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ABSTRACT
Although development of critical thinking skills has emerged as an important issue in un-
dergraduate education, implementation of pedagogies targeting these skills across differ-
ent science, technology, engineering, and mathematics disciplines has proved challenging. 
Our goal was to assess the impact of targeted interventions in 1) an introductory cell and 
molecular biology course, 2) an intermediate-level evolutionary ecology course, and 3) 
an upper-level biochemistry course. Each instructor used Web-based videos to flip some 
aspect of the course in order to implement active-learning exercises during class meetings. 
Activities included process-oriented guided-inquiry learning, model building, case stud-
ies, clicker-based think–pair–share strategies, and targeted critical thinking exercises. The 
proportion of time spent in active-learning activities relative to lecture varied among the 
courses, with increased active learning in intermediate/upper-level courses. Critical think-
ing was assessed via a pre/posttest design using the Critical Thinking Assessment Test. Stu-
dents also assessed their own learning through a self-reported survey. Students in flipped 
courses exhibited gains in critical thinking, with the largest objective gains in intermediate 
and upper-level courses. Results from this study suggest that implementing active-learning 
strategies in the flipped classroom may benefit critical thinking and provide initial evidence 
suggesting that underrepresented and first-year students may experience a greater benefit.

INTRODUCTION
Over the past decade, development of critical thinking skills has emerged as a funda-
mental goal for undergraduate education. Recent, highly publicized studies have 
suggested that most undergraduates make only minimal gains in critical thinking and 
analytical skills during their time in college (Arum and Roksa, 2011; Pascarella et al., 
2011). Although the conclusions from these studies may be debated (Huber and 
Kuncel, 2016), it remains unclear what types of curricular and pedagogical changes 
best support development of critical thinking skills in undergraduates (Niu et al., 
2013; Huber and Kuncel, 2016). Multiple stakeholders, including higher education 
organizations (Rhodes, 2008; Association of American Colleges and Universities 
[AAC&U], 2013), employers (AAC&U, 2013; Korn, 2014), and governmental organi-
zations (Duncan, 2010; National Academy of Sciences, National Academy of Engi-
neering, and Institute of Medicine [NAS et al., 2010]) have called for mechanisms to 
be put in place to ensure that undergraduates develop these skills as a part of bacca-
laureate education. To identify the most effective pedagogical strategies and develop 
comprehensive curricula targeting critical thinking, it is essential that we investigate 
the effects of specific interventions across a variety of courses using well-characterized 
instruments designed to assess critical thinking.

Identification of optimal educational strategies to enhance critical thinking is ham-
pered by its complexity, with no single, agreed-upon definition among educators. A 
wide variety of definitions and attributes have emerged, most of which incorporate 
the use of evidence and/or logic to draw and evaluate conclusions. For example, 
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Rowe and colleagues defined critical thinking as “the ability to 
draw reasonable conclusions based on evidence, logic, and intel-
lectual honesty” (Rowe et al., 2015). Similarly, Ennis defines crit-
ical thinking as “reasonable reflective thinking focused on decid-
ing what to believe or do” (Ennis, 2013, p. 1). He further 
describes a set of skills or abilities associated with critical think-
ing that include analyzing arguments, judging the credibility of a 
source, making and judging inductive inferences and arguments, 
and using existing knowledge, among others (Ennis, 2015).

As a prelude to developing the Critical Thinking Assessment 
Test (CAT), Stein and colleagues found that faculty agreed on 
an assortment of 12 skills that were important aspects of critical 
thinking. These included separating factual information from 
inferences, identifying evidence that might support or contra-
dict a hypothesis, separating relevant from irrelevant informa-
tion, and analyzing and integrating information from separate 
sources to solve a problem (Stein et al., 2007a). Both Ennis and 
Stein and colleagues also included basic mathematical reason-
ing and interpreting graphical information as important critical 
thinking abilities, underscoring the need for fundamental math-
ematical skills (Stein et al., 2007a; Ennis, 2015). Importantly, 
aside from quantitative reasoning, none of the skills identified 
by Stein and colleagues were discipline specific, suggesting that 
they could be applied and assessed independent of context or 
discipline (Stein et al., 2007a). Although the importance of con-
text versus domain-general critical thinking remains a topic of 
debate (Perkins and Salomon, 1989), because of the demand 
for critical thinking skills across diverse array of professions, it 
is crucial that students in all disciplines hone these skills as part 
of preparation for postgraduate success (AAC&U, 2013).

Although critical thinking skills align very closely with scien-
tific practices, science, technology, engineering, and mathemat-
ics (STEM) courses have been some of the most highly criti-
cized regarding development of these skills (Handelsman et al., 
2004). Reliance on traditional lecture instead of student-cen-
tered instructional strategies and a tendency to focus on con-
tent rather than practice have been raised as criticisms of 
undergraduate science education (Johnson and Pigliucci, 2004; 
Johnson, 2007; Alberts, 2005, 2009; Momsen et al., 2010). In 
response, recent recommendations have emphasized that both 
content and skills (or competencies) should be included in a 
comprehensive science education curriculum and that evi-
dence-based pedagogical strategies should be employed and 
assessed to maximize student learning (American Association 
for the Advancement of Science [AAAS], 2009; Alberts, 2009; 
Aguirre et al., 2013; Arum et al., 2016; Laverty et al., 2016).

Many lines of evidence suggest that active-learning strate-
gies enhance student performance more than passive, con-
tent-focused, traditional, lecture-based strategies (Knight and 
Wood, 2005; Ruiz-Primo et al., 2011; Freeman et al., 2014), 
though the quality of implementation appears to be a key factor 
(Andrews et al., 2011). Unfortunately, evidence assessing direct 
effects of active learning on critical thinking is limited (Tsui, 
1999, 2002), though the impact of student-centered pedago-
gies on critical thinking is under active investigation (Quitadamo 
and Kurtz, 2007; Quitadamo et al., 2008; Kim et al., 2013; 
Green wald and Quitadamo, 2014; Carson, 2015; Goeden et al., 
2015; Snyder and Wiles, 2015). Evidence suggests that active 
learning is an essential component across pedagogies that 
enhance critical thinking (Udovic et al., 2002; Prince, 2004; 
Knight and Wood, 2005; Michael, 2006; Jensen et al., 2015), 
and many student-centered, active-learning strategies have 
been reported to improve these skills (Table 1). Repeated inter-
ventions are beneficial, as practicing critical thinking skills 
through student-centered strategies significantly enhances both 
short- and long-term gains (Holmes et al., 2015). However, 
despite the evidence supporting use of these active-learning 
methods, objective assessment of critical thinking gains associ-
ated with specific course structures designed to promote active 
learning is lacking.

Traditional instructor-centered classrooms still predominate 
in STEM, and lack of faculty implementation of active-learning 
strategies remains an issue for improving student learning 
(Ebert-May et al., 2011; Brownell and Tanner, 2012; Fraser 
et al., 2014). Frequently, instructors feel that they do not have 
time to implement time-intensive active-learning strategies due 
to the need for content delivery (Michael, 2007). This dichot-
omy has led to increasing use of the flipped classroom model for 
instructors who want to integrate active learning and provide a 
mechanism for students to review content (Bergmann and 
Sams, 2012; Rutherfoord and Rutherfoord, 2013). In a lec-
ture-based course, in-class time is focused on content delivery 
through lecture by the instructor, while out-of-class time is 
focused on application of the content through homework 
assignments. In the flipped classroom, students approach con-
tent through videos or reading assignments completed before 
class, and class time is focused on active-learning strategies 
(Bishop and Verleger, 2013; Herreid and Schiller, 2013). The 
flipped-class pedagogy has been shown to improve student 
exam scores and satisfaction (Rossi, 2015; Eichler and Peeples, 
2016), likely as a result of increased time spent in active learn-
ing (Jensen et al., 2015). However, multiple flipped courses in 

TABLE 1. Active-learning strategies shown to improve critical thinking

Strategy Reference

Case-based learning Rowe et al., 2015
Problem-based learning Allen and Tanner, 2003; Eberlein et al., 2008
Peer-led team learning/collaborative learning Gosser and Roth, 1998; Crouch and Mazur, 2001; Quitadamo et al., 

2009; Smith et al., 2009; Snyder and Wiles, 2015
Process-oriented guided-inquiry learning (POGIL) Moog et al., 2006; Minderhout and Loertscher, 2007
Student response systems/clickers Knight and Wood, 2005; Smith et al., 2011
Writing and analysis of the scientific literature (the CREATE method) Quitadamo and Kurtz, 2007; Gottesman and Hoskins, 2013
Integration of authentic research into courses/labs Quitadamo et al., 2008; Gasper and Gardner, 2013
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a curriculum may be required to achieve persistent learning 
gains (van Vliet et al., 2015).

Another challenge that hampers development and use of 
pedagogical strategies that enhance critical thinking is the lack 
of awareness and infrequent use of validated and reliable mea-
sures of critical thinking skills. In many cases, studies have used 
exam scores as a measure of higher-order thinking skills (e.g., 
Jensen et al., 2015). However, exam format may influence 
gains in critical thinking skills, and some question structures 
have been associated with gender bias (Stanger-Hall, 2012), 
contributing to the variability of these measures. Self-reported 
surveys are another commonly used assessment instrument, 
but it is unclear how well gains from these surveys correlate 
with objective measures (Bowman, 2010). To address these 
deficiencies and provide objective means to measure critical 
thinking, a number of instruments have emerged and have 
been implemented in the context of undergraduate education. 
These include the Watson-Glaser Critical Thinking Appraisal 
(Sendag and Odabasi, 2009), the College Learning Assessment 
(Arum and Roksa, 2011), the Collegiate Assessment of Aca-
demic Proficiency Critical Thinking Test (Pascarella et al., 
2011), the Critical Thinking Test (Kenyon et al., 2016), the Cal-
ifornia Critical Thinking Skills Test (Facione, 1990), the recently 
developed HEIghten outcomes assessment (Liu et al., 2016), 
and the CAT (Stein et al., 2016).

The CAT is unique among measures of critical thinking, 
because this broadly applicable, free-response exam is scored by 
faculty at the participating institution, providing an opportunity 
for faculty to better understand the critical thinking skills of 
their own students (Stein et al., 2007a; Stein and Haynes, 
2011). Faculty collaborate on scoring their students’ exams 
using a defined rubric, providing a vehicle for discussing how 
critical thinking is approached across courses and how different 
pedagogies affect student learning. These discussions of inno-
vative pedagogies used by colleagues can be beneficial, as 
exposing faculty to these types of development opportunities 
has been shown to improve student critical thinking outcomes 
(Rutz et al., 2012). In addition, because the CAT was developed 
to assess a discipline-independent set of critical thinking skills 
(Stein et al., 2007a), it has been used to assess critical thinking 
in a wide variety of STEM and non-STEM disciplines (e.g., 
Bielefeldt et al., 2010; Shannon and Bennett, 2012; Gasper and 
Gardner, 2013; Alvarez et al., 2015; Ransdell, 2016). Applica-
tion of the CAT across a sample of courses at Tennessee Techno-
logical University (TTU) has revealed that the majority of 
courses do not result in significant gains in critical thinking, 
suggesting that the CAT can be used to identify courses with 
interventions that positively impact critical thinking (Harris 
et al., 2014).

The primary goal of this study was to assess the impact of 
flipped instruction and active learning on development of crit-
ical thinking skills in undergraduate life science students using 
a valid and reliable measure of critical thinking. We also aimed 
to compare these results with students’ perceptions of their 
own learning gains to determine the extent to which students 
could accurately assess their own learning gains. Each of the 
three courses analyzed adopted a partially or fully flipped 
teaching strategy, in which lecture videos were used for some 
portion of content delivery and a variety of active-learning 
strategies were employed during all or part of class meeting 

times. Critical thinking skills were measured using the CAT 
(Stein et al., 2007b), and CAT results were compared with 
self-reported perceived learning gains through a Likert-style 
survey implemented through the Student Assessment of their 
Learning Gains (SALG) site (www.salgsite.org; Seymour et al., 
2000), both in a pretest/posttest model. Subgroup analysis was 
used to identify specific groups of students who derived the 
greatest benefit from active learning in the flipped classroom.

METHODS
Institutional Review Board Approval
This study was reviewed and approved by the Institutional 
Review Board of Birmingham-Southern College (BSC) and was 
conducted during the Fall semester of 2015. Assessment results 
and demographic data were deidentified before analysis. Stu-
dents were informed that assessments (CAT and SALG; see The 
CAT) were to be used for an independent study to assess gains 
in critical thinking and would not negatively impact their 
grades. Students were also informed that all data would be 
deidentified and would not be analyzed until after final grades 
were submitted and posted. All participants provided informed 
consent and were presented with an opportunity to decline par-
ticipation each time an assessment was administered.

Institution and Courses
BSC is an undergraduate, largely residential, private liberal arts 
college located in Birmingham, Alabama. BSC belongs to the 
Associated Colleges of the South (https://colleges.org), a con-
sortium of 16 liberal arts colleges that includes Centre College, 
Rhodes College, Davidson, Millsaps College, the University of 
Richmond, Morehouse College, Spelman College, and Cente-
nary, among others. Of the approximately 1300 students at 
BSC, 19% receive income-based Pell Grants, and approximately 
30% are first-generation college students. Additional demo-
graphic data are shown in Table 2.

This study analyzed the effects of flipped teaching in three 
STEM courses: BI 125 Cell and Molecular Biology, BI 225 Evo-
lutionary Ecology, and BI/CH 308 Biochemistry. BI 125 is an 
introductory cell and molecular biology course that primarily 
targets STEM majors and pre–health students (Table 2). The 
Fall 2015 section enrolled 52 students, with a majority being 
freshmen (68%) or sophomores (25%). This section of the 
course was slightly weighted toward women (62%) and 
included a low number of students from underrepresented 
minorities (6%). The lecture portion of the course employed a 
“partially flipped” approach, with approximately 20% of class 
time dedicated to active-learning activities based on the instruc-
tor’s estimate. Quizzes were used to hold students responsible 
for watching brief (∼10 min) introductory videos associated 
with each chapter before class, in addition to reading the 
assigned text. Active-learning strategies included brief, click-
er-based, think–pair–share discussions; group problem solving; 
and hands-on model building. The course also included a 
required inquiry-based laboratory that met for 3 hours each 
week. BI 125 was designed to introduce many of the core con-
cepts and competencies recommended in the Vision and Change 
report (AAAS, 2009), and analysis of course examinations 
revealed that approximately 44% of points on course assess-
ments were associated with evaluation of higher-order cogni-
tive skills (Table 3).
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BI 225 is an intermediate-level evolutionary ecology course 
with no laboratory component that was designed for students 
majoring in biology and in BSC’s interdisciplinary urban envi-
ronmental studies major. This study included two sections of 
the course enrolling a total of 27 students, the majority of 
whom were sophomores (30%) or juniors (52%). Men and 
women (48%) were equally represented in these sections, and 

underrepresented minority (URM) students comprised a total 
of 11% of students (Table 2). Approximately 75% of class time 
was spent in active-learning activities based on the instructor’s 
estimate. To facilitate active-learning strategies, instructors 
used preclass videos and computer simulations coupled with 
preclass quizzes to introduce content before most of the class 
meetings. This mechanism allowed class meetings to be used 

TABLE 2. Demographics by course and sample

Demographica BSC
BI  

125
BI 125  

CAT sampleb

BI  
225

BI 225 CAT 
sampleb

BI/CH  
308

BI/CH 308  
CAT sampleb

N 1337 52 29 27 19 21 18
Woman 664 (50%) 32 (62%) 17 (59%) 13 (48%) 8 (42%) 8 (38%) 5 (28%)
URMc 206 (15%)d 3 (6%) 2 (7%) 3 (11%) 3 (16%) 2 (10%) 2 (11%)
Hispanic 28 (2%) 2 (4%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
ACT (mean ± SD) 26.0 28.3 ± 3.4 28.1 ± 3.7 27.2 ± 3.6 26.7 ± 3.7 29.8 ± 3.4 30.0 ± 3.4
Freshman 504 (38%) 35 (67%) 21 (72%) 1 (4%) 1 (5%) 0 (0%) 0 (0%)
Sophomore 334 (25%) 13 (25%) 7 (24%) 8 (30%) 6 (32%) 0 (0%) 0 (0%)
Junior 305 (23%) 4 (8%) 1 (3%) 14 (52%) 8 (42%) 18 (82%) 14 (78%)
Senior 198 (15%) 0 (0%) 0 (0%) 4 (15%) 4 (21%) 4 (18%) 4 (22%)
Declared STEM majore ∼25%f 42 (81%) N/Ag 24 (89%) N/Ag 22 (100%) N/Ag

aDemographics based on total enrollment at the beginning of the Fall 2015 semester.
bPaired pretests and posttests were selected at random from each class.
cURM, underrepresented minority.
dInstitutional data do not include Pacific Islander students due to consolidation with Asian students in the original data set.
eSTEM majors included biology, chemistry, mathematics, physics, and interdisciplinary urban environmental studies.
fApproximately 25% of first-year student express an interest in STEM fields according to student surveys.
gN/A, data not available.

TABLE 3. Core concepts, competencies, and cognitive skills addressed in BI 125, BI 225, and BI/CH 308

BI 125 BI 225 BI/CH 308

Core concepts for biological literacya

 Evolution X X
 Structure and function X X
 Information flow, exchange, and storage X X
 Pathways and transformations of energy and matter X X X
 Systems X X

Core competencies and disciplinary practicea

 Ability to apply the process of science X X X
 Ability to use quantitative reasoning X X X
 Ability to use modeling and simulation X X
 Ability to tap into the interdisciplinary nature of science X X X
 Ability to communicate and collaborate with other disciplines X X X
 Ability to understand the relationship between science and society X X X

Course examinations
 Lower-order cognitive skills (LOCS)b

  Knowledge 34% 16% 18%
  Comprehension 22% 17% 17%
  Total LOCS 56% 33% 35%

Higher-order cognitive skills (HOCS)b

 Application 16% 30% 10%
 Analysis 10% 12% 21%
 Synthesis 10% 12% 15%
 Evaluation 8% 13% 19%
 Total HOCS 44% 67% 65%
aVision and Change core concepts and competencies (AAAS, 2009) addressed in each course were evaluated by each instructor.
bPercentages represent average point values associated with each level of Bloom’s taxonomy on course examinations as assessed using the Blooming Biology Tool (Crowe 
et al., 2008).
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for case studies, think–pair–share, small-group problem sets, 
and other active-learning strategies. Approximately 67% of 
points on course assessments were associated with evaluation 
of higher-order cognitive skills, and the course addressed most 
of the concepts and all of the competencies from Vision and 
Change (Table 3; AAAS, 2009).

BI/CH 308 is an intermediate/upper-level biochemistry 
course with no laboratory component that enrolls both biology 
and chemistry students, most of whom are interested in 
health-related professions. The Fall 2015 section of the course 
enrolled 21 students. Women were underrepresented (38%), 
and 10% of students came from URMs. All students were juniors 
(82%) or seniors (18%; Table 2). Content-focused lectures were 
delivered online and included embedded and graded quizzes. 
Social media was used to encourage student questions; to iden-
tify, share, and discuss pseudo-science–based stories; and to 
identify content gaps that were addressed in brief “muddiest 
point” lectures during class meetings. The process-oriented 
guided-inquiry learning (POGIL) workbook Foundations of Bio-
chemistry (3rd edition) by Loertscher and Minderhout served as 
a guide for active learning, which comprised more than 90% of 
class time based on the instructor’s estimate. Approximately 
65% of points on course assessments were associated with eval-
uation of higher-order cognitive skills, and the course addressed 
many of the concepts and all of the competencies from Vision 
and Change (Table 3; AAAS, 2009).

One pedagogical approach employed in all three courses was 
the use of targeted critical thinking exercises modeled after CAT 
Applications (CAT Apps). The CAT App structure was developed 
by researchers at TTU to provide instructors with a model for 
developing discipline-specific modules that allow students to 
practice the critical thinking skills assessed by the CAT (for fur-
ther information, see www.tntech.edu/cat/cat-applications-in 
-the-discipline). We designed exercises to help students approach 
critical thinking in a stepwise manner by presenting students 
with a problem or data set, then following up with a series of 
questions meant to guide them through the analysis. Critical 
thinking exercises were used both as developmental in-class 
activities and as questions on quizzes and examinations. Sample 
discipline-specific and non–discipline specific critical thinking 
exercises are included in the Supplemental Material.

The three courses all differed from one another with respect 
to content (Table 3), level, and instructor. The enrollment of all 
three courses was largely STEM majors, and students had simi-
lar mean ACT scores (Table 2). Examinations in BI 225 and BI/
CH 308 addressed similar levels of cognitive skills, while exam-
inations in BI 125 focused more on lower-order cognitive skills 
compared with the intermediate- and upper-level courses (Table 
3). Sample course materials and the syllabus for each course are 
available in the Supplemental Material. Consistent with national 
trends, a majority of students (71%) enrolled in the three 
courses self-reported as planning careers in healthcare after 
graduation, including medicine, dentistry, and allied health 
fields, on the SALG (www.salgsite.org) pretest described below.

Vision and Change core concepts and competencies (AAAS, 
2009) addressed in each course were evaluated by each instruc-
tor (Table 3). For evaluation of alignment of course assessments 
with the stated goals of the study, examinations were evaluated 
based on Bloom’s taxonomy using the “Blooming Biology Tool” 
as previously described (Crowe et al., 2008). As individual 

exam questions typically involve multiple levels of Bloom’s tax-
onomy, each level used was tallied, and the highest level 
achieved was then recorded. Percentages were calculated based 
on point values for each question. The percentages across the 
course exams were then averaged to yield the overall percent-
age for each level (Table 3). Lower-order cognitive skills (LOCS) 
and higher-order cognitive skills (HOCS) were then summed 
for each course. Application, which was defined by Crowe et al. 
(2008) as the transition between LOCS and HOCS, was grouped 
with HOCS in this analysis.

Assessment of Critical Thinking
Gains in critical thinking were assessed with a matched pretest/
posttest model using two different measures: 1) the CAT (Stein 
et al., 2007a,b) and 2) a Likert-style survey implemented 
through the SALG site (www.salgsite.org; Seymour et al., 2000).

The CAT
The CAT was designed as an interdisciplinary instrument to 
provide an objective measure of critical thinking by college stu-
dents (Stein et al., 2007b). The test is composed of 15 free-re-
sponse and short-answer questions and is designed to be com-
pleted within 1 hour by students without any foundational or 
background knowledge requirements. Validation of the instru-
ment has revealed no cultural biases (Stein et al., 2007b).

Pre- and posttests were completed during the first and last 
weeks of classes, respectively. The tests were given during the first 
and last laboratory meetings for BI 125, outside class (pretest) 
and during class (posttest) for BI 225, and during class meetings 
for BI/CH 308. Pretests and posttests were paired by student ID 
number. For BI 125, a subset of matched pairs was selected at 
random for scoring due to the large size of the class. All matched 
pairs available were scored for BI 225 and BI/CH 308.

Deidentified tests were scored in two workshops on different 
days by volunteer faculty and staff from BSC, other local area 
institutions, and institutions belonging to the Associated Col-
leges of the South. Each question was scored by a minimum of 
two reviewers, and by a third reviewer if there was a discrep-
ancy between the first two scores. Interrater reliability was 
ensured by calibrating scorers before each question using highly 
detailed rubrics provided by TTU. Scoring sessions were led by 
BSC faculty trained in scoring the CAT. For assessment of insti-
tutional reliability, a random sample of tests were rescored by 
TTU staff and were found to fall within a 6% error in overall 
scoring accuracy.

Gains (or losses) represent differences in mean pretest and 
posttest scores for each course or subgroup within a course. 
Significant differences were assessed using paired, two-tailed, 
Student’s t tests. Effect size was defined as the mean difference 
of the pretest and posttest scores divided by the pooled SD. 
Graphical representations of scores are presented as the mean ± 
the SEM. Four students enrolled in both BI 225 and BI/CH 308 
were not included in the analysis in order to minimize con-
founding effects between courses.

SALG
For alignment of student perceptions of learning with objective 
differences measured by the CAT, SALG surveys (Seymour et al., 
2000) were employed for each course, also in a pretest/posttest 
model. The survey (included in the Supplemental Material) 
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required students to rate their own abilities regarding different 
aspects of critical thinking targeted by the CAT (Stein et al., 
2007b). The survey utilized a Likert scale with the following 
responses: “not applicable” (1), “not at all” (2), “just a little” 
(3), “somewhat” (4), “a lot” (5), or “a great deal” (6). Precourse 
and postcourse surveys were available for 5–10 days at the 
beginning and end of the term. Students in each course were 
incentivized to complete the surveys for extra credit to increase 
participation. Results are presented graphically as mean pre- 
and posttest scores for each course. Significant differences in 
student perceptions between pretests and posttests were 
assessed using unpaired Student’s t tests.

RESULTS
Does Active Learning Result in Objective Gains in Critical 
Thinking?
Scores on the CAT exam were analyzed both individually by 
question (Table 4) and collectively by total score on the pretest 

and posttest (Table 4 and Figure 1A). There was a consistent 
pattern of higher posttest mean scores across all three courses, 
although the gain for BI 125 (1.51 points) was not significant (p 
= 0.06; Table 4). For each of these courses, the mean pretest 
score for one course was similar to the mean posttest score for 
the lower-level course (Figure 1A). In line with previously 
reported results (Stein et al., 2007b), we observed no ceiling 
effect; students in upper-division courses demonstrated signifi-
cant critical thinking gains (with effect sizes of 0.52 and 0.46 
for BI 225 and BI/CH 308, respectively), and their scores ranged 
from 7 to 36 (out of a maximum possible score of 40; Table 4).

Each of the questions on the CAT is associated with specific 
skill(s) or aspect(s) of critical thinking that can be grouped 
into four major categories: 1) evaluating and interpreting 
information (E), 2) problem solving (P), 3) creative thinking 
(C), and 4) effective communication (Co). The distribution of 
these skills across the exam is shown in Table 4. Importantly, 
the different courses appeared to target different aspects of 

TABLE 4. Critical Thinking Assessment Test (CAT) results by course

Skill categorya BI 125 BI 225 BI/CH 308

Question E P C Co Deltab Effect sizec Deltab Effect sizec Deltab Effect sizec

Summarize the pattern of results in a graph without 
making inappropriate inferences.

X 0.28* 0.67 0.21 0.39** 1.10

Evaluate how strongly correlational-type data support a 
hypothesis.

X X 0.11 0.83* 0.78 0.17

Provide alternative explanations for a pattern of results 
that has many possible causes.

X X 0.1 0.26 0.62** 0.68

Identify additional information needed to evaluate a 
hypothesis.

X X X −0.1 −0.06 −0.15

Evaluate whether spurious information strongly 
supports a hypothesis.

X 0 0.06 −0.05

Provide alternative explanations for spurious associa-
tions.

X X 0.2 0.16 0.06

Identify additional information needed to evaluate a 
hypothesis.

X X X 0.03 −0.05 −0.28† −0.51

Determine whether an invited inference is supported by 
specific information.

X 0.04 0.15† 0.32 0.05

Provide relevant alternative interpretations for a 
specific set of results.

X X 0.14 0.11 0.06

Separate relevant from irrelevant information when 
solving a real-world problem.

X X −0.03 0.1 0.44* 0.57

Use and apply relevant information to evaluate a 
problem.

X X X 0.28† 0.40 0.59* 0.79 0

Use basic mathematical skills to help solve a real-world 
problem.

X 0.01 0.15 0.22* 0.73

Identify suitable solutions for a real-world problem 
using relevant information.

X X 0.1 0.63* 0.59 0.67* 0.61

Identify and explain the best solution for a real-world 
problem using relevant information.

X X X 0.42 0.47 0.34

Explain how changes in a real-world problem situation 
might affect the solution.

X X X −0.06 0 0.22

CAT total score 1.51† 0.29 3.56* 0.52 2.74* 0.46

Bold and italic indicate significant differences (p < 0.05). Italic only indicates marginal differences (0.05 < p < 0.10).
aSkills categories assessed by each question: E, evaluate and interpret information; P, problem solving; C, creative thinking; Co, effective communication.
bGains or losses (deltas) are reported as the difference between pretest and posttest means for each question or total score. Significant differences were assessed by paired, 
two-tailed Student’s t tests.
cMean difference divided by pooled group SD (0.1–0.3, small effect; 0.3–0.5, moderate effect; >0.5, large effect).
*p < 0.05.
**p < 0.01.
†0.05 < p < 0.10.
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FIGURE 1. Implementing active-learning strategies in the flipped 
classroom significantly improves critical thinking skills. 
(A) Comparison of mean pre- and posttest CAT scores for students 
enrolled in BI 125, BI 225, and BI/CH 308 during the Fall semester 
of 2015. (B) Comparison of mean pre- and posttest CAT scores for 
men (n = 36), women (n = 30), non-URM (n = 59), and URM students 
(n = 7) enrolled in BI 125, BI 225, and BI/CH 308 in Fall 2015. 
(C) Comparison of mean pre- and posttest CAT scores for first-year 
(freshman [Fr]; n = 21) and second- and third-year (sophomore and 
junior [So/Jr]; n = 8) students enrolled in BI 125 during the Fall 
semester of 2015. Error bars represent mean ± SEM. *, p < 0.05; 
**, p < 0.01; †, 0.05 < p < 0.10.

critical thinking, although some (e.g., summarizing the pat-
tern of results in a graph, identifying suitable solutions for a 
real-world problem) were shared between two courses. 
Intriguingly, none of these life science courses resulted in sig-
nificant gains in identifying additional information needed to 
evaluate a hypothesis or evaluating whether spurious infor-
mation strongly supports a hypothesis, which was surprising 
in light of the similarity of these critical thinking skills to sci-
entific practices (Table 4).

Do Some Groups of Students Disproportionately Benefit 
from Active Learning?
Active learning has previously been shown to promote greater 
learning gains in some subpopulations, including women, 
first-generation college students, and URM students (Lorenzo 
et al., 2006; Eddy and Hogan, 2014). Therefore, we performed 
subgroup analyses to determine whether some groups of stu-
dents selectively benefited from implementation of active-learn-
ing strategies. Both men and women exhibited significant dif-
ferences in mean pre- and posttest scores on the CAT (Figure 
1B; p < 0.01); however, comparison of gains between men and 
women revealed no differences between the two groups (p = 
0.75). Though the number of URM students in our sample was 
small (n = 7), our data suggest that URM students exhibit a gain 
in mean posttest scores compared with pretest scores (Figure 
1B; p < 0.05). Furthermore, the observed trend suggests that 
these students experienced a larger gain in CAT scores than 
non-URM students (Figure 1B; 5.19 vs. 2.32; p = 0.11), similar 
to results from previous studies (Lorenzo et al., 2006; Eddy and 
Hogan, 2014).

Consistent with the decreased time spent in active learning 
and decreased emphasis on HOCS on assessments (Table 3), 
the smallest gains in critical thinking skills were observed in 
students enrolled in BI 125 (Table 4). Because entering stu-
dents are the primary target audience for this course, a substan-
tial amount of time in the course is dedicated to exploration of 
the basic concepts and vocabulary of cell and molecular biology 
(see BI 125 syllabus in the Supplemental Material). Because the 
course is designed to accommodate first-year, first-semester stu-
dents, we next analyzed whether this subgroup experienced 
gains in critical thinking skills. Subgroup analysis by class 
standing revealed that the BI 125 first-year cohort, but not 
upper-level students, exhibited a gain of 2.17 points in critical 
thinking skills (Figure 1C and Table 5; effect size = 0.41). Simi-
larly, first-year students had significant gains for three questions 
focused on summarizing the pattern in a graph, providing alter-
native explanations for spurious associations, and applying rel-
evant information to evaluate a problem (Table 5).

Can Students Accurately Assess Their Own Critical Thinking?
Owing to the difficulty and cost of obtaining and implementing 
objective measures of critical thinking, studies have often used 
student self-assessment as a measure of learning gains. Thus, 
one of our goals was to compare the accuracy of these measures 
with the more objective CAT instrument and to determine 
whether implementation of active learning affected student 
attitudes toward critical thinking and/or their course work. 
Analysis of responses to a SALG survey provided interesting 
insight into students’ perceptions of their own critical thinking 
(Figure 2). First, in general, many students appear to overesti-
mate their own gains in critical thinking when compared with 
the objective CAT results, especially in the 100- and 200-level 
courses. Students in BI 125 reported significant gains in five of 
12 critical thinking skills, and students in BI 225 reported signif-
icant gains in 11 of 12 skills (Figure 2A). In contrast, students 
in the upper-division BI/CH 308 course tended to underesti-
mate their own skills, self-reporting significant gains in only 
two skill categories, in contrast to demonstrating significant 
gains on five questions on the CAT (compare Figure 2A and 
Table 4). Furthermore, students in all three courses were not 
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confident about using mathematical skills to solve real-world 
problems (Figure 2A); however, BI/CH 308 students improved 
their CAT scores on this topic by a large effect size of 0.73 (Table 
4). Students in BI 225 generally reported the lowest pretest 
scores and the highest posttest scores for most categories on the 
SALG survey, resulting in the largest self-perceived gains (Figure 
2A). While these data are consistent with the objective data 
showing the largest gains for that course, the pattern of gains 
differs substantially (compare Table 4 and Figure 2A). For 
example, BI 225 students reported strong gains in identifying 
new information that might support or contradict a hypothesis, 
but showed no significant gains in identifying additional infor-
mation needed to evaluate a hypothesis or evaluating whether 
spurious information strongly supports a hypothesis on the CAT. 
Similarly, BI 125 students accurately predicted gains in inter-
preting graphs, but self-reported some of their strongest gains 
in understanding the limitations of correlational data, which 
did not show a significant gain on the CAT (compare Table 4 
and Figure 2A). Based on these data, it does not appear that 
student perceptions are an accurate predication of measurable, 
objective gains in critical thinking skills.

The SALG survey data also show insight into students’ per-
ceptions of the transferability of critical thinking skills (Figure 
2B). In general, students reported increases in using critical 
approaches to solve problems in their daily lives and outside 
class. Although these data are consistent with the idea that 

critical thinking skills are transferable, these self-reported data 
may suffer from the same issues with student perceptions noted 
above, and more objective measures are needed. Students in BI 
225 and BI/CH 308 reported significant increases in their confi-
dence in understanding the material in these courses (Figure 
2C), suggesting that students did not perceive that an emphasis 
on critical thinking replaced important course content.

One of the barriers that keeps instructors from implement-
ing the flipped-classroom approach is the fear of poor evalua-
tions from students (Bernot and Metzler, 2014; Van Sickle, 
2016). Because student evaluations often factor into tenure and 
promotion decisions, implementing these types of pedagogies 
could negatively affect career progression. In this study, stu-
dents in all three courses reported a fairly high level of enthusi-
asm for each of the courses at the beginning of the semester, 
with no significant changes in level of enthusiasm at the end of 
the semester (Figure 2C). Students also reported slight increases 
in confidence in their own performance and in comfort in work-
ing with complex ideas (Figure 2C), suggesting that active 
learning does have some benefit for student attitudes.

DISCUSSION
Our results are consistent with the interpretation that imple-
menting active-learning strategies through a partially or fully 
flipped–classroom model can improve critical thinking skills 
in life science students at different levels and across a variety 

TABLE 5. Subgroup analysis of CAT results for BI 125 by class standing

Question

Skill categorya BI 125 First-year BI 125 So/Jrb

E P C Co Deltac Effect sized Deltac Effect sized

Summarize the pattern of results in a graph without making inappropriate 
inferences.

X 0.33* 0.80 0.13

Evaluate how strongly correlational-type data support a hypothesis. X X −0.09 0.63† 0.78
Provide alternative explanations for a pattern of results that has many 

possible causes.
X X 0.34 −0.50

Identify additional information needed to evaluate a hypothesis. X X X 0.11 −0.63
Evaluate whether spurious information strongly supports a hypothesis. X 0.05 −0.13
Provide alternative explanations for spurious associations. X X 0.38* 0.60 −0.25
Identify additional information needed to evaluate a hypothesis. X X X −0.09 0.38† 0.76
Determine whether an invited inference is supported by specific information. X 0 0.13
Provide relevant alternative interpretations for a specific set of results. X X 0.19 0.00
Separate relevant from irrelevant information when solving a real-world 

problem.
X X 0 −0.13

Use and apply relevant information to evaluate a problem. X X X 0.38* 0.56 0.00
Use basic mathematical skills to help solve a real-world problem. X 0.06 −0.13
Identify suitable solutions for a real-world problem using relevant informa-

tion.
X X 0.09 0.13

Identify and explain the best solution for a real-world problem using relevant 
information.

X X X 0.38 0.50

Explain how changes in a real-world problem situation might affect the 
solution.

X X X 0.07 −0.38

CAT total score 2.17* 0.41 −0.25

Bold and italic indicate significant differences (p < 0.05). Italic only indicates marginal differences (0.05 < p < 0.10).
aSkills categories assessed by each question: E, evaluate and interpret information; p, problem solving; c, creative thinking; co, effective communication.
bSo, sophomore; Jr, junior.
cGains or losses (deltas) are reported as the difference between pretest and posttest means for each question or total score. Significant differences were assessed by paired, 
two-tailed Student’s t tests.
dMean difference divided by pooled group SD (0.1–0.3, small effect; 0.3–0.5, moderate effect; >0.5, large effect).
*p < 0.05.
†0.05 < p < 0.10.
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of biological subdisciplines. Objective measurement of criti-
cal thinking using the CAT revealed pre-to-post gains in criti-
cal thinking skills across three courses at BSC: BI 125 Cell 
and Molecular Biology, BI 225 Evolutionary Ecology, and BI/
CH 308 Biochemistry. Despite our small sample size and lack 
of matched control courses (see Limitations and Recommen-
dations for Future Studies), the gains observed in this study 
suggest that the interventions employed may benefit stu-
dents, as the majority of sampled courses do not result in 
significant gains in critical thinking on the CAT (Harris et al., 
2014).

Implementing Active Learning in the Flipped Classroom 
Was Associated with Gains in Critical thinking Skills
Over the past several years, the flipped-classroom model has 
increased in popularity with faculty interested in creating a stu-
dent-centered classroom with increased time spent in 
active-learning strategies. Previous studies have shown that the 
flipped classroom enhances student exam scores and satisfac-
tion (Rossi, 2015; Eichler and Peeples, 2016). These gains have 
been attributed to increased time spent in active learning 
(Jensen et al., 2015), increased student preparation (Gross 
et al., 2015), and increased time spent on-task during class 

FIGURE 2. Self-reported gains in critical thinking skills for students enrolled in STEM courses. Comparison of mean pre- and posttest delta 
values from the SALG survey for students enrolled in BI 125, BI 225, and BI/CH 308. Self-assessment of critical thinking skills (A), application 
of critical thinking skills (B), and attitudes toward critical thinking and course work (C). Likert scale responses: 1, not applicable; 2, not at all; 
3, just a little; 4, somewhat; 5, a lot; 6, a great deal. *, p < 0.05; **, p < 0.02; ***, p < 0.001 comparing subgroup pretest vs. posttest via paired 
Student’s t test. For BI 125, N = 37 pre, 33 post; for BI 225, N = 20 pre, 25 post; for BI/CH 308, N = 22 pre, 21 post. Survey data are included in 
the Supplemental Material.
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meetings (McLean et al., 2016). However, flipped and active- 
learning strategies have not yet been widely implemented by 
faculty, largely due to concerns of workload and the potential 
for poor student evaluations (Bernot and Metzler, 2014; Miller 
and Metz, 2014; Van Sickle, 2016).

Our goal was to evaluate the impact of flipped teaching and 
active learning on critical thinking skills across multiple life sci-
ence courses targeting different levels of students at the same 
institution. Comparison of mean pre- and posttest scores across 
all three courses revealed gains consistent with the interpreta-
tion that active learning in the flipped classroom promotes 
development of critical thinking skills. Of course, the observed 
gains in critical thinking skills cannot solely be attributed to 
these courses, as the pre/posttest design of this study is reflec-
tive of gains achieved across a semester, when BSC students 
typically take four courses. However, due to the wide variety of 
other courses taken by these students, specific effects of individ-
ual courses are likely to be minimized. This confounding factor 
is one issue that arises from the use of an interdisciplinary 
instrument, although it can be argued that mastery of transfer-
able critical thinking skills, as opposed to discipline-specific 
problem-solving strategies, is more important for societal goals 
(Pascarella et al., 2011).

The Vision and Change report highlighted the importance of 
student-centered pedagogies in improving participation and 
increasing the confidence of the diverse pool of students enter-
ing higher education today (AAAS, 2009). Although our popu-
lation was too small for broader generalization, findings from 
our demographic subgroup analysis (Figure 1B) add to the 
body of evidence suggesting that implementing evidence-based 
course structures or pedagogies can successfully close achieve-
ment gaps between majority and URM students (Lorenzo et al., 
2006; Eddy and Hogan, 2014).

Surprisingly, our subgroup analysis also revealed that first-
year students may experience greater gains in critical think-
ing skills than other students enrolled in the same introduc-
tory course. First-year, first-semester students in BI 125 
exhibited pre/post gains in a number of critical thinking 
skills, while sophomores and juniors did not (see Table 5 and 
Figure 1C). These results suggest that first-year students may 
be more sensitive to active learning, even in introductory 
courses characterized by less time spent in active-learning 
activities and a greater focus on lower-level cognitive skills. In 
addition to lecture-associated active-learning activities, BI 
125 students were also enrolled in an inquiry-based lab that 
was likely to have contributed to the observed gains (Quit-
adamo et al., 2008; Gasper and Gardner, 2013). The BI 125 
lab was likely the first college-level lab for first-year students, 
while the majority of upper-level students would have already 
taken one or more courses with labs, potentially contributing 
to differential observed gains in CAT scores between these 
groups.

Self-Assessment of Student Learning
Our results from SALG surveys confirm previous findings (Boud 
and Falchikov, 1989; Falchikov and Boud, 1989; Kruger and 
Dunning, 1999; Dunning et al., 2003) showing that self-percep-
tion of student learning, in this case critical thinking skills, has 
little to no relationship with measured learning gains (compare 
Figure 2A and Table 4). This lack of coherence has been sug-

gested to be worse for students enrolled in introductory courses 
(Falchikov and Boud, 1989; Bowman, 2010), consistent with 
our results for BI 125 and BI 225 versus BI/CH 308. However, 
we were able to identify some positive attitudinal shifts in 
response to the interventions used in these courses, indicating 
that, while students may not be accurate in critical self-assess-
ment, they do experience an increase in confidence. As an 
example, students, especially those in BI 225, reported greater 
confidence in their ability to apply critical thinking skills outside 
class (Figure 2B). Broad applicability and transfer of critical 
thinking skills are particularly relevant, given the emphasis on 
critical thinking skills by employers (AAC&U, 2013; Korn, 
2014) and the federal government (Duncan, 2010; NAS et al., 
2010).

Implications for Course Design
Owing to the medium-to-large enrollments typically associ-
ated with introductory life science courses, implementation of 
active learning in this setting can be challenging, frequently 
requiring both technology and thoughtful planning. Often-
times, the majority of active learning is relegated to smaller 
lab sections. However, our results suggest that even small 
amounts of active learning dispersed throughout the lecture 
may positively impact critical thinking skills, particularly for 
first-year students. Consistent with this observation, small, 
brief interventions, such as a few 1-minute papers, have been 
shown to have substantial impacts on student performance 
in large, introductory courses (Adrian, 2010). Therefore, for 
faculty not willing or able to dedicate the time or effort 
needed to fully flip an introductory course, small, incremental 
increases in active learning may prove beneficial and should 
be encouraged. In addition, active learning in the flipped 
classroom may also be beneficial in upper-level electives, 
which are frequently smaller and easier to target. These obser-
vations provide further support for incorporation of high- 
impact, student-centered practices, such as undergraduate 
research and senior capstone experiences (Kilgo et al., 2015), 
as a part of upper-division course work. In this way, faculty 
can maximize gains by focusing their efforts in ways most 
likely to benefit student learning. As more data become avail-
able, educators will be in a better position to design courses 
that efficiently help their students improve their critical think-
ing skills.

Limitations and Recommendations for Future Studies
While the results of this study align with previous literature 
suggesting that active learning improves students’ critical 
thinking skills, the authors acknowledge that, due to the size 
and nature of our institution, this study was designed with a 
lack of synchronous, more traditionally taught control sections 
for each course. In addition, evidence consistent with a greater 
benefit of flipped teaching for URM students in this study 
(Figure 1B) is merely suggestive due to the low number of 
students and high level of variation in the data. Future studies 
comparing sections of the same course with comparable stu-
dent demographics, taught by the same faculty using more 
traditional teaching pedagogies would allow for a more objec-
tive analysis and would help to confirm whether active learn-
ing in the context of flipped courses is associated with objec-
tively demonstrated gains in specific critical thinking skills. 
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Additionally, the use of a larger number of comparable course 
sections and statistical methods to help normalize for stu-
dent-level differences would better demonstrate whether the 
benefits of flipped teaching are greater for some groups of stu-
dents, including URM students and first-year college students. 
The interpretation of our results is unfortunately limited by 
our small sample sizes and lack of control sections, particu-
larly for subgroup analyses.

As a result of our study design, we also cannot exclude other 
differences between the three courses as potential factors affect-
ing gains in critical thinking skills. Differences between the 
courses analyzed, such as different types of critical thinking 
emphasized based on course content and level, varying enroll-
ments, the presence or absence of a course-associated lab, and 
individual differences between instructors, may have contrib-
uted to differences in the observed skill-specific gains on the 
CAT. For example, BI 125 is the largest of the three courses, 
enrolling more than 50 students in lecture, compared with 
approximately 20 students per section for BI 225 and BI/CH 
308. The effects of class size on student learning outcomes are 
unclear, with some studies reporting positive effects of smaller 
class size (Glass and Smith, 1979), others reporting mixed 
effects (Chingos, 2013), and some reporting differences based 
on the discipline and level of difficulty of the course (De Paola 
et al., 2013). These effects are further confounded by the fact 
that positive impacts of small class size on student learning out-
comes, including critical thinking, have been attributed to 
increased use of active learning in these courses (Cuseo, 2007). 
The design of our study also did not account for differences in 
the quality of instruction or active-learning activities, which 
have been suggested to vary widely in practice (Andrews et al., 
2011). CAT scores also could have been impacted by self-selec-
tion bias, as not all students participated in the study, as well as 
differences in motivation and ability-related beliefs, which have 
been suggested to impact critical thinking (Miele and Wigfield, 
2014).

In the future, similar studies should be conducted in a vari-
ety of disciplines and class sizes and across cohorts of stu-
dents. As our study represents a cross-sectional view, it would 
be helpful to employ a longitudinal design to evaluate the 
same cohort of students as they progress through a curricu-
lum. Furthermore, because we were unable to separate the 
specific contributions of different types of active learning used 
in our study, dissection of how different types of active learn-
ing contribute to critical thinking would be beneficial to help 
faculty identify classroom interventions that produce the 
greatest gains. As this study demonstrates, the use of objective 
measures of critical thinking, like the CAT (Stein et al., 2007b), 
will be essential to provide objective assessment of critical 
thinking in future studies.
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