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Training doctoral students in critical thinking ==
and experimental design using problem-
based learning
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Abstract

Background Traditionally, doctoral student education in the biomedical sciences relies on didactic coursework to
build a foundation of scientific knowledge and an apprenticeship model of training in the laboratory of an established
investigator. Recent recommendations for revision of graduate training include the utilization of graduate student
competencies to assess progress and the introduction of novel curricula focused on development of skills, rather than
accumulation of facts. Evidence demonstrates that active learning approaches are effective. Several facets of active
learning are components of problem-based learning (PBL), which is a teaching modality where student learning

is self-directed toward solving problems in a relevant context. These concepts were combined and incorporated

in creating a new introductory graduate course designed to develop scientific skills (student competencies) in
matriculating doctoral students using a PBL format.

Methods Evaluation of course effectiveness was measured using the principals of the Kirkpatrick Four Level Model of
Evaluation. At the end of each course offering, students completed evaluation surveys on the course and instructors
to assess their perceptions of training effectiveness. Pre- and post-tests assessing students’ proficiency in experimental
design were used to measure student learning.

Results The analysis of the outcomes of the course suggests the training is effective in improving experimental
design. The course was well received by the students as measured by student evaluations (Kirkpatrick Model Level 1).
Improved scores on post-tests indicate that the students learned from the experience (Kirkpatrick Model Level 2). A
template is provided for the implementation of similar courses at other institutions.

Conclusions This problem-based learning course appears effective in training newly matriculated graduate students
in the required skills for designing experiments to test specific hypotheses, enhancing student preparation prior to
initiation of their dissertation research.
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Introduction

For over a decade there have been calls to reform bio-
medical graduate education. There are two main prob-
lems that led to these recommendations and therefore
two different prescriptions to solve these problems.
The first major issue is the pursuit of non-traditional
(non-academic) careers by doctorates and concerns of
adequate training [1, 2]. The underlying factors affect-
ing career outcomes are the number of PhDs produced
relative to the number of available academic positions [1,
3-5], and the changing career interests of doctoral stu-
dents [6-9]. One aspect in the proposed reformation to
address this problem is incorporation of broader profes-
sional skills training and creating awareness of a greater
diversity of careers into the graduate curriculum [1, 4,
5]. The second issue relates to the curricula content and
whether content knowledge or critical scientific skills
should be the core of the curriculum [10, 11]. The pro-
posed reformation to address this issue is creation of
curricula focusing upon scientific skills, e.g. reasoning,
experimental design and communication, while simulta-
neously reducing components of the curricula that build
a foundational knowledge base [12, 13]. Components of
these two approaches are not mutually exclusive, where
incorporation of select specialized expertise in each area
has the potential to concurrently address both issues.
Here we describe the development, implementation and
evaluation of a new problem-based learning (PBL)-based
graduate course that provides an initial experience in
introducing the scientific career-relevant core compe-
tencies of critical thinking and experimental design to
incoming biomedical doctoral students. The purpose of
this course is to address these issues by creating a vehi-
cle to develop professional skills (communication) and
critical scientific skills (critical thinking and experimental
design) for first year graduate students.

One approach that prioritizes the aggregate scientific
skill set required for adept biomedical doctorates is the
development of core competencies for doctoral students
[5, 14, 15], akin to set milestones that must be met by
medical residents and fellows [16]. Key features of these
competencies include general and field-specific scien-
tific knowledge, critical thinking, experimental design,
evaluation of outcomes, scientific rigor, ability to work
in teams, responsible conduct of research, and effective
communication [5, 14, 15]. Such competencies provide
clear benchmarks to evaluate the progress of doctoral
students’ development into an independent scientific
professional and preparedness for the next career stage.
Historically, graduate programs relied on traditional
content-based courses and supervised apprenticeship in
the mentor’s laboratory to develop such competencies.
An alternative to this approach is to modify the gradu-
ate student curriculum to provide a foundation for these
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competencies early in the curriculum in a more struc-
tured way. This would provide a base upon which addi-
tional coursework and supervised dissertation research
could build to develop competencies in doctoral students.

Analyses of how doctoral students learn scientific skills
suggest a threshold model, where different skillsets are
mastered (a threshold reached), before subsequent skill-
sets can be mastered [17, 18]. Skills like using the pri-
mary literature, experimental design and placing studies
in context are earlier thresholds than identifying alterna-
tives, limitations and data analysis [18]. Timmerman et
al. recommend revision of graduate curricula to sequen-
tially build toward these thresholds using evidence-based
approaches [18]. Several recent curricular modifications
are aligned with these recommendations. One program,
as cited above, offers courses to develop critical scientific
skills early in the curriculum with content knowledge
provided in later courses [12, 13]. A second program has
built training in experimental design into the coursework
in the first semester of the curriculum. Improvements
in students experimental design skills and an increase
in self-efficacy in experimental design occurred over the
course of the semester [19]. Other programs have intro-
duced exercises into courses and workshops to develop
experimental design skills using active learning. One
program developed interactive sessions on experimental
design, where students give chalk talks about an experi-
mental plan to address a problem related to course con-
tent and respond to challenges from their peers [20].
Another program has developed a workshop drawing
upon principles from design thinking to build problem
solving skills and creativity, and primarily uses active
learning and experiential learning approaches [21]. While
these programs are well received by students, the out-
comes of training have not been reported. Similar under-
graduate curricula that utilize literature review with
an emphasis on scientific thought and methods report
increased performance in critical thinking, scientific rea-
soning and experimental design [22, 23].

It is notable that the changes these examples incorpo-
rate into the curriculum are accompanied with a shift
from didactic teaching to active learning. Many studies
have demonstrated that active learning is more effec-
tive than a conventional didactic curriculum in STEM
education [24]. Problem-based learning (PBL) is one
active learning platform that the relatively new gradu-
ate program at the Van Andel Institute Graduate School
utilizes for delivery of the formal curriculum [25]. First
developed for medical students [26], the PBL learning
approach has been adopted in other educational settings,
including K-12 and undergraduate education [27, 28]. A
basic tenet of PBL is that student learning is self-directed
[26]. Students are tasked to solve an assigned problem
and are required to find the information necessary for
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the solution (self-directed). In practice, learning occurs
in small groups where a faculty facilitator helps guide the
students in identifying gaps in knowledge that require
additional study [29]. As such, an ideal PBL course is
“well organized” but “poorly structured” The lack of a
traditional restrictive structure allows students to pursue
and evaluate different solutions to the problem.

The premise for PBL is that actively engaging in prob-
lem solving enhances learning in several ways [29, 30].
First, activation of prior knowledge, as occurs in group
discussions, aids in learning by providing a framework
to incorporate new knowledge. Second, deep processing
of material while learning, e.g. by answering questions or
using the knowledge, enhances the ability to later recall
key concepts. Third, learning in context, e.g. learning the
scientific basis for clinical problems in the context of clin-
ical cases, enables and improves recall. These are all effec-
tive strategies to enhance learning [31]. PBL opponents
argue that acquisition of knowledge is more effective in a
traditional didactic curriculum. Further, development of
critical thinking skills requires the requisite foundational
knowledge to develop realistic solutions to problems [32].

A comprehensive review of PBL outcomes from K-12
through medical school indicated that PBL students
perform better in the application of knowledge and rea-
soning, but not in other areas like basic knowledge [33].
Other recent meta-analyses support the conclusion that
PBL, project-based learning and other small group teach-
ing modalities are effective in education from primary
school to university, including undergraduate courses in
engineering and technology, and pharmacology courses
for professional students in health sciences [34-39].
While the majority of the studies reported in these meta-
analyses demonstrate that PBL results in better aca-
demic performance, there are contrasting studies that
demonstrate that PBL is ineffective. This prompts addi-
tional investigation to determine the salient factors that
distinguish the two outcomes to establish best practices
for better results using the PBL platform. Although few
studies report the outcomes of PBL based approaches in
graduate education, this platform may be beneficial in
training biomedical science doctoral students for devel-
oping and enhancing critical thinking and practical prob-
lem-solving skills.

At our institution, biomedical doctoral students enter
an umbrella program and take a core curriculum in the
first semester prior to matriculating into one of seven
biomedical sciences doctoral programs across a wide
range of scientific disciplines in the second semester.
Such program diversity created difficulty in achiev-
ing consensus on the necessary scientific foundational
knowledge for a core curriculum. Common ground was
achieved during a recent curriculum revision through
the development of required core competencies for all
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students, regardless of field of study. These competen-
cies and milestones for biomedical science students at
other institutions [5, 14, 15], along with nontraditional
approaches to graduate education [12, 25], were used as
guidelines for curriculum modification.

Course design

A course was created to develop competencies required
by all biomedical sciences doctoral students regardless
of their program of interest [14]. As an introductory
graduate level course, this met the needs of all our seven
diverse biomedical sciences doctoral programs where our
first-year doctoral students matriculate. A PBL platform
was chosen for the course to engage the students in an
active learning environment [25]. The process of prob-
lem solving in small teams provided the students with
experience in establishing working relationships and
how to operate in teams. The students gained experi-
ence in researching material from the literature to estab-
lish scientific background, find current and appropriate
experimental approaches and examples of how results are
analyzed. This small group approach allowed each team
to develop different hypotheses, experimental plans and
analyses based upon the overall interests of the group.
The course was designed following discussions with fac-
ulty experienced in medical and pharmacy school PBL,
and considering course design principles from the litera-
ture [27, 40]. The broad learning goals are similar to the
overall objectives in another doctoral program using PBL
as the primary course format [25], and are aligned with
recommended core competencies for PhD scientists [14].
These goals are to:

1. Develop broad, general scientific knowledge (core

competency 1 [14]).

2. Develop familiarity with technical approaches
specific to each problem.

3. Practice critical thinking/experimental design
incorporating rigor and reproducibility,

a. including: formulation of hypotheses, detailed
experimental design, interpretation of data,
statistical analysis (core competencies 3 and 4
(14]).

4. Practice communication skills: written and verbal

communication skills (core competency 8 [14]).

5. Develop collaboration and team skills (core

competency 6 [14]).

6. Practice using the literature.
Students were organized into groups of four or five based
on their scientific background. Student expertise in each
group was deliberately mixed to provide different view-
points during discussion. A single faculty facilitator was
assigned to each student group, which met formally in 13
separate sessions (Appendix II). In preparation for each
session, the students independently researched topics
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using the literature (related to goal 6) and met informally
without facilitator oversight to coordinate their findings
and organize the discussion for each class session. During
the formal one-hour session, one student served as the
group leader to manage the discussion. The faculty facili-
tator guided the discussion to ensure coverage of nec-
essary topics and helped the students identify learning
issues, i.e. areas that required additional development,
for the students to research and address for the sub-
sequent session. At the end of each session, teams pre-
viewed the leading questions for the following class and
organized their approach to address these questions prior
to the next session. The whole process provided experi-
ences related to goal 5.

As the course was developed during the COVID-19
pandemic, topics related to SARS-CoV2 and COVID-19
were selected as currently relevant problems in society.
Session 1 prepared the students to work in teams by dis-
cussing about how to work in teams and manage con-
flict (related to goal 5). In session 2, the students met in
their assigned groups to get to know each other, discuss
problem-based learning and establish ground rules for
the group. Sessions 3 and 4 laid the course background
by focusing on the SARS-CoV2 virus and COVID-19-as-
sociated pathologies (related to goal 1). The subsequent
nine sessions were organized into three separate but
interrelated three-session blocks: one on COVID-19 and
blood clotting, one on COVID-19 and loss of taste, and
one on SARS-CoV2 and therapeutics. The first session in
each of these blocks was devoted to covering background
information (blood clotting, neurosensation and drug
application)(related to goal 1). The second session of each
block discussed hypothesis development (mechanisms
that SARS-CoV2 infection might utilize to alter blood
clotting, the sense of taste, and identification of therapeu-
tic targets to attenuate SARS-CoV2 infection)(related to
goal 3). In the second sessions the students also began to
design experiments to test the hypothesis. The final ses-
sion of each block fleshed out the details of the experi-
mental design (related to goals 2 and 3).

The process was iterative, where the students had three
opportunities to discuss hypothesis development, experi-
mental design and analysis during sessions with their
facilitators. Written and oral presentation assignments
(Appendix V) provided additional opportunities to artic-
ulate a hypothesis, describe experimental approaches to
test the hypotheses, propose analysis of experimental
results and develop communication skills (related to goal
4).

Rigor and reproducibility was incorporated into the
course. This was an important component given the
emphasis recently placed on rigor and reproducibility
by federal agencies. As the students built the experi-
mental design to address the hypothesis, recurring
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questions were posed to encourage them to consider
rigor. Examples include: “Are the methods and experi-
mental approaches rigorous? How could they be made
more rigorous?” “Discuss how your controls validate the
outcome of the experiment. What additional controls
could increase confidence in your result?” The facilitators
were instructed to direct discussion to topics related to
the rigor of the experimental design. The students were
asked about numbers of replicates, number of animals,
additional methods that could be applied to support
the experiment, and other measurements to address the
hypothesis in a complementary fashion. In the second
iteration of the course, we introduced an exercise on rigor
and reproducibility for the students using the NIH Rigor
and Reproducibility Training Modules (see Appendix
III). In this exercise, the students read a short introduc-
tion to rigor and reproducibility and viewed a number of
short video modules to introduce lessons on rigor. The
students were also provided the link to the National Insti-
tute of General Medical Sciences clearinghouse of train-
ing modules on rigor and reproducibility as reference for
experimental design in their future (see Appendix III).

The first delivery of the course was during the COVID-
19 pandemic and sessions were conducted on the Zoom
platform. The thirteen PBL sessions, and two additional
sessions dedicated to oral presentations, were spaced
over the course of the first semester of the biomedical
sciences doctoral curriculum. The second iteration of the
course followed the restructuring of the graduate first
year curriculum and the thirteen PBL sessions, plus one
additional session devoted to oral presentations, were
held during the first three and a half weeks of the first-
year curriculum. During this period in the semester, this
was the only course commitment for the graduate stu-
dents. Due to this compressed format, only one written
assignment and a single oral presentation were assigned.
As the small group format worked well via Zoom in the
first iteration of the course, the small groups continued to
meet using this virtual platform.

Methods

IRB Approval. The West Virginia University Institutional
Review Board approved the study (WVU IRB Protocol#:
2008081739). Informed consent was provided by the
participants in writing and all information was collected
anonymously.

Surveys. Evaluation of training effectiveness was mea-
sured in two ways corresponding to the first two levels
of the Kirkpatrick Model of Evaluation [41]. First, stu-
dents completed a questionnaire upon completion of the
course to capture their perceptions of training (Appendix
VII). Students were asked their level of agreement/dis-
agreement on a Likert scale with 10 statements about the
course and 7 statements about their facilitator. Second,



Schaller et al. BMC Medical Education (2023) 23:579

students took a pre- and post-test to measure differences
in their ability to design experiments before and after
training (Appendix VIII). The pre- and post-tests were
identical, asking the students to design an experiment to
test a specific hypothesis, include controls, plan analyses,
and state possible results and interpretation. Five ques-
tions were provided for the pre- and post-test, where
each question posed a hypothesis from a different bio-
medical discipline, e.g. cancer biology or neuroscience.
Students were asked to choose one of the five questions
to answer.

Peer-to-peer evaluations were collected to provide
feedback on professionalism and teamwork. This sur-
vey utilized a Goldilocks scale ranging from 1 to 7, with
4 being the desired score. An example peer question
asked about accountability, where responses included
not accountable, e.g. always late (score=1), account-
able, e.g. punctual, well prepared, follows up (score=4)
and controlling, e.g. finds fault in others (score=7). Each
student provided a peer-to-peer evaluation for each stu-
dent in their group. (see Appendix VII). In the second
course iteration, Goldilocks surveys were collected three
times over the three-week course period due to the com-
pressed time frame. This was necessary to provide rapid
feedback to the students about their performance during
the course in order to provide opportunities to address
and rectify any deficits before making final performance
assessments.

Evaluating Pre- and Post-Tests. All pre- and post-
test answers were evaluated by three graders in a blind
fashion, where the graders were unaware if an answer
came from a pre- or post-test. Prior to grading, each
grader made up individual answer keys based upon the
question(s) on the tests. The graders then met to com-
pare and deliberate these preliminary keys, incorporat-
ing changes and edits to produce a single combined key
to use for rating answers. While the students were asked
to answer one question, some students chose to answer
several questions. Superfluous answers were used as a
training dataset for the graders. The graders indepen-
dently scored each answer, then met to review the results
and discuss modification of the grading key. The estab-
lished final grading key, with a perfect score of 16, was
utilized by the graders in independently evaluating the
complete experimental dataset consisting of all pre- and
post-test answers (Appendix IX). To assess the ability of
student cohorts to design experiments before and after
the course, three of the authors graded all of the pre-
and post-test answers. Grading was performed in a blind
fashion and the scores of the three raters were averaged
for each answer.

Statistical analysis. To measure the interrater reliabil-
ity of the graders, the intraclass correlation coefficient
(ICC) was calculated. A two-way mixed effects model
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was utilized to evaluate consistency between multiple
raters/measurements. The ICC for grading the training
dataset was 0.82, indicating a good inter-rater agree-
ment. The ICC for grading the experimental dataset was
also 0.82. For comparison of pre-test vs. post-test perfor-
mance, the scores of the three raters were averaged for
each answer. Since answers were anonymous, the analy-
ses compared responses between individuals. Most, but
not all scores, exhibited a Gaussian distribution and
therefore a nonparametric statistic, a one-tailed Mann
Whitney U test, was used for comparison. The pre-test
and post-test scores for 2020 and 2021 could not be com-
pared due to the different format used for the course in
each year.

Results

Thirty students participated in the course in the first
offering, while 27 students were enrolled in the second
year. The students took pre- and post-tests to measure
their ability to design an experiment before and after
training (Appendix VIII). As the course progressed, stu-
dents were surveyed on their views of the professional-
ism of other students in their group (Appendix VII). At
the end of the course, students were asked to respond to
surveys evaluating the course and their facilitator (see
Appendix VII).

Student reception of the course (Kirkpatrick Level
1). In the first year, 23 students responded to the course
evaluation (77% response rate) and 26 students submitted
facilitator evaluations (87% response rate), whereas in the
second year there were 25 responses to the course evalu-
ation (93% response rate) and 26 for facilitators (96%
response rate). Likert scores for the 2020 and 2021 course
evaluations are presented in Fig. 1. The median score for
each question was 4 on a scale of 5 in 2020. In 2021, the
median scores for the questions about active learning
and hypothesis testing were 5 and the median score of
the other questions was 4. The students appreciated the
efforts of the facilitators in the course, based upon their
evaluations of the facilitators. The median score for every
facilitator across all survey questions is shown in Fig. 2.
The median score for a single question in 2020 and 2021
was 4.5 and the median score for all other questions was
5. The results of the peer-to-peer evaluations are illus-
trated in Fig. 3. The average score for each student were
plotted, with scores further from the desired score of 4
indicating perceived behaviors that were not ideal. The
wide range of scores in the 2020 survey were noted. The
students completed three peer-to-peer surveys during
the 2021 course. The range of scores in the 2021 peer-
to-peer evaluation was narrower than the range in the
2020 survey. The range of scores was expected to nar-
row from the first (initial) to third (final) survey as stu-
dents learned and implemented improvements in their
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Fig. 1 Results of Course Evaluations by Students. Student evaluations of the course were collected at the end of each offering. The evaluation surveys
are in Appendix VII. Violin plots showing the distribution and median score for each question in the 2020 survey (A) and the 2021 survey (B) are shown.
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Fig. 2 Results of Facilitator Evaluations by Students. Student evaluations of the facilitators were collected at the end of each offering of the course.
The evaluation surveys are in Appendix VII. Violin plots showing the distribution and median score for each question in the 2020 survey (A) and the 2021

survey (B) are shown. The survey used a Likert scale (1 - low to 5 - high)

professional conduct based upon peer feedback. The nar-
row range of scores in the initial survey left little room for
improvement.

Student learning (Kirkpatrick Level 2). Twenty-six
students completed the pre-test in each year and con-
sented to participate in this study (87% response in the
first year and 96% response in the second year). Eigh-
teen students completed the post-test at the end of the
first year (60%) and 26 students completed the test at the
end of the second year (96%). Question selection (exclud-
ing students that misunderstood the assignment and
answered all questions) is shown in Table 1. The most
frequently selected questions were Question 1 (45 times)
and Question 2 (23 times). Interestingly, the results in
Table 1 also indicate that students did not necessarily

choose the same question to answer on the pre-test and
post-test.

Average scores on pre-tests and post-tests were com-
pared using a one-tailed Mann Whitney U test. Since the
format of the course was different in the two iterations,
comparison of test results between the two years could
not be made. The average scores of the pre- and post-
test in 2020 were not statistically different (p=0.0673),
although the post-test scores trended higher. In contrast,
the difference between the pre- and post-test in 2021 did
reach statistical significance (p=0.0329). The results col-
lectively indicate an overall improvement in student abil-
ity in experimental design (Fig. 4).
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Fig. 3 Results of Student Peer-to-Peer Evaluations. Student peer-to-peer evaluations were collected at the end of the course in year 1 (A), and at the
beginning (B), the middle (C) and the end (D) of the course in year 2. Each student evaluated the professionalism of each other student in their group
using the evaluation survey shown in Appendix VII. The average score for each student is plotted as a data point. The survey used a Goldilocks scale (range

of 1to 7) where the desired professional behavior is reflected by a score of 4

Table 1 Student Choice of Experimental Question to Answer
(Only those who made a choice)

2020 2021

Pre-test Post-test Pre-test Post-test
Body weight 10 8 13 14
Cancer 3 5 7 8
Phosphorylation 2 2 2 3
Vitamin C 4 1 4 0
Neurogenesis 2 0 0 1

Discussion

This course was created in response to biomedical work-
force training reports recommending increased training
in general professional skills and scientific skills, e.g. crit-
ical thinking and experimental design. The course utilizes
a PBL format, which is not extensively utilized in gradu-
ate education, to incorporate active learning through-
out the experience. It was well received by students and
analysis suggests that major goals of the course were met.
This provides a template for other administrators and

educators seeking to modify curricula in response to calls
to modify training programs for doctoral students.
Student evaluations indicated the course was effective
at motivating active learning and that students became
more active learners. The evaluation survey questions
were directly related to three specific course goals: (1)
Students reported developing skills in problem solv-
ing, hypothesis testing and experimental design. (2) The
course helped develop oral presentation skills and writ-
ten communication skills (in one iteration of the course)
and (3) students developed collaboration and team skills.
Thus, from the students’ perspective, these three course
goals were met. Student perceptions of peer professional-
ism was measured using peer-to-peer surveys. The wide
range of Goldilocks scores in the first student cohort
was unexpected. In the second student cohort changes
in professional behavior were measured over time and
the score ranges were narrower. The reasons for the dif-
ference between cohorts is unclear. One possibility for
this discrepancy is that the first iteration of the course
extended over one semester and was during the first
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A Pre- vs Post-test 2020

15

10

Average Score

Page 8 of 12

B Pre- vs Post-test 2021
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Fig. 4 Pre- and Post-Test Scores. At the beginning and end of each offering, the students completed a test to measure their ability to design an experi-
ment (see Appendix VIl for the details of the exam). Three faculty graded every answer to the pre- and post-test using a common grading rubric (see
Appendix IX). The maximum possible score was 16. The average score for each individual answer on the pre-test and post-test is represented as a single
data point. The bar indicates the mean score across all answers +/- SD. The average scores of the pre- and post-test scores were compared using a one-
tailed Mann Whitney U test. For the 2020 data (A), p=0.0673, and for the 2021 data (B), p=0.0329

full semester of the pandemic, impacting professional
behavior and perceptions of professionalism. The second
cohort completed a professionalism survey three times
during the course. The narrow range of scores from this
cohort in the initial survey made detection of improved
professionalism over the course difficult. Results do indi-
cate that professionalism improved in terms of respect
and compassion between the first and last surveys.
Finally, the results of the pre-test and post-test analysis
demonstrated a trend of improved performance on the
post-test relative to the pre-test for students in each year
of the course and a statistical difference between the pre-
and post-test scores in the second year.

Areas for improvement. The course was initially
offered as a one-credit course. Student comments on
course evaluations and comments in debriefing sessions
with facilitators at the end of the course concurred that
the work load exceeded that of a one credit course. As a
result, the year two version was offered as a two-credit
course to better align course credits with workload.

There were student misperceptions about the goals of
the course in the first year. Some students equated exper-
imental design with research methods and expressed dis-
appointment that this was not a methods course. While

learning appropriate methods is a goal of the course, the
main emphasis is developing hypotheses and designing
experiments to test the hypotheses. As such, the choice
of methods was driven by the hypotheses and experimen-
tal design. This misperception was addressed in the sec-
ond year by clearly elaborating on the course goals in an
introductory class session.

The original course offering contained limited statisti-
cal exercises to simulate experimental planning and data
analysis, e.g. students were required to conduct a power
analysis. Between the first and second years of the course,
the entire first semester biomedical sciences curriculum
was overhauled with several new course offerings. This
new curriculum contained an independent biostatistics
workshop that students completed prior to the beginning
of this course. Additional statistics exercises were incor-
porated into the PBL course to provide the students with
more experience in the analysis of experimental results.
Student evaluations indicated that the introduction of
these additional exercises was not effective. Improved
coordination between the biostatistics workshop and
the PBL course is required to align expectations, better
equipping students for the statistical analysis of experi-
mental results encountered later in this course.
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An important aspect that was evident from student
surveys, facilitator discussions and debrief sessions
was that improved coordination between the individual
facilitators of the different groups is required to reduce
intergroup variability. Due to class size, the students were
divided into six groups, with each facilitator assigned to
the same group for the duration of the course to main-
tain continuity. The facilitators met independent of the
students throughout the course to discuss upcoming ses-
sions and to share their experiences with their respective
groups. This allowed the different facilitators to compare
approaches and discuss emerging or perceived concerns/
issues. In the second year, one facilitator rotated between
different groups during each session to observe how the
different student groups functioned. Such a real time fac-
ulty peer-evaluation process has the potential to reduce
variability between groups, but was challenging to imple-
ment within the short three-week time period. Compre-
hensive training where all facilitators become well versed
in PBL strategies and adhere to an established set of
guidelines/script for each session is one mechanism that
may reduce variability across different facilitator-group
pairings.

Limitations. The current study has a number of limita-
tions. The sample size for each class was small, with 30
students enrolled in the first year of the course and 27
students enrolled in the second. The response rates for
the pre-tests were high (>87%) but the response rate for
the post-test varied between the first year (60%) and sec-
ond year (96%) of the course. The higher response rate in
the second year might be due to fewer end of semester
surveys since this was the only course that the students
took in that time period. Additionally, the post-test in the
second year was conducted at a scheduled time, rather
than on the student’s own time as was the case in year
one. Due to restructuring of the graduate curriculum and
the pandemic, the two iterations of the course were for-
matted differently. This precluded pooling the data from
the two offerings and makes comparison between the
outcomes difficult.

Presentation of the course was similar, but not identi-
cal, to all of the students. Six different PBL groups were
required to accommodate the number of matriculating
students in each year. Despite efforts to provide a con-
sistent experience, there was variability between the dif-
ferent facilitators in running their respective groups.
Further, the development of each session in each group
was different, since discussion was driven by the stu-
dents and their collective interests. These variables could
be responsible for increasing the spread of scores on the
post-tests and decreasing the value of the course for a
subset of students.

The pre- and post-tests were conducted anonymously
to encourage student participation. This prevented
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correlating the differential between pre- and post-
test scores for each student and in comparing learning
between different groups. The pre-test and post-test were
identical, and provided the students with five options
to design experiments (with identical instructions) in
response to a different biomedical science problem. An
alternative approach could have used isomorphic ques-
tions for the pre- and post-tests. It is clear that some
students answered the same question on the pre- and
post-test, and may benefit from answering the same
question twice (albeit after taking the course). Some stu-
dents clearly answered different questions on the pre-
and post-test and the outcomes might be skewed if the
two questions challenged the student differently.

While the course analysis captured the first two lev-
els of the Kirkpatrick model of evaluation (reaction and
learning), it did not attempt to measure the third level
(behavior) or fourth level (results) [41]. Future studies
are required to measure the third level. This could be
achieved by asking students to elaborate on their experi-
mental design used in recent experiments in their dis-
sertation laboratory following completion of the course,
or by evaluating the experimental design students incor-
porate into their dissertation proposals. The fourth Kirk-
patrick level could potentially be assessed by surveying
preceptors about their students’ abilities in experimen-
tal design in a longitudinal manner at semi- or annual
committee meetings and accompanying written prog-
ress reports. The advantage of focusing on the first two
Kirkpatrick levels of evaluation is that the measured out-
comes can be confidently attributed to the course. Third
and fourth level evaluations are more complicated, since
they necessarily take place at some point after comple-
tion of the course. Thus, the third and fourth level out-
comes can result from additional factors outside of the
course (e.g. other coursework, working in the lab, atten-
dance in student-based research forum, meeting with
mentors, etc.). Another limiting factor is the use of a sin-
gle test to measure student learning. Additional alterna-
tive approaches to measure learning might better capture
differences between the pre- and post-test scores.

Implementation. This curriculum is readily scalable
and can be modified for graduate programs of any size,
with the caveat that larger programs will require more
facilitators. At Van Andel, the doctoral cohorts are three
to five new students per year and all are accommodated
in one PBL group [25]. At our institution, we have scaled
up to a moderate sized doctoral program with 25 to 30
matriculating students per year, dividing the students
into six PBL groups (4-5 students each). Medical School
classes frequently exceed 100 students (our program
has 115-120 new students each fall) and typically have
between five and eight students per group. Our gradu-
ate course has groups at the lower end of this range. This
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course could be scaled up by increasing the number of
students in the group or by increasing the number of
groups.

Consistency between groups is important so each
group of students has a similar experience and reaps the
full benefit of this experience. Regular meetings between
the course coordinator and facilitators to discuss the con-
tent of upcoming sessions and define rubrics to guide
student feedback and evaluation were mechanisms used
to standardize between the different groups in this course
(Appendix VI). In hindsight, the course would benefit
from more rigorous facilitator training prior to partici-
pation in the course. While a number of our facilitators
were veterans of a medical school PBL course, the nec-
essary skillset required to effectively manage a graduate
level PBL course that is centered on developing criti-
cal thinking and experimental design are different. Such
training requires an extensive time commitment by the
course coordinators and participating facilitators.

The most difficult task in developing this course
involved the course conception and development of the
problem-based assignments. Designing a COVID-19
based PBL course in 2020 required de novo development
of all course material. This entailed collecting and com-
piling information about the virus and the disease to pro-
vide quick reference for facilitators to guide discussion
in their groups, all in the face of constantly shifting sci-
entific and medical knowledge, along with the complete
lack of traditional peer-based academic social engage-
ment due to the pandemic. In development of this course,
three different COVID-based problems were identified,
with appropriate general background material for each
problem requiring extensive research and development.
Background material on cell and animal models, general
strategies for experimental manipulation and methods to
measure specific outcomes were collected in each case.
Student copies for each session were designed to contain
a series of questions as a guide to identifying important
background concepts. Facilitator copies for each session
were prepared with the goal of efficiently and effectively
guiding each class meeting. These guidelines contained
ideas for discussion points, areas of elaboration and a
truncated key of necessary information to guide the
group (Appendix IV). Several PBL repositories exist (e.g.
https://itue.udel.edu/pbl/problems/,  https://www.nsta.
org/case-studies) and MedEdPORTAL (https://www.
mededportal.org/) publishes medical-specific cases.
These provide valuable resources for case-based ideas,
but few are specifically geared for research-focused bio-
medical graduate students. As such, modification of cases
germane to first year biomedical graduate students with a
research-centered focus is required prior to implemen-
tation. Finally, appropriate support materials for surveys
and evaluation rubrics requires additional development
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and refinement of current or existing templates to per-
mit improved evaluation of learning outcomes (Appendix
VI).

Development of an effective PBL course takes consid-
erable time and effort to conceive and construct. Suc-
cessful implementation requires the requisite higher
administrative support to identify and devote the neces-
sary and appropriate faculty needed for course creation,
the assignment of skilled faculty to serve as facilita-
tors and staff support to coordinate the logistics for the
course. It is critical that there is strong faculty commit-
ment amongst the facilitators to devote the time and
energy necessary to prepare and to successfully facilitate
a group of students. Strong institutional support is linked
to facilitator satisfaction and commitment to the PBL-
based programs [42]. Institutional support can be dem-
onstrated in multiple ways. The time commitment for
course developers, coordinators and facilitators should
be accurately reflected in teaching assignments. Perfor-
mance in these roles in PBL should factor into decisions
about support for professional development, e.g. travel
awards, and merit based pay increases. Further, efforts
in developing, implementing and executing a successful
PBL course should be recognized as important activities
during annual faculty evaluations by departmental chairs
and promotion and tenure committees.

Key Takeaways. The creation and implementation of
this course was intellectually stimulating and facilitators
found their interactions with students gratifying. From
student survey responses and test results the course was
at least modestly successful at achieving its goals. Based
upon our experience, important issues to consider when
deciding to implement such a curriculum include: (1)
support of the administration for developing the curricu-
lum, (2) facilitator buy-in to the approach, (3) continuity
(not uniformity) between PBL groups, (4) other compo-
nents of the curriculum and how they might be lever-
aged to enhance the effectiveness of PBL and (5) effort
required to develop and deliver the course, which must
be recognized by the administration.

Future Directions. Novel curriculum development is
an often overlooked but important component to con-
temporary graduate student education in the biomedical
sciences. It is critical that modifications incorporated in
graduate education are evidence based. We report the
implementation of a novel PBL course for training in the
scientific skill sets required for developing and testing
hypotheses, and demonstrate its effectiveness. Additional
measures to assess the course goals in improving critical
thinking, experimental design and self-efficacy in experi-
mental design will be implemented using validated tests
[22, 43-45]. Further studies are also required to deter-
mine the long-term impact of this training on student
performance in the laboratory and progression towards


https://itue.udel.edu/pbl/problems/
https://www.nsta.org/case-studies
https://www.nsta.org/case-studies
https://www.mededportal.org/
https://www.mededportal.org/

Schaller et al. BMC Medical Education (2023) 23:579

degree. It will be interesting to determine if similar cur-
riculum changes to emphasize development of skills will
shorten the time to degree, a frequent recommendation
for training the modern biomedical workforce [1, 46—48].

Incorporation of courses emphasizing development of
skills can be done in conjunction with traditional didac-
tic instruction to build the necessary knowledge base for
modern biomedical research. Our PBL course was stand-
alone, requiring the students to research background
material prior to hypothesis development and experi-
mental design. Coordination between the two modali-
ties would obviate the need for background research in
the PBL component, reinforce the basic knowledge pre-
sented didactically through application, and prepare stu-
dents for higher order thinking about the application of
the concepts learned in the traditional classroom. Main-
taining a balance between problem-based and traditional
instruction may also be key in improving faculty engage-
ment into such new and future initiatives. Continued
investments in the creation and improvement of innova-
tive components of graduate curricula centered around
developing scientific skills of doctoral students can be
intellectually stimulating for faculty and provide a bet-
ter training environment for students. The effort may be
rewarded by streamlining training and strengthening the
biomedical workforce of the future.
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