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Abstract

Objective:  To assess the effectiveness of an educational program leveraging technology-

enhanced learning and retrieval practice to teach trainees how to correctly identify interictal 

epileptiform discharges (IEDs).

Methods:  This was a bi-institutional prospective randomized controlled educational trial 

involving junior neurology residents. The intervention consisted of three video tutorials focused on 

the six IFCN criteria for IED identification and rating 500 candidate IEDs with instant feedback 

either on a web browser (intervention 1) or an iOS app (intervention 2). The control group 

underwent no educational intervention (“inactive control”). All residents completed a survey and a 

test at the onset and offset of the study. Performance metrics were calculated for each participant.

Results:  Twenty-one residents completed the study: control (n=8); intervention 1 (n=6); 

intervention 2 (n=7). All but two had no prior EEG experience. Intervention 1 residents improved 

from baseline (mean) in multiple metrics including AUC (0.74; 0.85; p<0.05), sensitivity (0.53; 
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0.75; p<0.05), and level of confidence (LOC) in identifying IEDs/committing patients to therapy 

(1.33; 2.33; p<0.05). Intervention 2 residents improved in multiple metrics including AUC (0.81; 

0.86; p<0.05) and LOC in identifying IEDs (2.00; 3.14; p<0.05) and spike-wave discharges (2.00; 

3.14; p<0.05). Controls had no significant improvements in any measure.

Significance:  This program led to significant subjective and objective improvements in IED 

identification. Rating candidate IEDs with instant feedback on a web browser (intervention 1) 

generated greater objective improvement in comparison to rating candidate IEDs on an iOS app 

(intervention 2). This program can complement trainee education concerning IED identification.

Keywords

EEG; education; interictal epileptiform discharges; epileptiform discharges; International 
Federation of Clinical Neurophysiology criteria to define interictal epileptiform discharges

Introduction

Adult and child neurology residents need to be able to accurately and reliably 

interpret EEGs by the time they complete residency training. Achieving this goal is 

especially important in countries where neurologists without fellowship training in clinical 

neurophysiology or epilepsy typically read EEGs - such as the United States (U.S.) 

and many European countries [1–3]. Nevertheless, real-world resident-centered evidence 

suggests that a large portion of neurology trainees – including those in their last year of 

residency training – do not achieve EEG competency by residency graduation [4–7].

In the U.S., neurology residency is guided by the adult and child neurology milestone 

project formulated by the Accreditation Council for Graduate Medical Education (ACGME) 

[8, 9]. This document suggests Level 4 as a graduation goal, which in the EEG 

subcompetency denotes gaining critical skills in EEG including being able to “recognize 

common EEG abnormalities”. Accurately and reliably identifying IEDs is arguably one of 

the most important abilities within this skill set. In fact, it may be potentially one of the 

most important overall abilities required to obtain EEG competency because correct IED 

identification is necessary to provide optimal care to people with seizures and epilepsy 

[10–17]. In the realm of educational efforts targeted at IED identification, recent evidence 

supports that delivering a teaching module focused on IED identification is effective and a 

promising option to fill this particular gap in EEG education [18].

In this study, we sought to further address this EEG education gap by creating a novel 

educational program whose learning objective was to teach adult and child neurology 

residents how to correctly identify IEDs on EEG. The program was developed based on 

the educational premise that achieving this competency requires mastery of (i) knowledge 

about IED identification and (ii) skill related to the application of this knowledge to actual 

interpretation of candidate IEDs on EEGs.

The necessary knowledge to correctly identify IEDs was introduced via the delivery of 

three pre-recorded, online video tutorials. The translation of new knowledge into the skill 

of correctly identifying IEDs on EEG was facilitated with the exercise of rating multiple 
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candidate IEDs without and with instant feedback. The development of this content followed 

the principles of technology-enhanced learning, which covers all uses of digital technology 

(such as online video tutorials) [19, 20], and retrieval practice (aka test-enhanced learning) 

[21–23].

We, therefore, leveraged two major learning theories - technology-enhanced learning and 

retrieval practice, which were tailored to EEG education and ultimately combined into one 

single conceptual framework upon which our educational program was developed. Herein, 

we tested the hypothesis that this program is educationally effective and superior to an 

inactive control group where no EEG teaching was delivered.

Methodology

This study was a prospective randomized controlled educational trial investigating the 

effectiveness of a novel EEG teaching program focused on identification of IEDs. A 

flowchart of the trial is shown in Figure 1.

Participants

All junior adult and child neurology residents (i.e., residents in their preliminary year or 

first year of neurology training) at Massachusetts General Brigham (MGB) and Yale were 

invited to participate. The decision to participate was voluntary and did not impact residents’ 

standing in their respective programs. Participants were not offered any financial incentive.

Pre-randomization: pre-survey and pre-spike test

Upon entering the study, all participants were asked to complete a pre-survey and pre-test 

(“pre-spike test”). The survey was a 5-point Likert scale perception survey whose primary 

goal was to assess the confidence of learners in identifying IEDs. The pre-spike test was 

developed based on our prior work [24] and consisted of 500 10-second EEGs where a 

candidate IED was marked by a red 0.5-second vertical rectangle. Participants were asked 

to rate candidate IEDs as epileptiform or non-epileptiform, and no feedback was given. 

Importantly, participants were able to switch montages (bipolar, common average, and 

physical reference) and modify sensitivity at their discretion.

EEGs used in the test were taken from a pool of 13,262 candidate IEDs, originating from 

a total of 1,051 EEGs, that were rated as epileptiform or non-epileptiform in standard 

visual analysis and in an independent fashion [24] by eight neurologists experts in EEG 

(hereafter referred to as EEG experts). Experts had a median experience in reading EEGs of 

9.5 years (range 4 to 16 years); all had at least one year of fellowship training in clinical 

neurophysiology. Candidate IEDs were considered epileptiform if more than four experts 

classified these waveforms as epileptiform. Conversely, candidate IEDs were considered 

non-epileptiform if fewer than four experts classified them as epileptiform. Candidate IEDs 

that were classified as epileptiform by precisely four experts were considered “unknown” as 

to being epileptiform or non-epileptiform. Therefore, expert consensus was considered the 

gold standard. Candidate IEDs were further categorized into nine bins based on the degree 

of agreement among the eight experts ranging from zero out of eight votes to eight out of 

eight votes. Additionally, we added normal EEG variants to the pool of 13,262 EEGs, which 
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were classified as non-epileptiform by three authors (FN, JJ, MBW), and placed in a new bin 

for a grand total of ten bins. In the spike test, EEGs/candidate IEDs were selected randomly 

but evenly across all ten bins mentioned above: 50 EEGs from each bin for a total of 500 

EEGs in each spike test. Each spike test was, therefore, unique as it presented a different 

combination of candidate IEDs.

Randomization: control, intervention 1, and intervention 2 study groups

Participants who completed both pre-survey and pre-spike test were then randomized to 

one of the following groups: control, intervention 1, and intervention 2. The first did not 

have any educational intervention (“inactive control”), whereas the last two included three 

pre-recorded video tutorials and a spike test with instant feedback. The spike test with 

instant feedback was built as the pre-spike test (additional details are described in the 

section above) thus containing 500 10-second EEGs where a candidate IED was marked by 

a red vertical rectangle. As previously discussed, correct answers were based upon expert 

consensus [24].

In the intervention 1 group, participants received positive feedback (happy smiley face) 

if their answers agreed with expert consensus, and negative feedback (sad smiley face) 

otherwise. Importantly, participants received neutral feedback (neutral smiley face) for those 

candidate IEDs considered “unknown” (i.e., those classified as epileptiform by precisely 

four experts). In the intervention 2 group, feedback was similar except for its esthetics: 

positive feedback was shown as shading the correct answer green, negative feedback as 

shading the incorrect answer red, and neutral feedback as shading the answer purple and 

triggering the following message: “Thanks! Your opinion contributes to AI!”.

The only difference between intervention groups was that the spike test with feedback was 

hosted on the AWS server and thus accessed through a web browser (intervention 1) or 

hosted on an iOS app named DiagnosUs thus accessed through a smartphone (intervention 

2). The former allowed participants to switch montages (bipolar, common average, and 

physical reference) and modify sensitivity, whereas the latter did not offer these capabilities 

because candidate IEDs were shown as static EEG images, in bipolar montage.

Video tutorials were hosted on YouTube®, given by the authors (FN, JJ, MBW), and 

comprised a tutorial to the spike test (duration of 7 minutes and 39 seconds) (https://

www.youtube.com/watch?v=3bUTMvQ-QdI), a video tutorial that introduced and explained 

the six operational criteria for defining an IED proposed by the IFCN [25] (duration of 

15 minutes and 4 seconds) (https://www.youtube.com/watch?v=ZYviAGEaf18), and a video 

tutorial that applied the six IFCN criteria upon rating a set of 9 candidate IEDs from 

our prior work [24] and of varying levels of difficulty: 0 to 8/8 expert votes (duration of 

19 minutes and 24 seconds) (https://www.youtube.com/watch?v=Z6A1OJ7_9cU). In these 

video tutorials, the authors (FN, JJ, MBW) instructed participants on how to analyze 

candidate IEDs using the six IFCN criteria [25] and to classify waveforms as epileptiform if 

they fulfill at least four of the six criteria.
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Post-randomization: post-survey and post-spike test

Thirty days after randomization and as long as participants in either intervention group 

watched all three pre-recorded video tutorials and completed the spike test with instant 

feedback, they were asked to complete a post-survey and post-spike test. The post-survey 

was identical to the pre-survey, and the post-spike test was built as the pre-spike test 

(additional details are described in the sections above) thus containing 500 10-second EEGs 

where a candidate IED was marked by a red vertical rectangle.

Statistical analyses

Statistical analyses were performed using IBM (SPSS) Statistics Version 28.0 software 

and MATLAB R2020a. Non-parametric Wilcoxon test was used to compare metrics within 

study groups. Non-parametric Kruskal-Wallis test was used to preform comparisons between 

groups. Dunn’s test was used to perform post-hoc comparisons. Time between pre- and 

post-spike tests was analyzed using one-way ANOVA after logarithmic transformation of 

the data. Statistical significance was set at p<0.05. Bonferroni correction was performed for 

multiple pairwise comparisons.

Performance metrics including accuracy, true positive rate (TPR, aka sensitivity), false 

positive rate (FPR, aka 1-specificity), calibration index, area under receiver operating 

characteristic (AUC) curve, noise, and threshold/bias were computed to evaluate each 

participant’s performance in the pre- and post-spike tests. To investigate the factors 

underlying differences in performance between participants within and between groups, 

we created a latent trait model of the psychological process related to classifying candidate 

IEDs in a binary fashion (IED vs. non-IED) by each participant (Figure 2). Additional 

information concerning our methodology is summarized in Supplemental File 1.

Study protocol

The study was conducted in the first semester of the 2021–2022 academic year. Preparation 

of the data and public sharing of deidentified images of candidate IEDs on the spike 

test was conducted under an IRB-approved protocol. The study data was deidentified and 

obtained from adult and child neurology residents who volunteered to participate in the 

study. Therefore, the study did not require IRB approval based on our review of local IRB 

policies. Data and code to reproduce all results and figures are available through a public 

data sharing repository at https://github.com/bdsp-core/spike-test-pilot-trial.git.

Results

Forty-one adult and child neurology residents completed the pre-survey, 22 of whom also 

completed the pre-spike test. These 22 residents were subsequently randomized; all but 

one completed the entire study including the post-spike test and post-survey. Twenty-one 

residents were ultimately included in the analysis: control (n=8), intervention 1 (n=6), and 

intervention 2 (n=7). Participants’ data are summarized in Table 1 and Table 2.

Pre- and post-spike test scores (mean±SEM) related to accuracy, sensitivity, FPR, 

calibration, threshold/bias (θ , AUC, and noise (n  are summarized in Table 3. Post- and 
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pre-spike test differences for each measure are plotted in Figure 3. Pre- and post-spike test 

individual scores related to threshold/bias (θ  and noise (n  are shown in Figure 4. Pre- 

and post-spike test ROC curves with individual operating points and calibration curves are 

shown in Figures 5–7. Pre- and post-survey level of confidence scores (mean; range 1–5) 

related to (i) identifying epileptiform discharges, (ii) identifying spike-wave discharges, and 

(iii) identifying epileptiform discharges and committing patient to an antiseizure drug are 

summarized in Table 5.

Control group (n=8)

There was no significant difference between post- and pre-spike test scores concerning any 

of the performance metrics. There was no statistically significant difference between post- 

and pre-survey level of confidence scores for any of the three variables assessed.

Intervention 1 group (n=6)

There were significant differences between post- and pre-spike test scores concerning 

accuracy (mean post-spike test = 0.76, mean pre-spike test = 0.67, mean difference = 

0.08, p=0.028), sensitivity (0.75, 0.53, 0.22, p=0.028), calibration (3.3, −33, 36, p=0.046), 

threshold/bias (θ  (−0.01, 1.5, −1.5, p=0.046), AUC (0.85, 0.74, 0.11, p=0.028), and noise 

(n  (0.42, 1.0, −0.62, p=0.028); but not FPR (0.24, 0.21, 0.03, p=0.344). There were 

significant differences between post- and pre-survey level of confidence scores concerning 

participants’ (iii) confidence in identifying epileptiform discharges and committing patient 

to an antiseizure drug (2.33–1.33=1.00; p=0.034).

Intervention 2 (n=7)

There were significant differences between post- and pre-spike test scores for accuracy 

(mean post-spike test = 0.77, mean pre-spike test = 0.72, mean difference = 0.05, p=0.028), 

AUC (0.86, 0.81, 0.06, p=0.028) and noise (n  (0.32, 0.65, −0.33, p=0.028); but not 

sensitivity (0.75, 0.71, 0.04, p=0.463), FPR (0.21, 0.27, −0.06, p=0.237), calibration 

(0.37, 3.8, −3.4, p=0.735), or threshold/bias (θ  (0.12, 0.04, 0.08, p=0.612). There were 

significant differences between post- and pre-survey level of confidence scores for (i) 

identifying epileptiform discharges (3.14–2.00=1.14; p=0.023) and (ii) identifying spike-

wave discharges (3.14–2.00=1.14; p=0.011).

Inter-group comparisons

There was no statistically significant difference in time between completion of pre- 

and post-spike tests across the three groups (p=0.052) (Table 2). Concerning neurology 

residency institution, there were more MGB residents in the control and intervention 2 

groups and fewer in the intervention 1 group. Pediatric residents were present only in the 

intervention 2 group. Control and intervention 1 groups had predominantly PGY2s and 

PGY1s, respectively; intervention 2 group had a more homogenous distribution. We were 

unable to statistically compare the frequencies of the three categorical values across the 

groups given the small sample size.
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We compared pre-spike test scores (accuracy, sensitivity, FPR, calibration, threshold/bias 

(θ , AUC, and noise (n ) across the three groups. There were no statistically significant 

differences except for sensitivity (p=0.012). Pairwise comparison concerning sensitivity 

showed a statistically significant difference only in the comparison between control and 

intervention 2 (p=0.013). Moreover, we compared pre-survey level of confidence scores 

((i) identifying epileptiform discharges, (ii) identifying spike-wave discharges, and (iii) 

identifying epileptiform discharges and committing patient to an antiseizure drug) across the 

three groups. There were no statistically significant differences.

In terms of pre-post changes in spike test scores across the three groups (Table 3), there were 

statistically significant differences in every measure but FPR. Upon performing pairwise 

group comparisons in all measures but FPR (Table 4), there were no statistically significant 

differences between the control and intervention 2 groups. As far as comparisons between 

the control and intervention 1 groups, there were statistically significant differences in all 

measures but calibration. Upon comparing the intervention 1 and 2 groups, there were no 

statistically significant differences except for calibration. Lastly, there were no statistically 

significant differences in pre-post changes in survey levels of confidence across the three 

groups (Table 5).

Discussion

This study shows that our educational program consisting of three pre-recorded, online 

video tutorials and rating 500 candidate IEDs without and with instant feedback is effective 

in teaching adult and child neurology residents with minimal-or-no prior EEG experience 

how to correctly identify IEDs on EEG. The program’s effectiveness was reflected in 

residents’ improvement in confidence and objectively measured skill, contrasted with a lack 

of improvement among residents who participated as controls.

The educational benefit of our program may be explained in light of a conceptual framework 

based upon technology-enhanced learning and retrieval practice. The former, which 

encompasses the use of computer-based technologies to support and mediate educational 

activities, has been shown to be educationally advantageous by providing better accessibility 

to the learner and leading to improvement in learners’ knowledge and skill [19, 20]. We used 

computer-based learning in the development of the three pre-recorded, online video tutorials 

and the spike test with and without feedback in its computer device/web browser version. 

Moreover, we used mobile learning in the development of the spike test with feedback in 

its mobile application-based version. We believe leveraging technology in our educational 

activities provided learners with accessibility and flexibility thereby facilitating just-in-time 

learning and conceivably optimizing motivation to learn.

Retrieval practice is defined as the process of retrieving facts, concepts, or events from 

memory to enhance learning. Evidence suggests that retrieval practice generally outperforms 

alternative strategies of learning such as restudying and leads to improvement in long-term 

retention [22, 23]. Notably, not only does this practice improve memory of factual data but 

also of procedural skills [23]. Further, retrieval opportunities that require schema formation 

(in other words, those that require learners to generate an organizational structure around the 
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information) rather than retrieval of only isolated facts are preferable for long-term retention. 

Coupling retrieval practice with feedback amplifies the educational experience as learners 

use feedback to correct errors and make changes to the retrieval strategies thus allowing 

them to identify the most effective retrieval mechanisms [23].

We used the principles of retrieval practice to create our spike test and use it as a cornerstone 

of our educational program. Participants retrieved information about how to correctly 

identify IEDs (delivered by the video tutorials) as they completed each question in the 

spike test. This process required learners to repeatedly generate and refine an organizational 

structure around the six IFCN criteria to define IEDs before answering each question. This 

organizational structure derived from (i) retrieving detailed information about each of the 

six IFCN criteria and (ii) applying this knowledge in the evaluation of the candidate IED 

as to the absence/presence of each of the criteria before finally classifying the waveform 

as epileptiform or non-epileptiform. The spike test in its version with instant feedback 

also offered learners the opportunity to correct any errors and dynamically fine-tune their 

retrieval mechanisms and organizational structures around the six IFCN criteria.

Our results showed that residents who completed the study in either intervention group 

had statistically significant improvement in IED identification both objectively (increase in 

accuracy and AUC, and decrease in noise) and subjectively (level of confidence). Further 

analysis showed that residents in the intervention 1 group (vs. those in the intervention 

2 group) also had significant improvement in sensitivity, calibration, and threshold/bias. 

In terms of residents’ subjective improvement, it is unclear why intervention 1 residents 

had significant improvement in level of confidence regarding identifying epileptiform 

discharges and committing patients to antiseizure drugs, whereas intervention 2 residents 

had improvement in level of confidence regarding identifying epileptiform discharges as 

well as identifying spike-wave discharges.

We speculate that differences in objective IED identification improvement between both 

intervention groups may be due to better baseline/pre-spike test scores in most parameters 

(e.g., accuracy, sensitivity, calibration, threshold/bias, AUC, and noise) among residents 

randomized to the intervention 2 group. This may be because residents in the intervention 

2 group were at different levels of training (postgraduate years (PGY)), whereas residents 

in the intervention 1 group were all in their first year of training (PGY1s). Residents who 

are more senior in neurology residency may have acquired epilepsy/EEG knowledge along 

their training even without having formally had prior EEG experience. An alternative, but 

not mutually exclusive, explanation would be related to how they practiced rating IEDs with 

instant feedback.

Intervention 1 group residents accessed the spike test with feedback through a web browser, 

which allowed participants to view EEGs on a larger screen (i.e., standard computer screen) 

and modify montages and adjust sensitivity. These features may have better reflected 

the “real-life” exercise of reading EEGs therefore maximizing residents’ engagement and 

promoting optimized consequential impact. Conversely, intervention 2 group residents 

accessed the spike test with feedback through smartphones only. This method offered 

more flexibility and versatility, as accessing mobile devices is “quick and easy”, as well 
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as convenience, as learners were able to practice in their own environments and on their 

own time (e.g., at home or during commute) [26]. However, this method offered a smaller 

viewing screen (mobile device screen) and did not allow changes in montage or sensitivity - 

as candidate IEDs were shown as static EEG epochs in bipolar montage.

We hypothesize that completing the spike test with feedback on a computer/web browser 

(intervention 1 group) – as opposed to on a mobile application (intervention 2 group) - was 

more conducive to successful retrieval practice. The characteristics of the former method, as 

detailed in the paragraph above, conceivably better allowed residents to generate and refine 

an organizational structure around the six IFCN criteria and progressively adjust retrieval 

mechanisms in response to feedback. Another explanation would be that our cohort of 

residents was too small to capture statistically significant improvements in all performance 

measures and in both groups.

We believe that the measured improvement in IED identification seen in our study is 

exclusively due to our educational intervention because (a) participants had minimal-to-no 

prior EEG exposure thus removing this potential confounding factor and (b) participants 

who were controls had no statistically significant improvement - neither objectively nor 

subjectively. The latter observation also suggests that exclusively completing the spike test at 

two different time points, without feedback or any other teaching intervention, does not have 

educational benefit. Consequently, future studies using the spike test as an assessment tool 

may not require an “inactive” control group.

Our educational program has many strengths. First, it includes a pool of thousands of 

expert-labeled candidate IEDs from which samples are collected to build unique 500-EEG 

spike tests - without feedback (for assessment purposes) and with feedback (for teaching 

purposes). This aspect allows residents to be exposed to a large number of candidate IEDs, 

from a large and representative group of patients, in a relatively short period of time. This 

is valuable as time dedicated to EEG learning during residency training is limited both in 

the U.S. and many European countries [27, 28]. Furthermore, insufficient EEG exposure 

is a pervasive issue and a well-known barrier to resident EEG education [7, 27, 28]. This 

aspect is also valuable since preliminary evidence suggests that a higher number of EEGs 

read is associated with greater long-term retention [29]. Comparatively, prior published 

EEG teaching and assessment tools have included a significantly lower number of EEGs/

candidate IEDs [6, 18, 29–37]. Additionally, our educational EEG content brings input 

from multiple experts since all candidate IEDs had been labeled by eight experts. This 

feature contrasts with the standard method of teaching EEG (apprenticeship) where learners 

typically receive one opinion through reviewing studies with a single expert. The latter 

approach may not be ideal from an educational standpoint given that the same EEG may be 

interpreted differently by experts - primarily due to their idiosyncratic over- or under-calling 

preferences [24, 38].

Second, our program includes three pre-recorded, online video tutorials, which were given 

by experts (FAN, JJ, MBW). In addition to being founded upon technology-enhanced 

learning, the video tutorials incorporated principles of the cognitive theory of multimedia 

learning [39]. Tutorials were a combination of pictures – including an infographic showing 
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all six IFCN criteria to define IEDs [25] (organization and explanative graphic) and 

examples of candidate IEDs - and key words (multimedia principle). This infographic served 

as a blueprint for learners to generate an organizational structure around the six IFCN 

criteria, which was refined during the retrieval practice stage of our program (spike test 

with and without feedback). Further, we excluded decorative elements to avoid competing 

for learners’ processing capacity (coherence principle) and avoided on-screen text that was 

redundant with our narration (redundancy principle). We added vocal and visual cues to 

draw learners’ attention to key concepts (signaling principle) and divided the tutorials into 

three videos that were short thus allowing learners to progress through at their own pace 

(segmenting principle). Lastly, the tone of the tutorials was casual and conversational rather 

than a formal expository narration (personalization principle).

As noted above, our video tutorials focused on teaching and applying the IFCN criteria 

to define IEDs on EEG [25]. This standardized set of operational criteria has the major 

advantage of decomposing the complex judgement involved in IED identification into 

a series of six binary decisions about the presence or absence of elementary waveform 

features. Interestingly, this strategic decomposition of complex judgements is also effective 

in other fields [40]. In addition to being useful in clinical practice by EEG experts [41], 

teaching the IFCN criteria to a group of seven neurology trainees/recent graduates has been 

shown to improve diagnostic performance and inter-rater agreement [18].

Third, we evaluated curricular outcomes by assessing residents’ level of confidence (Level 1 

on Kirkpatrick model) as well as knowledge/skills (Level 2 on Kirkpatrick model) [42]. The 

former was measured by pre-/post-surveys, and the latter by pre-/post-spike tests (without 

feedback). A major advantage of the spike test as an assessment tool is that each test is 

unique as it presents a different set of 500 candidate IEDs. This ensured that residents did 

not memorize or share test questions. A second major advantage relates to the large number 

of candidate IEDs included in each spike test. The length of the test, in fact, was determined 

based on our prior work showing that rating approximately 500 candidate IEDs is needed to 

precisely categorize a test taker’s skill level in IED identification [43].

We believe that this conceptual framework founded upon technology-enhanced learning 

and retrieval practice may be used to teach other abilities within the skill set of reading 

EEGs. For instance, additional educational programs may be developed to teach learners 

how to accurately and reliably identify other “must-know” routine EEG findings [13], 

critical care EEG findings, and intra-cranial EEG patterns. Further, we hypothesize that this 

framework may also be valuable in the education of other visual pattern-based skills within 

clinical neurophysiology such as evoked potentials studies, nerve conduction studies, and 

electromyography, and in other areas such as electrocardiograms.

Our study has several limitations. Our educational program focused only on identification of 

IEDs. This skill is arguably the most important in EEG reading given the critical role of the 

presence of IEDs in the diagnosis and management of epilepsy [10, 11, 14]. Nonetheless, 

EEG reading proficiency also requires skills in other domains, which were not covered 

in our program. These include identification of other pertinent normal and abnormal EEG 

findings [13], the ability to read an EEG from beginning to end and select regions of 

Nascimento et al. Page 10

Epileptic Disord. Author manuscript; available in PMC 2025 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interest for further analysis, and the mastery of generating a report. Further, candidate IEDs 

used in our educational program were presented in short 10-second EEG segments. This 

characteristic precluded participants from assessing additional background EEG activity 

and potentially other similar candidate IEDs. The latter is particularly relevant as evidence 

suggests that candidate IEDs that repeat themselves may require fewer of the IFCN criteria 

to qualify as epileptiform [44]. Lastly, there may have been a selection bias insofar that 

residents who agreed to participate may have been inherently more interested in EEG.

As far as our expert consensus-based gold standard, it is grounded in expert experience 

rather than video-EEG-confirmed epilepsy. Nevertheless, an expert consensus gold standard 

has the advantage of allowing the collection of candidate IEDs from a large and 

representative patient population given that a large portion of patients with (epileptic or 

non-epileptic) seizures do not undergo video-EEG monitoring. Moreover, we defined IEDs 

as those candidate IEDs that received more than four votes from the group of eight experts 

[24]. This threshold was determined by consensus among the authors in light of the inherent 

tradeoff between sensitivity and FPR associated with varying thresholds. Lastly, all but one 

of the eight experts either trained or currently practice at the same institution (Massachusetts 

General Hospital). This may represent a bias where these experts may share a similar 

reasoning upon rating candidate IEDs on EEG.

Future directions for our program include expanding our cohort of participants by recruiting 

trainees from programs at other institutions, nationally and internationally. These trainees 

may include not only residents but also fellows, medical students, advanced practice 

providers, neurophysiologists, and EEG technologists. In fact, we anticipate that our 

program – particularly its video tutorial component – may even be more effective for 

residents with prior EEG exposure [45]. A larger study cohort may allow us to further 

our understanding on how trainees learn to identify IEDs, and to better understand the 

educational advantages and disadvantages of using mobile- and computer-based EEG 

learning. A larger study may also allow us to re-test learners to assess long-term retention. 

Further, we may incorporate our automated algorithm that quantifies the six IFCN criteria 

into our educational program as this user-friendly model may enhance learning and 

application of the IFCN criteria by trainees [46]. Additionally, we plan to enrich the 

evaluation of our program by measuring how much it influences residents’ behavior in 

identifying IEDs “on the job” (Level 3 on Kirkpatrick model) and the translation of this 

behavior change upon clinical outcomes (Level 4 on Kirkpatrick model) [42]. Furthermore, 

we plan to design a head-to-head randomized controlled educational trial comparing our 

program with standard methods of EEG teaching in neurology residency training [27, 28]. 

Finally, we hope to expand our sample of candidate IEDs and develop a robust gold standard 

merging expert consensus and an externally validated source based on video-EEG data 

capturing patients’ habitual spells [38].

In conclusion, we describe our educational program and report its effectiveness in teaching 

bi-institutional adult and child neurology residents with minimal-to-no prior EEG experience 

how to correctly identify IEDs on EEG. Future studies should investigate our program’s 

effectiveness in larger cohorts of multi-institutional trainees at different levels of training. 

We believe our program has the potential to complement trainee EEG education concerning 
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IED identification thus helping ensure that the ACGME Level 4 EEG milestone regarding 

“interpreting common EEG abnormalities” is universally met. Ensuring that trainees are 

competent in accurate and reliable IED identification is imperative because it directly 

translates into better care of patients with seizures.
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TEST YOURSELF

1. Our educational program, which was developed upon a conceptual framework 

based on technology-enhanced learning and retrieval practice, is effective in 

teaching adult and child neurology residents with minimal-or-no prior EEG 

experience how to correctly identify IEDs on EEG.

A. True

B. False

2. Technology-enhanced learning encompasses the use of computer-based 

technologies to support and mediate educational activities.

A. True

B. False

3. Retrieval practice is defined as the process of retrieving facts, concepts, or events 

from memory to enhance learning.

A. True

B. False
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Bullet points

1. This novel educational program can be used to teach trainees how to identify 

interictal epileptiform discharges (IEDs) on EEG.

2. This educational trial showed that technology-enhanced learning and retrieval 

practice can effectively teach IED identification.

3. This conceptual framework may be used to teach other abilities within the 

skill set required to interpret EEGs.
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Figure 1: 
Pathway of subjects during educational pilot trial including sample sizes for each study 

stage. IED, interictal epileptiform discharge.

Nascimento et al. Page 17

Epileptic Disord. Author manuscript; available in PMC 2025 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
The latent trail model of the psychological process related to classifying interictal 

epileptiform discharges (IEDs) on EEG in a binary fashion (IED vs. non-IED). This model 

has two parameters or “latent traits”: noise/uncertainty level, which reflects a participant’s 

skill in recognizing IEDs, and threshold/bias, which represents a participant’s personal 

preference as an over- or under-caller.
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Figure 3: 
Boxplots representing the difference in seven different measures (A. accuracy; B. area 

under the curve/AUC; C. true positive rate/sensitivity; D. false positive rate/1-specificity; 

E. |calibration index|; F. |threshold/bias|; and G. noise (dB)) in the pre- and post-spike tests 

stratified by the three different study groups: control, intervention 1, and intervention 2.
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Figure 4: 
Estimation of individual participant’s internal parameters threshold/bias (θ  and noise (n

with latent trait model parameters from pre- and post-spike tests (test #1/triangles and test 

#2/squares, respectively) in the three study groups: intervention 1 (middle panel; blue), 

intervention 2 (lower panel; green), and control (upper panel; gray).
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Figure 5: 
Left panel: receiver operating characteristic (ROC) curve to fit performance of participants 

in the control group along with individual operating points based on the pre-spike test (red 

curve, red triangles; test #1) and post-spike test (blue curve, blue squares; test #2). ROC 

curve to fit 24 experts’ scores (black curve) who completed the spike test with operating 

points represented as grey circles. Right panel: individual parametric calibration curves to fit 

the performance of participants in the control group based on the pre-spike test (red curves) 

and post-spike test (blue curves) indicating the probability of a participant to rate candidate 

interictal epileptiform discharges (IEDs) within a given bin as IEDs. Individual parametric 

calibration curves to fit 24 experts’ scores (grey curves).

Nascimento et al. Page 21

Epileptic Disord. Author manuscript; available in PMC 2025 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: 
Left panel: receiver operating characteristic (ROC) curve to fit performance of participants 

in the intervention 1 group along with individual operating points based on the pre-spike test 

(red curve, red triangles; test #1) and post-spike test (blue curve, blue squares; test #2). ROC 

curve to fit 24 experts’ scores (black curve) who completed the spike test with operating 

points represented as grey circles. Right panel: individual parametric calibration curves to fit 

the performance of participants in the intervention 1 group based on the pre-spike test (red 

curves) and post-spike test (blue curves) indicating the probability of a participant to rate 

candidate interictal epileptiform discharges (IEDs) within a given bin as IEDs. Individual 

parametric calibration curves to fit 24 experts’ scores (grey curves).
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Figure 7: 
Left panel: receiver operating characteristic (ROC) curve to fit performance of participants 

in the intervention 2 group along with individual operating points based on the pre-spike test 

(red curve, red triangles; test #1) and post-spike test (blue curve, blue squares; test #2). ROC 

curve to fit 24 experts’ scores (black curve) who completed the spike test with operating 

points represented as grey circles. Right panel: individual parametric calibration curves to fit 

the performance of participants in the intervention 2 group based on the pre-spike test (red 

curves) and post-spike test (blue curves) indicating the probability of a participant to rate 

candidate interictal epileptiform discharges (IEDs) within a given bin as IEDs. Individual 

parametric calibration curves to fit 24 experts’ scores (grey curves).
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Table 1:

Summary of study participants including study group, neurology residency demographics, prior EEG 

experience, and time between finalizing the pre- and post- spike tests.

ID Study group Adult vs. pediatric PGY Institution Prior EEG experience Time (days) between pre- and post-spike 
tests

1 Control Adult 2 MGB 0 24

2 Control Adult 2 MGB 0 25

3 Control Adult 1 MGB 0 18

4 Control Adult 2 MGB 0 25

5 Control Adult 2 MGB 0 34

6 Control Adult 2 MGB 0 40

7 Control Adult 1 MGB 0 26

8 Control Adult 2 MGB 0 26

9 Intervention 1 Adult 1 MGB 0 39

10 Intervention 1 Adult 1 Yale 0 62

11 Intervention 1 Adult 1 Yale 0 27

12 Intervention 1 Adult 1 Yale 0 38

13 Intervention 1 Adult 1 MGB 0 33

14 Intervention 1 Adult 1 Yale 0 68

15 Intervention 2 Adult 1 MGB 0 51

16 Intervention 2 Pediatric 4* MGB 0 35

17 Intervention 2 Adult 2 MGB 2 weeks 33

18 Intervention 2 Adult 2 Yale 4 weeks 17

19 Intervention 2 Adult 2 Yale 0 48

20 Intervention 2 Pediatric 1 MGB 0 65

21 Intervention 2 Adult 1 Yale 0 104

ID, participant identifier; PGY, postgraduate year

*
, 1st year in neurology residency training.
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Table 2:

Descriptive analysis of study participants including demographics, neurology residency characteristics, and 

study completion time between finalizing the pre- and post-spike tests. Group comparison performed using 

one-way ANOVA after logarithmic transformation (p*).

Control (n=8) Intervention #1 (n=6) Intervention #2 (n=7) p*

Time (days) between pre- and post-spike tests27.3±2.4 44.5±6.8 50.4±10.6 0.052

Institution
MGB 8 (100%) 2 (33.3%) 4 (57.1%)

 Yale 0 (0%) 4 (66.7%) 3 (42.9%) -

Adult vs. pediatric
Adult 8 (100%) 6 (100%) 5 (71.4%)

 Pediatric 0 (0%) 0 (0%) 2 (28.6%) -

PGY
1 2 (25%) 6 (100%) 3 (42.9%)

 2 6 (75%) 0 (0%) 3 (42.9%)

 4‡ 0 (0%) 0 (0%) 1 (14.3%) -

‡
, 1st year in neurology residency training; PGY, postgraduate year.
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Table 3:

Summary of educational trial results including performance metrics (accuracy, sensitivity, false positive rate/

FPR, calibration, threshold/bias, area under the curve/AUC, and noise) related to the pre- and post-spike tests 

stratified by study group. Intra-group comparisons (pre-test metric vs. post-test metric) were calculated using 

non-parametric Wilcoxon test (p*). Inter-group comparisons (pre-post change in each metric between the three 

study groups) were calculated using non-parametric Kruskal-Wallis test (p**).

Control (n=8) Intervention #1 (n=6) Intervention #2 (n=7) p**

Accuracy (mean±SEM)
Pre-test 0.67±0.03 0.67±0.02 0.72±0.02

 Post-test 0.67±0.04 0.76±0.02 0.77±0.01

 Post-test – pre-test 0.00 0.08 0.05 0.019†

 p* 0.833 0.028† 0.028†

Sensitivity (mean±SEM)
Pre-test 0.49±0.05 0.53±0.07 0.71±0.03

 Post-test 0.49±0.07 0.75±0.04 0.75±0.03

 Post-test – pre-test 0.00 0.22 0.04 0.021†

 p* 1.000 0.028† 0.463

FPR (mean±SEM)
Pre-test 0.19±0.06 0.21±0.05 0.27±0.04

 Post-test 0.18±0.06 0.24±0.05 0.21±0.03

 Post-test – pre-test −0.01 0.03 −0.06 0.209

 p* 0.779 0.344 0.237

Calibration (mean±SEM)
Pre-test −40±14 −33±16 3.8±8.0

 Post-test −39±14 3.3±10 0.37±6.6

 Post-test – pre-test 0.87 36 −3.4 0.030†

 p* 0.575 0.046† 0.735

Threshold, θ (mean±SEM)
Pre-test 1.5±0.51 1.5±0.91 0.04±0.17

 Post-test 3.1±1.4 −0.01±0.25 0.12±0.14

 Post-test – pre-test 1.7 −1.5 0.08 0.027†

 p* 0.263 0.046† 0.612

AUC (mean±SEM)
Pre-test 0.75±0.04 0.74±0.03 0.81±0.02

 Post-test 0.74±0.05 0.85±0.01 0.86±0.01

 Post-test – pre-test −0.01 0.11 0.06 0.027†

 p* 0.889 0.028† 0.028†

Noise, n (mean±SEM)
Pre-test 1.0±0.24 1.0±0.20 0.65±0.14

 Post-test 1.4±0.61 0.42±0.07 0.32±0.08
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Control (n=8) Intervention #1 (n=6) Intervention #2 (n=7) p**

 Post-test – pre-test 0.40 −0.62 −0.33 0.037†

 p* 1.000 0.028† 0.028†

SEM, standard error of the mean.

†
, statistically significant (p<0.05).
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Table 4:

Post-hoc inter-group pairwise comparisons (pre-post change in each metric) were calculated using Dunn’s test 

followed by Bonferroni correction (p*).

Groups compared 
(p*)

Difference 
accuracy

Difference 
sensitivity

Difference 
calibration

Difference 
threshold/ θ

Difference 
AUC

Difference 
noise/ n

I1 x I2 0.773 0.106 0.033† 0.120 0.869 0.812

I1 x C 0.017† 0.022† 0.132 0.029† 0.025† 0.034†

I2 x C 0.284 1 1 1 0.320 0.426

I1, intervention 1 group; I2, intervention 2 group; C, control. AUC, area under the curve;

†
, statistically significant (p<0.05).
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Table 5:

Summary of educational trial results including level of confidence related to the pre- and post-surveys 

stratified by study group. Intra-group comparisons (pre-survey metric vs. post-survey metric) were calculated 

using non-parametric Wilcoxon test (p*). Inter-group comparisons (pre-post change in each metric between 

the three study groups) were calculated using non-parametric Kruskal-Wallis test (p**).

Control (n=8) Intervention #1 (n=6) Intervention #2 (n=7) p**

Epileptiform discharge (mean)
Pre-survey 1.50 2.33 2.00

 Post-survey 2.13 3.33 3.14

 Post-survey – pre-survey 0.63 1.00 1.14 0.449

 p* 0.059 0.109 0.023†

Spike-wave discharge (mean)
Pre-survey 1.63 2.50 2.00

 Post-survey 2.25 3.50 3.14

 Post-survey – pre-survey 0.63 1.00 1.14 0.306

 p* 0.059 0.063 0.011†

Epileptiform discharge and committing patient to an ASD 
(mean)

1.25 1.33 1.43

 Pre-survey 1.63 2.33 2.00

 Post-survey 0.38 1.00 0.57 0.405

 Post-survey – pre-survey 0.317 0.034† 0.102

 p*

†
, statistically significant (p<0.05). ASD, antiseizure drug.
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