by the presence of the epileptiform discharges; (6) distribution of the
negative and positive potentials on the scalp suggests a source of the signal in the brain corresponding to a
radial, oblique or tangential orientation of the source (modified with permission from: Kural et al., 2020 [29]).
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The goal of this study was to assess whether trainees can
learn and apply, in practice, the operational definition of
IED. We have evaluated the diagnostic accuracy of the
traineesbefore and after a teachingmodule consistingof
one webinar and two hands-on tutorials.

Methods

EEG recordings

The trainees reviewed a test dataset of 70 EEG samples.
Each sample had a sharp transient -either an IED or
non-epileptiform sharp transient- with a pointed peak
and negative phase-reversal. The dataset was bal-
anced: 35 consecutive patients had epilepsy, and 35
consecutive patients had non-epileptic paroxysmal
events. The diagnostic gold standardwas derived from
the long-term video-EEG monitoring showing the
patientś habitual clinical episodes. We excluded
patients with diagnostically inconclusive long-term
video-EEG recordings, patients with both epileptic
seizures and non-epileptic paroxysmal events, and
patients younger than one year.
From the included patients, interictal EEG samples of 10
seconds, showing the first sharp transient, with pointed
peak and negative phase-reversal (epileptic or not), were
selected by two of the authors (MAK and SB). For
patients with epilepsy, the sharp transients had to fulfil
one additional criterion: they had to be congruent with
the ictal EEG pattern, i.e., in the same area as the seizure
onset for patients with focal epilepsy and bilateral-
synchronous for patients with generalized epilepsy.
Hence, thediagnostic reference standardwas robust and
derived from an independent feature: the habitual
clinical episode of the patient, which is considered the
diagnostic gold standard [8]. All EEGs were recorded
using the IFCN electrode array of 25 electrodes [30],
including the electrodes in the inferior temporal chains.
The regional ethics committee reviewed this project,
in which only de-identified patient data were collect-
ed. According toDanish regulations, this study did not
require written informed consent from the patients
since it involved a retrospective analysis of anon-
ymized data. We report the study according to the
standards for reporting diagnostic accuracy studies
(STARD) guidelines [31].

Study design

Seven trainees (MV, STA, HCL, BÖ, AYY, AHW, and
ISÖ) participated in the study as EEG raters. Three of
them were neurology residents and four of them had
recently completed their neurology residency. They
were educated in EEG as a part of their neurophysiol-
ogy rotation, with at least three months but not more

than six months of experience / previous training in
reading EEGs. Five of them were working in Turkey
and two of them in Denmark. The trainees were not
familiar with the operational definition of IEDs before
this study. The trainees independently reviewed the
test EEG dataset, blinded to all other data. They were
not informed that the dataset was balanced. The
trainees were allowed to change montages, filters,
gain, time resolution, and generate voltage maps.
In thefirst reading session, the trainees reviewed the EEG
samples and concluded whether the sharp transients
were epileptiform or not, solely based on their previous
training and experience. The trainees were not given
feedback after the first session, and they remained
blinded to the gold standard. Next, the trainees
participated in a teaching module about the operational
definition and the six IFCN criteria of IEDs (figure 1). The
teaching module consisted of a 50-minute webinar
(supplementary video) with theoretical background and
two hands-on sessions, during which they read 25
training samples, together with one of the authors
(MAK), and applied the IFCN criteria to these samples.
The EEGs in the training dataset were extracted from
different patients to those for the test dataset.
To compare the performance of the trainees before and
after the teaching module, we had to use the same EEG
samples. To avoid potential bias (due to repetition), we
presented the samples in a different, randomized order,
the trainees did not receive feedback on their choices in
the first round, they remained blinded to the gold
standard, and the two reading sessions were separated
by an interval of three months. The trainees did not
receive any additional education between the sessions
(only the teaching module described above). In the
second reading session, the trainees systematically
applied the six IFCN criteria, and specified for each
sample, which criteria were present. Then, based on
previous studies [28, 29], a sharp transient was consid-
ered an IED if it fulfilled at least five criteria (any
combination) or the specific combination of the three
optimal criteria (1, 4 and 6). Otherwise, it was labelled as
a non-epileptiform sharp transient.

Outcome measures and statistics

For each EEG sample, we compared the scoring of the
trainees (IED or non-epileptiform sharp transient) with
the diagnostic gold standard, as described above. Then,
we calculated the sensitivity (rate of true positives),
specificity (rate of true negatives), and overall diagnostic
accuracy (rate of true positives and true negatives) for
each trainee before and after the teaching module, and
we calculated the median performance of the group of
trainees, before and after the teaching module.
To compare sensitivity, specificity, and accuracy
betweenthetworeadingsessions,weusedtheWilcoxon
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rank-sum test. To calculate inter-rater agreement (IRA)
we used Cohen’s Kappa (k).

Results

EEG samples from 70 consecutive patients (43 female;
age: 2-80 years, median: 34) who met the inclusion
criteria were analysed in the test dataset. Thirty-five
patients had epilepsy (31 focal and four generalized).
Fifteen patients had spikes, 13 patients had sharp-waves
and seven patients had polyspikes. Thirty-five patients
had non-epileptic paroxysmal events (18 patients had
psychogenic non-epileptic seizures, seven patients had
sleep disorders, five patients had paroxysmal movement
disorders, and five patients had syncope).
After the teaching module, applying the IFCN criteria
for IEDs significantly increased the specificity and
accuracy for the group of trainees (table 1). There
was a trend for increased sensitivity, but this failed to
reach statistical significance (table 1). Specificity and
accuracy improved for all trainees (table 2), and
sensitivity also improved for five of the seven
trainees (table 2). Both positive predictive value
(PPV) and negative predictive value (NPV) improved
following the teaching module (from 71.88% to
90.62% and from 68.42% to 84.21%, respectively).
The IRA increased significantly from fair (k=0.31;
95% CI: 0.22-0.40) to high-moderate (k=0.56;
95% CI:0.46-0.67) beyond-chance agreement.
Supplementary figures show examples of IEDs and
non-epileptiform sharp transients from the dataset.

Discussion

We found that trainees can learn the IFCN criteria for
IEDs using a teaching module consisting of a webinar
and two supervised reading sessions of 25 EEG training
samples. Implementing the IFCN criteria led to a
significant increase in the specificity, overall accuracy
and IRAof thetrainees.Before the teachingmodule, the
specificity of the trainees (77.14%) was lower than that
previously reported for EEG experts (85.71-93.48%)

[28, 29]. However, when the trainees implemented the
IFCN criteria, they reached a level of specificity similar
to thatofexperts (94.29%). It is important to improve the
specificity of trainees in recognizing IEDs because EEG
over-reading is the most common cause of epilepsy
misdiagnosis [10-12] with significant detrimental con-
sequences to the patients [17, 18]. There is a broad
consensus that EEG over-reading (low specificity) is
potentially more harmful than under-reading (low
sensitivity). Implementing the IFCN criteria significantly
improved IRA among the trainees (from fair to high-
moderate beyond-chance agreement).
The trainees successfully implemented the six criteria
for the IFCN operational definition of IEDs. For each
sharp transient (epileptic or not), in each EEG sample,
they noted the presence or absence of each criterion.
The threshold based on previous studies was then
applied (at least five criteria in any combination, or the
specific combination of Criteria 1, 4 and 6) to define a
sharp transient as an IED. Previously, this approach
has been demonstrated to yield high specificity and
sensitivity in the hands of EEG experts [28, 29], and we
now demonstrate that trainees can learn and
apply this, achieving high specificity and significantly
improving diagnostic accuracy.
The accuracy of the trainees before the IFCN criteria
teaching module (64.29%) was slightly higher than that
previously reported after formal EEG training of
neurology residents (44-50%) [32, 33]. Yet, after the
teaching module of IFCN criteria, this increased further
(81.43%), and the increase was statistically significant
(p=0.017).Weber et al. examined the efficiency of a novel
automated program, educating neurology residents in
EEG evaluation. The performance was evaluated before
and after the automated EEG teaching program. All
residents increased their score, from a mean of 42.7%
pre-test to 75.4% post-test (p<0.001) [34].
Selection of the sharp transients (both IEDs and non-
epileptiform sharp transients) was based on the
consensus of two experts (authors MAK and SB).
However, whether they were epileptiform or not was
decided based on an independent factor (the diagnos-
tic gold standard). The same EEG dataset was indepen-
dently reviewed by three other raters, who were EEG

~Table 1. Sensitivity, specificity and accuracy of the group of trainees identifying interictal epileptiform
discharges, before and after the teaching module and implementation of the IFCN criteria. Median values

(interquartile range in parenthesis).

Before After p

Sensitivity 60.00% (48.57-62.86%) 77.14% (65.71-80.00%) 0.074

Specificity 77.14% (68.57-80.00%) 94.29% (85.71-94.29%) 0.017

Accuracy 64.29% (58.57-68.57%) 81.43% (77.14-87.14%) 0.017
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experts; their agreementwith thegold standardused in
this study was 88.6%, with an agreement coefficient of
0.68, corresponding to a substantial beyond-chance
agreement [29].
A possible limitation of our study is the relatively small
sample size (balanced dataset including 70 patients).
Epilepsy has many different types, yet IEDs are not
specific to each epilepsy type. There are three
categories of IEDs: spikes, sharpwaves and polyspikes.
Our test dataset included all these categories, and the
age range was between 2 and 80 years. The question
addressed in this study was not related to the sub-
classification of IED types, but the distinction between
epileptiform and non-epileptiform sharp transients.
The sample size calculation showed that for the
dichotomous classification, with an expected specifici-
tyof 95%andasignificance levelof 5%andpowerof 0.8,
we required 68 patients in total [35].
Because we opted for an unequivocal diagnostic gold
standard, derived from video-EEG recordings of the
patients’ habitual clinical episodes, all our patients had
been referred for long-termmonitoring. This might be a
selection bias. However, indications for video-EEG
monitoring include differential diagnosis and classifica-
tion, i.e. the same indications as for “routine” recordings.
Moreover, wewere unable tofind any published reports
showing that IEDs of patients who are diagnostically
more challenging are different from those of “easy
cases”. We argue that if this were true, it would be a
positive bias, since one requires EEG for diagnosing
cases that are not obvious based on other clinical data.
In conclusion, teaching the IFCN operational criteria
for IEDs improves diagnostic accuracy of trainees,
increases IRA and helps avoiding over-reading of EEG.
This should be included in all training programs for
neurology residents and clinical neurophysiology
fellows. &

Supplementary material.
Supplementary data accompanying the manuscript are available
at www.epilepticdisorders.com.
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Supplementary video

Teaching video recording of the webinar about identifying IEDs and the IFCN criteria.
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