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Abstract—By early spring 2020, the COVID-19 pandemic
caused mandatory campus closures of academic institutions
nationwide, prompting the rapid transition to online instruc-
tion. While lectures and exams were more straightforwardly
administered online using video-chatting software, many
hands-on laboratory-based courses were forced to develop
creative solutions. In response to online instructional
requirements, instructors at the University of California
Irvine developed an online electroencephalography (EEG)
laboratory to simulate the laboratory experiment for stu-
dents unable to perform the experiment on campus. The
laboratory experiment was performed and video recorded by
the instructional team under three different scenarios to
provide students with multiple data sets acquired under
various experimental conditions often enacted by students.
Students were required to complete a pre-lab quiz, analyze
the acquired EEG data offline, complete a post-lab quiz, and
submit their laboratory report to communicate their findings
prior to final exams. Student performances compared to
prior student performances, and qualitative survey responses,
were examined to assess the effectiveness of and response to
the online laboratory format. Based on student feedback and
lab report grades, the majority of students responded
positively and demonstrated an understanding of the EEG
experiment’s learning outcomes. In summary, the online
EEG laboratory enabled students to achieve the main
learning objectives and become familiar with the laboratory
experiment, indicating its success as an alternative laboratory
experiment.

Keywords—Online laboratory courses, Online laboratories,
Electroencephalogram (EEG), Undergraduate education,
COVID-19 education.
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CHALLENGE STATEMENT

In the era of the COVID-19 pandemic, access for
students to be able to perform in-person laboratory
experiments has become increasingly difficult.! Com-
bined with rapidly increasing biomedical engineering
class sizes across the country, opportunities for
undergraduate students to experience in person labo-
ratory experiments will become scarce if not impossi-
ble.

In order to allow all students the opportunity to
learn how to perform physiological experiments for
biomedical engineering applications remotely, online
courses must be provided to students to be able to
perform experimentation while practicing social dis-
tancing and to meet necessary learning outcomes for
biomedical engineers.® As a result of the challenges
introduced due to the COVID-19 pandemic, a number
of institutions within the Biomedical Engineering
(BME) community compiled an online repository to
share knowledge and guidance to implement online
learning curricula.! Furthermore, a number of inves-
tigators have analyzed the diverse responses to the
complex challenges to support knowledge-sharing
activity across universities.* While institutions rapidly
transitioned various in-person laboratory courses to
online solutions, a multitude of online laboratories
have already been established to supplement or sub-
stitute student instruction, providing easy access to
experiments for all students, and reducing cost effi-
ciency without reducing the quality of learning (Online
Appendix A).'® Online learning has been shown to be
as effective as in person learning with added advan-
tages, supporting its use as an alternative teaching
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method during the period of the COVID-19 pan-
demic.'!

Although online learning environments facilitate
easy access to students unable to attend in-person
laboratories, remote learning introduces a new set of
particular challenges to consider when developing
home-based learning programs.'> In short, the best
practices recommend emphasizing equity for students
with special learning circumstances, with limited access
to devices for online learning, and who live in noisy
environments or overseas in different timezones not
conducive to synchronous learning.”'? Compounding
these obstacles, effective online instruction is often
inhibited by low concentration from students,
decreased faculty and student interaction, and
decreased student participation.?

One of the undergraduate BME design courses at
the University of California Irvine, which required
conversion to online instruction is the Biomedical
Engineering Laboratory. The curriculum involves an
electroencephalography (EEG) lab to introduce stu-
dents to measurement and analysis of biological sys-
tems using engineering tools and techniques.
Prerequisites of this course included courses such as
Sensory Motor Systems, Quantitative Physiology: Or-
gan Transport Systems, Biomedical Signals and Sys-
tems, and Design of Biomedical Electronics, as this
laboratory is a required upper division course for all
BME undergraduate students. Because of social dis-
tancing requirements and the resulting campus clo-
sure,'® the EEG lab was converted to an online
laboratory to meet the same learning objectives that
would have been provided in person without reducing
educational quality, student engagement, and perfor-
mance. Here, we share and reflect upon the approach
used to develop a online EEG laboratory, given the
time constraints from the campus closure, and an
assessment of the effectiveness of this effort based on
student feedback and performance.

NOVEL INITIATIVE

Just prior to the mandatory shutdown of all teach-
ing facilities, the instructional team performed the
laboratory experiment under three different scenarios
that have been frequently observed by the professor in
prior years. These were conducted given the course
learning objectives met by this laboratory section,
which include®:

e An ability to communicate effectively with a wide
range of audiences (SO 3)

e An ability to develop and conduct appropriate
experimentation, analyze and interpret data, and
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use engineering judgement to draw conclusions (SO
6)

Although the novel online video structure of the
course was able to accomplish SO 3 and partially SO 6,
the ability to conduct appropriate experimentation
that students would have been able perform in person
had to be given via video scenarios that attempted to
highlight the importance of appropriate experimenta-
tion for physiological laboratories, such as the data
acquisition settings or reduction of noise prior to data
collection. Instances such as these have been frequently
observed by prior teaching assistants and instructors of
the course, which were the focus of the video scenarios
so that students could experience similar settings as in-
person, and interpret the data using engineering and
statistical approaches to draw upon conclusions.

The three scenarios presented to the students in-
cluded a thorough experiment where all protocol
procedures were followed correctly, one where the
experimenter ““forgets” key techniques and procedures,
and one where there was no regard to the procedures
and hardware settings. These video experiments cor-
responded to EEG data of high, mediocre, and poor
quality, which allowed students to learn the key com-
ponents associated with the laboratory as if they were
to perform the experiment in person.

EEG Laboratory Experiment

The EEG laboratory experiment focused on mea-
suring the alpha rhythm.” Originally observed by Dr.
Hans Berger,® the alpha rhythm (8-12 Hz) is an in-
crease in EEG power predominantly over the occipital
lobe when a person is relaxed and has their eyes closed.
When the person is engaged in a mental task or opens
their eyes, the alpha rhythm becomes desynchronized
and the power in this band decreases. Students were
tasked to measure these signals and verify this phe-
nomenon through signal analyses of EEG data
acquired by the instructional team under each scenario
(see Online Appendix A for full details of the protocol
and Online Appendix B for the corresponding lecture
material). The protocol and analysis utilized MA-
TLAB (MathWorks, Natick, MA), and data were
acquired using a BIOPAC data acquisition system and
AcqKnowledge data collection software (Biopac Sys-
tems Inc., Goleta, CA). In addition, as seen in Fig. |
below, the EEG was collected from four channels of a
19-channel Neuroscan Quik-Cap (Compumedics Ltd.,
Victoria, Australia) for each scenario.

During the in-person laboratory experiment, the
students would collect approximately 10 min of EEG
data, alternating every 10-30 s between opening and
closing their eyes during relaxation. In lieu of provid-
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ing this choice online, the students were given the be-
low trials and duration of time per trial (Table 1), after
being encouraged during the lecture to consider sample
sizes as well as physiological limitations of the subject
(e.g., paying attention, drowsiness).

Students were provided three datasets correspond-
ing to each scenario; however, they were not informed
of the varying quality of each separate data collection.
Students were instructed to analyze all three scenarios
and write a complete laboratory report on their find-
ings and observations, describing why they obtained
different results from each scenario in the discussion
and results section based on how data were collected.
In particular, Online Appendix C describes the grading
guidelines in detail, where students were asked to meet
the following course learning outcomes:

e The ability to effectively communicate profession-
ally to a wide range of audiences

e The ability to understand and describe the concepts
regarding the scientific and physiological principles
of the laboratory experiment

e Ability to describe important software, hardware,
statistical methods, experimental protocols and
procedures in

e Present data appropriately to a technical audience
with no prior knowledge of EEG

e Summarize the main results found, and draw
conclusions given the findings.

Visual Processing of the Experiments

The scenarios were filmed by the instructional team
just prior to campus shutdown. The filming was con-
ducted quickly with limited resources, as the team only
had access to a Nikon CoolPix P900 camera (Nikon,
Minato City, Tokyo, Japan). To accommodate for the
poor filming conditions that were presented, the pro-
fessor used Camtasia (TechSmith Corporation, Oke-
mos, Michigan, USA) to significantly edit the scenario
videos. As seen in Table 2 below, the videos, corre-
sponding data, and analyses code are provided as
hyperlinks for other instructors and institutions to
easily adopt.

The videos were edited to include improvements to
the audio, sped up during less important portions of
the experimental procedure, and annotations were
added to highlight important information and proce-
dures during the experiments. As seen in Fig. 2 below,
annotations were used to describe what the students
were observing in terms of hardware and experimental
setup, signal quality observed during the experiment,
and appropriate procedures such as those performed
after the experiment is completed.

Online Laboratory Structure of the Experiments

Typically, the Biomedical Engineering Laboratory
is a 10 week course in which students attend lectures,
perform the EEG laboratory data collection, analyses,
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FIGURE 1. Overall experimental hardware setup of the EEG laboratory.

BIOMEDICAL
ENGINEERING
SOCIETY



204 KING et al.

TABLE 1. Number of trials and duration of each trial for each scenario presented during the online EEG laboratory experiment.
Scenario Number of Trials Duration of trial per sample (s)
Scenario 1—protocols performed appropriately 10 20

Scenario 2—few protocols missing, mediocre conditions 10 20

Scenario 3—most protocols ignored, poor conditions 5 10

TABLE 2. Hyperlinks of the videos, corresponding data, and analyses code for the EEG laboratory portion of the course.

Scenario

Hyperlink

Master directory folder

Introduction

Scenario 1: protocols performed appropriately

Scenario 2: few protocols missing, mediocre con-
ditions

Scenario 3: most protocols ignored, poor conditions

Master directory link

https://drive.google.com/drive/folders/1gTQYu-V-IKnpwtmhMSeky8VheAkLOIg-?usp=
sharing

Video link (length—0:09)

https://drive.google.com/file/d/1EgAH4cxi-4Yf2Gues2RxMT_uqyB16LBE/view?usp=s
haring

Scenario 1 Video (length—29:15)

https://drive.google.com/file/d/1nyb TEBAHQvPQ3DQIwh9B6izS-Txb9EWsS/view?usp=
sharing

Scenario 1 Data

https://drive.google.com/file/d/1Zr3SKQWy-rSi1xt-uTuGw04mdVHVJdYx/view?usp=s
haring

Scenario 2 Video (length—8:33)

https://drive.google.com/file/d/13C9lqJdp3FyA4qzxuVnglht7V_ZBDVyh/view?usp=sh
aring

Scenario 2 Data

https://drive.google.com/file/d/16L_YBfQUCbZ2qqg-DMtBj8btoyPCQ8HXy/view?usp=s
haring

Scenario 3 Video (length—4:28)

https://drive.google.com/file/d/1-uMJoNFQxLcVj0hQ_w8Mxh7wnlsk-MQW/view?usp=
sharing

Scenario 3 Data

https://drive.google.com/file/d/10YE6qdpct2gXOJEIY6h4kmRI20u9GX5n/view?usp=s

haring

Data analyses code Code

https://drive.google.com/file/d/1pdtQfoOPZ62rBIS_40ONJXn3f4z7iJDp8/view?usp=sha

ring

and reflection through a scientific written report over
the course of 5 weeks; then, students perform a
biomolecular testing laboratory over the course of the
last 5 weeks in a similar format. When these labs were
conducted in person, student groups rotated through
the laboratories due to the limited laboratory stations
and large class size. Due to the transition to an online
environment during the COVID-19 pandemic, the vi-
deo experiment format allowed the instructors to im-
prove their courses by adding additional topics and
assessments (Table 3). For instance, for the EEG lab-
oratory portion of the course, pre- and post-lab quiz-
zes (Online Appendix D) were added to guide students
on the major procedures and protocols required for
experimentation, and why they are performed. Addi-
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tionally, required reference and texts and documents
were included in the EEG laboratory, which allowed
students to further understand the laboratory prac-
tices, science, and BME applications of EEG, such as
brain-computer interfaces.

Assessment of the Online Laboratory

To assess the feasibility and acceptability of the
online EEG laboratory using the scenario videos, a
short survey was sent to the students. All students that
participated in the survey were provided with informed
consent (University of California Irvine IRB Approval
Number: 2018-4211). To this end, the following survey
questions were posed:
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https://drive.google.com/file/d/1EgAH4cxi-4Yf2Gues2RxMT_uqyB16LBE/view?usp=sharing
https://drive.google.com/file/d/1nybT6AHQvPQ3DQIwh9B6izS-Txb9EWsS/view?usp=sharing
https://drive.google.com/file/d/1nybT6AHQvPQ3DQIwh9B6izS-Txb9EWsS/view?usp=sharing
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Facial expressions can
cause muscle artifact

Where do we put
the cable when
washing the cap?

FIGURE 2. Screenshots of different portions of the laboratory experiment scenarios showing annotations during hardware
procedures (top left), software procedures (top right), and the post-experiment cleaning procedure (bottom).

TABLE 3. Overall structure of the EEG laboratory portion of the Biomedical Engineering Laboratory course.

Week of the EEG Laboratory Course

Week 1: Introduction to EEG Lab and Pre Lab Training

Week 2: Introduction to Molecular Diagnostics Lab and Finish Pre Lab Training

Week 3: EEG Lab Instructions and Pre-Lab Quiz

Week 4: EEG Lab Video

Week 5: EEG Post-Lab Quiz and Lab Report

Week 6: EEG Conclusion and Reference Text Required Reading
Week 6-10: Biomolecular Online Laboratory Module

Week 10: EEG Laboratory Review Lecture

Finals Week: Final Exam

e What worked well during the videos?

e What were your reactions to the lab run-through
videos?

e What did you like?

e What would you have done differently?

REFLECTION

The main goal of this research was to provide an
alternative to hands-on lab research during the COV-
ID-19 crisis using online lab settings. The objectives
outlined in this course were to learn concepts in Elec-
troencephalogram measurement, become familiar with
the EEG laboratory setup and experimental procedure,
collect and analyze data using statistical tests, and re-
flect on the impact of following correct protocol on

observed results. The course incorporated the strate-
gies of the “Five E Cycle” as suggested by Bybee er al.?
The “Engagement” involved an introductory interac-
tive remote lecture and pre-lab training. For “Explo-
ration”, the students thoroughly read the lab
instruction manual and attempted a pre-lab quiz to
establish the concepts (Table 3). The detailed demon-
stration videos of three scenarios provided them with
“Explanation” of the methods and possible mistakes,
ending with the post-lab quiz. These concepts were
“Elaborated” by analyzing the three sets of data with
varying qualities based on the staged scenarios and a
written lab report. Finally, this report was “Evalu-
ated” in a set rubric along with the quizzes and a
multiple-choice final examination component.

The students performed significantly better in the
evaluative components as compared to the previous
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year (Fig. 3). The final exam evaluates the students’
conceptual understanding of EEG measurement,
experimental procedure, and statistical analysis while
the lab report evaluates their individual statistical
analysis of the collected EEG data and reflection of the
reasons for the observed results. The primary objective
we were unable to evaluate was the quality of the data
collection, typically demonstrated through individual
lab reports. A secondary objective to incorporate
teamwork could also not be achieved through this
version of the course. Based on the performance, we
conclude that despite the lack of hands-on experience,
students were able to achieve four out of five objectives
outlined in the course. The inherent lack of hands-on
experience and data collection was tackled by includ-
ing the staged-scenario based approach. This novel
approach helped students learn about the possible

sk
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FIGURE 3. Student performance compared to the previous
year based on final exam and lab report scores. Note that the
same exam questions and lab report rubrics were used across
both years.

mistakes and analyze their impact on the recorded
data. This provided a unique opportunity to under-
stand the reasoning behind the protocol and high-
lighted the importance of good practices. Such
scenario-based learning has been implemented previ-
ously in online laboratories (Online Appendix A).

To assess the quality of implementation and
achievement of desired outcomes, students were sur-
veyed and teaching assistants (TAs) were interviewed
at the end of the course, as described in the Assessment
of the Online Laboratory section above. Thirty-five
students responded to the voluntary post-lab survey;
the qualitative responses are summarized in Table 4.
The responses provided constructive feedback for the
development of this course. The all-round access to
videos allowed students to work at their own pace and
watch the experiment being conducted multiple times.
This helped them take more detailed notes as com-
pared to a live experiment. The important aspects of
experimentation and practical details were highlighted
in videos which helped students understand concepts
and learn about common mistakes to avoid. This also
gave students a chance to learn correct techniques
which would be difficult in 3-h lab sessions with mul-
tiple groups performing the experiment simultane-
ously. The lab report performances revealed that only
2-3 students of 100 had trouble understanding the
experiments. The TAs and the professor were available
for contact via email which let the students reach out
personally with questions and hence received individ-
ual attention for their doubts.

Based on the survey responses, some shortcomings
have been identified. The main criticism was about the
video quality (lack of a cameraperson, unclear audio
and unavailable screen recording). Some students
mentioned difficulty in engaging with longer videos like
Scenario 1 (Table 2). These issues will be addressed in

TABLE 4. Qualitative assessment of student survey responses

Category Positive responses (%) Negative responses (%) No response (%)
Video annotations (Q&A, commentary) 771 0 22.9
Video quality (audio, visual, direction) 114 62.9 25.7
Informative 37.2 0 62.8
Efficiency and entertaining 34.3 0 65.7
Narration of procedures 34.2 0 65.8
Three scenarios 25.7 5.7 68.6
Step-by-step procedure 17.2 0 82.8
Online laboratory replacement 0 11.4 88.6

Categories (left) summarize the general classification of the survey responses based on the free-response format. The percentage of positive
(middle) and negative (right) responses are computed based on the number of positive or negative reactions to the corresponding category
divided by the total number of participants (n = 35). Of the 8 categories, 6 had mostly positive reactions while two were mostly negative.
Categories (left) summarize the general classification of the survey responses based on the free-response format. The percentage of positive
(middle) and negative (right) responses are computed based on the number of positive or negative reactions to the corresponding category
divided by the total number of participants (n = 35). Of the 8 categories, 6 had mostly positive reactions while two were mostly negative.
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future implementations of the course by addition of
transcripts and captions, professional video recording,
and guidebooks to use the online material more effi-
ciently. Further, the demo videos will be shortened to
snippets of less than 10 min, and Camtasia will be used
to add small quizzes throughout the videos to increase
engagement. Students will also be required to submit
the code used for the data analysis to ascertain origi-
nality of work. The inclusivity of the course can be
improved by ADA compliant technology for people
with audio and visual impairments. These improve-
ments will be provided to other instructors in the fu-
ture and the files can be accessed using the same master
directory links provided in Table 2 above. Interested
instructors can sign up for updates using this hyper-
link: https://forms.gle/A14WyShpDCGHqr6S8. To
elevate the impact of online laboratory settings to be
used as a permanent replacement, 3D virtual reality
environments can be used to create a space for students
to conduct EEG experiments. An ongoing project
being conducted at the instructor’s laboratory involves
using two 180° cameras to film the laboratory to sim-
ulate students entering the lab remotely to conduct
experiments. Interactive game-like scenarios could be
included to remind them of proper protocol. Team-
work can be fostered through lab sessions with multi-
ple participants. This method would incorporate the
advantages of both online and hands-on laboratories.

The success of this online laboratory opens more
opportunities for labs to adapt to situations that re-
quire distance learning courses. It has been shown by
multiple previous studies that online laboratories can
improve student learning from in-person labs serving
as a supplementary component.>'%!*!* The online
EEG laboratory provided students with an immediate
alternative to the traditional laboratory course to
adapt to the COVID-19 crisis. While students did not
have the opportunity to experience hands-on lab
experiments, they were able to successfully achieve the
main learning objectives of the course. We are confi-
dent that the inclusion of advanced technology like
virtual reality in classrooms can lead to more efficient
student learning and be present as a ready alternative
for any future crisis that would prevent in-person
education.

ELECTRONIC SUPPLEMENTARY MATERIAL
The online version of this article (https://doi.org/10.

1007/s43683-020-00034-9) contains supplementary
material, which is available to authorized users.
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