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Abstract
Background There continues to be a disjoint between
the emergence of new diagnostic technologies and
venues to train new physicians on how to apply them.
Next-generation sequencing (NGS) has become a very
important tool for a wide range of clinical applica-
tions. Technical complexity and cost have been the
major obstacles in incorporating these technologies
into the classroom.
Goal for innovation We opted to use the MinION,
which is a new portable DNA sequencer that can pro-
duce data in real-time at a relatively low cost, for
a NGS hands-on workshop with medical students.
Steps taken We conducted a pilot NGS hands-on prac-
tical module in order to expose an interested group
of medical students to this new portable sequencer
device. A pre- and post-survey, using a Likert-type
scale survey items and open-ended questions, eval-
uated participant resistance to new diagnostic tools,
familiarity with NGS, and likelihood to use a portable
sequencer in clinical practice.
Outcomes Prior to participating in our learning work-
shop, students did not understand how to incorpo-
rate NGS into clinical practice, and expressed that cost
and prior training/knowledge were among the limit-
ing factors in their likelihood to use NGS as a diagnos-
tic tool. After participating in the module, students’
responses demonstrated a shift in their understand-
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ing of the scientific principles and applications of NGS
(pre- and post-survey scores p<0.05).
Reflection The hands-on experience not only helped
students become closer to and more comfortable with
NGS, but also served as a venue to discuss the science
and application of this technology in medicine. Such
discussion helped to provide participants with current
“genetic literacy” that is often incompletely covered in
the typical undergraduate medical education curricu-
lum.

Keywords Next generation sequencing · Medical
education · Training · New technologies

Background and need for innovation

Historically, advanced diagnostic tools have been
accessible only through clinical diagnostic testing
labs, while physicians, medical students, and resident
trainees would have little to no access to or under-
standing of their use. These tools are becoming more
common and their costs are beginning to drop below
current gold standards, further reducing the barrier to
clinical application. Despite this, there continues to
be a disjoint between the emergence of new diagnos-
tic technologies and venues to train new physicians
on how to apply them [1].

Next-generation sequencing (NGS) has become
the most important tool for a wide range of clinical
applications, including bacterial identification, an-
tibiotic resistance detection, non-invasive prenatal
testing, tumor profiling, and genetic screening [2–4].
NGS technologies have transformed sequencing from
a method practiced only by experts in dedicated fa-
cilities to a general purpose research tool available to
researchers in a wide range of fields [5]. The growing
gap between the demand for genome sequencing and
the supply of trained genomics professionals is creat-
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ing an acute need to develop more effective genomics
education [6].

As a first step toward developing a robust curricu-
lum that includes new technological advances, our
institution has implemented several 2-hour sessions
given to 1st and 3rd year medical students, covering
themes such as “Therapeutic use of stem cells”, “Can-
cer immunotherapy”, and “CRISPR technology”. Al-
though NGS is mentioned in some of these sessions,
there is currently no opportunity to dive into the ap-
plications of this technology. A practical approach,
consisting of a quick and simple protocol with real-
time visualization of the ongoing sequencing process,
has the advantage of creating a bridge to overcome
fear of a technology that may be seen to be too com-
plex or esoteric.

Goal of innovation

Given the ongoing and rapid advancements in diag-
nostic technologies, it is our duty as medical educa-
tors to prepare medical students to identify and be
able to use these tools. The incorporation of these
topics into the classroom has, however, been chal-
lenging, due to an implied high degree of technical
complexity [7], and costs. Previous initiatives to bring
NGS technology to medical school [6] and high school
students [8], although successful in promoting scien-
tific research, require funding due to the costs of the
sequencing platforms used [5, 8]. In fact, the great-
est impasse for educational use of NGS remains the
cost, at approximately $4000 per experiment using
an Illumina MiSeq (excluding the capital expense of
equipment, approximately $100,000) [5]. A low-cost
approach proposed the use of existing materials cre-
ated by biotechnology companies to compare their in-
strumentation and chemistries [7]. Virtual attempts to
teach NGS used online simulation modules [9]. These
approaches, however, lacked the hands-on variable,
affecting experiential learning.

The MinION (Oxford Nanopore Technologies) is
a new low capital cost portable DNA sequencer, ap-
proximately the size of a flash drive, which can pro-
duce data in real-time [10] (see the Appendix in the
Electronic Supplementary Material). The emergence
of novel portable sequencers promises to decrease
costs for reagents and instrumentation [11]. This
device provides high-accuracy sequence data, with
various types of samples [12, 13]. The company also
provides a set of applications for rapid and accurate
bacterial identification [14]. For all this, we decided
to use this low-cost, easy-to-use device as a means
of delivering a short and practical module to expose
students to NGS via experiential learning.

Tab. 1 Box Survey questions

1. I understand the scientific principles behind NGS

2. I understand how I can incorporate NGS into my clinical duties

3. I am likely to use new diagnostic technology like NGS in my practice

4. NGS is a practical tool for in office clinical diagnostic use

5. There is a gap in training provided to physicians regarding emerging
diagnostic technology

6. I feel comfortable selecting the most appropriate common diagnostic
and screening tests

7. I feel comfortable interpreting common diagnostic and screening tests

8. I feel comfortable selecting the most cost-effective diagnostic and
screening tests

9. I feel that diagnostic testing should be done in a lab and not in the clinic

10. Having a better understanding of emerging diagnostic technologies
such as NGS will improve my academic and clinical practices

Steps taken for development and implementation
of innovation

TheMinION seemed to be an ideal option to reach our
goal of a low-cost platform to be used for a hands-on
experience on NGS with our students. With this in
mind, we conducted our first NGS hands-on practical
module at the Laboratory for Education in Molecu-
lar Medicine, a dual function teaching and research
lab, in order to expose an interested group of medi-
cal students to a new portable sequencer device. The
manufacturing company (Oxford Nanopore) supports
educational initiatives using the MinION, and kindly
lent us extra sequencers and reagents for our work-
shop. Due to the gap in knowledge in regards to both
NGS and potential downstream applications, Oxford
Nanopore wants more learners to be exposed to DNA
sequencing through hand-on opportunities and train-
ings.

We set up a NGS hands-on practical module using
the MinION to provide a group of medical students
with a first-hand experience of the latest DNA se-
quencing technology, while learning about the princi-
ples of DNA sequencing and DNA extraction [15]. The
activity was voluntary, and consisted of three main
sections: A brief review of DNA and sequencing con-
cepts, followed by a practical hands-on experience on
library preparation and flow-cell loading (see the Ap-
pendix in the Electronic Supplementary Material), and
ended up with a discussion on the application of NGS
in medicine, once the sequencing started to run.

Outcomes of innovation

A previous report of an activity letting medical stu-
dents sequence their own genome at no cost showed
that they were more persistent in overcoming the
practical challenges of genome analysis and had
a better understanding of the patient experience
as a result of working with their own genome [6]. The
study, however, could not quantify whether analyzing
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Fig. 1 a Pre- vs. post-survey scores b Survey item comparison (pre- vs. post-workshop)

your own genome improved educational outcomes
[6].

We evaluated the impact of our practical module
on participants’ understanding of NGS and its appli-
cability in medicine; we developed a survey in order
to compare participants’ perceived preparedness and
receptiveness towards NGS before and after the ac-
tivity. The survey was administered before and after
the activity and contained 10 Likert-type scale survey
items and 2 open-ended questions, evaluating par-
ticipant resistance to new diagnostic tools, familiarity
with NGS, and likelihood to use NGS in clinical prac-
tice (Table 1). The Likert-type scale items had 4 re-
sponse levels either requiring respondents to qualify
their level of satisfaction on a certain topic while oth-
ers asked about level of agreement with a certain con-
cept.

The items were selected from previously published
surveys or designed and approved after peer review
and examination for scope and clarity of purpose. An
Institutional Review Board exemption was obtained.
Responses to the Likert-type scale items were con-
verted from ordinal to numerical scale for the pur-
poses of statistical analysis [16]. Open-ended survey
items could not be grouped for analysis. To evaluate
the responses as a whole, total pre- vs. post-survey
score were compared, utilizing t-test, as data passed
the Shapiro-Wilk and Kolmogorov-Smirnov normality
tests. Each item of the survey converted numerically
was also subjected to comparison in the same man-
ner.

Prior to participating in our learning workshop,
students did not understand how to incorporate NGS
into clinical practice, and expressed that cost and
prior training/knowledge were among the limiting
factors in their likelihood to use NGS as a diagnostic
tool. After participating in the module, students’ re-
sponses demonstrated a shift in their understanding
of the scientific principles and applications of NGS
(pre- and post-survey scores p< 0.05) (Fig. 1a). Areas

where a significant difference was observed included
understanding the scientific principles behind NGS,
how to incorporate NGS into clinical duties, how to
use it as a clinical diagnostic tool, interpretation of
common diagnostic and screening tests, and selecting
the most cost-effective diagnostic and screening tests
(Fig. 1b).

Critical reflection on your process

Even though validity testing was not performed on
the utilized tool, we developed it using several items
taken from previously published and validated ques-
tionnaires, as well as new items that were “validated”
through peer review to determine if they were clearly
worded and addressed what we were trying to enquire
about. The outcome reflects that the initiative was in-
deed useful. Our workshop helped students to under-
stand how to incorporate NGS into clinical practice.
Feedback such as “I now understand how I can incor-
porate NGS into my clinical duties” and “I have a bet-
ter understanding of the scientific principles behind
NGS”, were found among the open-ended questions
in the survey. Not only did the hands-on experience
help students become closer and more comfortable
with NGS, it also served as a venue to discuss the sci-
ence and application of this technology in medicine.
Such discussion helped to provide participants with
current “genetic literacy” that is often incompletely
covered in the typical undergraduate medical educa-
tion curriculum.

Still, the obstacle of easier data analysis needs to
be overcome, as a certain level of computational skills
are needed to process NGS data.

Creation of innovative educational opportunities
for medical students and residents to increase their
exposure and understanding of state of the art se-
quencing technologies constitutes a feasible proposal
with great potential to face gaps in medical education.
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Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in
anymedium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to
the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article
are included in the article’sCreativeCommons licence, unless
indicated otherwise in a credit line to thematerial. If material
is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.
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