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SOCIAL SCIENCE

Evaluating the extent of a large-scale transformation in

gateway science courses
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We evaluate the impact of an institutional effort to transform undergraduate science courses using an approach
based on course assessments. The approach is guided by A Framework for K-12 Science Education and focuses on
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scientific and engineering practices, crosscutting concepts, and core ideas, together called three-dimensional
learning. To evaluate the extent of change, we applied the Three-dimensional Learning Assessment Protocol to
4 years of chemistry, physics, and biology course exams. Changes in exams differed by discipline and even by
course, apparently depending on an interplay between departmental culture, course organization, and perceived
course ownership, demonstrating the complex nature of transformation in higher education. We conclude that
while transformation must be supported at all organizational levels, ultimately, change is controlled by factors at

the course and departmental levels.

INTRODUCTION

The need to transform undergraduate science, technology, engineer-
ing, and mathematics (STEM) education is not new (I, 2), but the
sense of urgency has accelerated because of a number of recent, influ-
ential reports (3-5). For example, the 2012 President’s Council of Ad-
visors on Science and Technology report (5) highlighted the need for
increased numbers of STEM graduates and focused on improving re-
cruitment and retention strategies for STEM fields. The report specif-
ically targeted the first 2 years of postsecondary education because of
the gatekeeper role that they tend to play for a wide range of students.
Goals for transforming STEM education include supporting a web of
diverse pathways to STEM degrees and careers and incorporating
evidence-based teaching practices in courses, such as increasing stu-
dent engagement through active learning. Although incorporating
active learning into courses improves student outcomes in most in-
stances and disciplines, and particularly for underrepresented students
(6), didactic instruction still dominates most STEM disciplines (7).

In 2013, Michigan State University (MSU) was awarded a grant
from the Association of American Universities as part of their Under-
graduate STEM Education Initiative (STEM Initiative) (8). The goal
of the STEM Initiative is to change the culture in higher education so
that successful teaching and learning in STEM are recognized and re-
warded as a vital and important aspect of faculty work at research-
intensive universities. The MSU project focused on gateway courses
in chemistry, physics, and biology, all of which play a substantial role
in the curricula for STEM degree programs. While many course
transformation efforts focus on faculty incorporating active learning
methods, the MSU project is situated in an approach described by
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A Framework for K-12 Science Education (9). The Framework was de-
veloped for K-12 education, but we argue that the approach is trans-
ferable to the undergraduate level as well (10).

Three-dimensional learning

The Framework provides a vision for science education that empha-
sizes three dimensions: scientific and engineering practices (herein,
scientific practices) in the context of crosscutting concepts and core
disciplinary ideas. Scientific practices are the ways in which scientists
and engineers use their knowledge and can be considered the disag-
gregated components of inquiry (11). Crosscutting concepts are ideas
that transcend disciplines and provide ways to connect ideas and
phenomena across disciplines. Core ideas are concepts that are cen-
tral to a discipline, can be used to explain many phenomena, and can
help students (and scientists) understand new phenomena. This in-
tegrated vision for teaching and learning in science is known as the
three-dimensional learning (3DL) approach and provides the com-
mon theme and goal for our change efforts. This approach differs
from the active learning paradigm in that it requires a reframing of
curriculum that leads to changes in both the instructional activities
and concomitant assessment tasks used to evaluate student knowl-
edge and abilities. Further, active learning does not inherently engage
students in scientific practices, but we contend that scientific practices
are inherently active.

Over 3 years, many faculty teaching gateway chemistry, physics,
and biology courses at MSU took part in one or more of three key
activities, all centered on 3DL (table S1): (i) discussion groups with-
in the disciplines aimed at implementing the 3DL approach, (ii) a
2-year interdisciplinary professional development program about
3DL, and (iii) periodic campus workshops and seminars.

i) To promote participation, ownership, and development of a
shared vision (12-14), the disciplinary discussions initially focused
on building faculty consensus around a set of core ideas for each
discipline (15-17). We began with disciplinary core ideas to tap into
the inherent interest that faculty have in their subject matter and
followed this with discussions about what students should be able to
do with their knowledge—that is, doing science requires that stu-
dents use scientific practices.
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ii) The professional development program, called the STEM Gateway
Fellowship, was instituted to provide a forum and support for facul-
ty working to transform teaching in large-enrollment, introductory
STEM courses. Fellows develop 3DL assessments and related instruc-
tional materials throughout the program, and each cohort is purpose-
fully interdisciplinary to encourage communication and collaboration
across disciplines.

iii) Members of the research team led professional development
workshops and seminars focused on the 3DL approach through vari-
ous MSU programs such as the STEM Teaching Essentials workshops
and triannual STEM Alliance seminars.

Among these activities, we could practically control for balanced
representation of faculty across the disciplines only in the Fellow-
ship program, although numerous faculty from chemistry, physics,
and biology attended both the disciplinary discussions and workshops
and seminars (table S1). Together, in broadly engaging faculty with
the 3DL approach through these activities, we hypothesized that changes
in both instructional practices and the nature of assessments might
occur in all three disciplines over time (10). Here, we report our eval-
uation of this transformation effort and discuss why these results dif-
fered across departmental and course-level domains.

Measuring impact

There are numerous approaches to characterizing the extent of trans-
formation. Some approaches focus on measuring the degree to which
active learning and transformed pedagogies are implemented (18),
and many observation protocols have been developed and used to
identify the types of interactions between faculty and students in the
classroom (19-22). These protocols have been productive for investi-
gating changes in how instructors teach. However, these approaches
generally provide little evidence about what students are expected to
know and do in a course. Faculty surveys about teaching provide self-
reported data that identify pedagogical and cultural change. While it
is true that awareness of pedagogical strategies is a prerequisite to
engaging in these approaches to teaching, it does not guarantee that
they are implemented with fidelity or that student outcomes will im-
prove (23-27).

Other approaches to measuring change have used course exam
scores and grades as evidence of effective instructional reform, but
again, it is rare that details are provided about what students are asked
to know and do (6). Pre- and post-assessments of student understand-
ing are often reported on the basis of selected response tests, such as
concept inventories that are designed to identify student difficulties
with particular ideas, but these tests do not reveal student abilities to
connect and use these knowledge fragments, and in general, multiple-
choice tests may overestimate student understanding (28, 29). Multi-
ple methods should be used to provide compelling evidence of change,
particularly with respect to what students are expected to know and
be able to do upon completion of a course and when they graduate.

Here, therefore, we use an approach that characterizes change in
course assessments, as they send strong signals to students about
what instructors value (30-34), in addition to more traditional mea-
sures of transformation, such as the types and frequencies of class-
room activities and average course grades. Our hypothesis is, if the
nature of a course has changed to incorporate 3DL, then the con-
comitant assessments (specifically, course exams) also should have
changed. If the curriculum changes while all usual course assess-
ments are retained, it is unlikely that students will engage in 3DL,
negating the intent of any transformation effort. Toward this end,
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we applied the Three-dimensional Learning Assessment Protocol
(3D-LAP) (16) to course exams over a 4-year transformation period.
The 3D-LAP facilitates characterizing whether assessment items have
the potential to elicit evidence of 3DL, that is, items that require stu-
dents to use a core idea in combination with a scientific practice and
a crosscutting concept.

We applied the 3D-LAP to representative exams from chemistry,
physics, and biology courses and determined the proportion of exam
points that reflected the 3DL approach. Here, we address the follow-
ing primary research questions: (RQ1) How did the use of 3DL as-
sessment items change over time in the different disciplines, and how
did corresponding student outcome measures change over time? Given
our contention that students are inherently doing active learning when
they are engaging with scientific practices, our secondary research
question is as follows: (RQ2) What is the relationship between the
amount of time instructors spend lecturing and the use of 3DL as-
sessment items?

METHODS

This study was performed at MSU, a large, public university with very
high research activity. The work was determined exempt from Institu-
tional Review Board review and in part predicated on an agreement
that we would not publish longitudinal information about individual
instructors, even if deidentified. Data were collected over 4 years from
eight large-enrollment science courses that constitute the core intro-
ductory sequences for a substantial number of MSU STEM degree
programs. The courses of interest were General Chemistry I and II
(ChemIandII), Algebra-based Physics Iand II (Phy-A Iand II), Calculus-
based Physics I and IT (Phy-C I and IT), and Introductory Biology I and IT
(Bio I and II). While faculty who teach these courses are generally
housed in the College of Natural Science, expectations about teaching
and assessments are communicated primarily by department and dis-
cipline. We collected three types of data from these courses: (i) exams,
(ii) video recordings of class meetings, and (iii) course grades and
D-grade, F-grade, and withdrawal (DFW) rate information about the
students enrolled in each course. Exams and video recordings were
collected with instructor consent. We report the data by discipline for
chemistry and physics and by course for biology because the two biol-
ogy courses have different organizational structures and share fewer
overlapping instructors than do the chemistry and physics courses.

Exam data

Representative exams from each course section were collected from
instructors beginning 1 year before implementation of the transfor-
mation project (year 0) and continued for three additional years
(years 1 to 3). We note that in some cases, particularly for the chem-
istry and physics courses, multiple sections of a single course in a given
semester used common exams; these exams were counted only once.
Further, when instructors used the same exams verbatim from year to
year, which was rare, we coded each unique exam only once. In to-
tal, we collected and analyzed 4020 questions from 134 unique exams,
fully representing all 185 course sections of the eight courses that were
offered during the 4-year span (Table 1). Identifying information
about the instructor(s), course, section, and term offered was removed
from each exam so that the exams were identifiable only by the re-
searcher who organized the data. Each exam and every question on
each exam were tagged with a unique identification number, and mul-
tipart questions were identified as clusters (e.g., if a question had a part
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Table 1. Summary of exam data collected in years 0 to 3 from introductory chemistry, physics, and biology courses. A detailed summary by course is

provided in table S2.

. . Questions coded*
Discipline Coun:ft;:::‘:lons Unique instructors Unu:::‘:sams Indiviflual e — —
questions
Chem land Il 49 21 718 93 811
phyAandphyc| S 78 [T 35 e 479 e 230 [ 709 -
and Il

B|o| FO ORI N 34 [T 20 e 1705 e 1 84 [ 1 899 -
B|o|| JO OO 24 e 9 e 523 e 83 [ 61 1 -
Tota| JO OO 1 85 [T 37 e 1 34 [T 3430 e 590 [ 4020 -

*When the same question was used on different exams (by the same or a different instructor), it was coded every time.

« »

a” and “b,” then these parts were coded together as a single cluster)
(16). We also recorded the number of points associated with each
question.

Interrater reliability on practice items was achieved using a sub-
set of the exams, as discussed in Laverty et al. (16), and then all items
within each disciplinary area were coded with the 3D-LAP by team
members with expertise in that discipline [we refer readers to the S1
Exemplars Supporting Information in Laverty et al. for a substantial
set of example 3DL assessment items, and to Underwood et al. (35)
and Laverty and Caballero (36) for comparisons between traditional
and 3DL assessment items]. In alignment with the intent of the
Framework (9) that the three dimensions be integrated, we report
the results in a binary way, that is, an assessment item either met the
criteria for all three dimensions or it did not. After all items were
coded, we determined the fraction of points on each exam that was
associated with questions coded as 3D. In this way, we are able to
compare different sections of the same course within a discipline and
compare courses across different disciplines.

Video data
Video recordings of class meetings were also collected from the same
eight courses during years 1 and 3. The recordings focused on the
instructors and any materials they were presenting such as board
work and slide presentations, not on the students. We recorded 65
(80%) of the 81 unique course sections offered (Table 2); that is,
when an instructor taught multiple sections of the same course in the
same semester, we attempted to record only one of their sections.
Three recordings of class meetings were collected from each unique
course section approximately 1, 2, and 3 months into the semester.
We note that, for 9 of the 65 course sections, we were able to collect
only two recordings and, for 1 section, we could collect only one
recording. These missing recordings occurred for various unsystem-
atic reasons including equipment failure and last-minute schedule
changes, and they are spread roughly evenly across the biology and
physics courses, whereas the chemistry video data are complete.
The recordings were coded using an observation protocol devel-
oped for this project (37) that attends to the teaching activities in
each class meeting (descriptions of the teaching activities and how
the videos were processed are provided in the supplementary mate-
rials). Two-thirds of the year 1 recordings were coded initially, and
the remaining third was mixed and coded with the year 3 record-
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Table 2. Summary of video data collected in years 1 and 3 from
introductory chemistry, physics, and biology courses. A detailed
summary by course is provided in table S3.

Unique course  Unique course Videos
Discipline sections sections re‘fi‘:;ed:sd/
offered* recorded

attempted (%)
Chemlandll 20 18 54/54 (100%)
Phy-A and Phy-C 31 27 74/81 (91%)

land Il

Bio | 18 1 30/33 (91%)
Bio Il 12 9 26/27 (96%)
Total 81 65 184/195 (94%)

*When the same instructor(s) taught multiple sections of the same course
during the same term, we assumed that the sections were taught similarly
and recorded only one unique section.

ings (in this second set, coders did not know the year of the record-
ing). Although students and instructors engaged in many different
activities during any particular class meeting, here, we report only
the percent of time spent lecturing, defined as instructor-directed
presentation of content-related information. Most of the other teach-
ing activities refer to an active learning activity, such as the use of audi-
ence response systems (e.g., clicker questions) and in-class tasks (e.g.,
think-pair-share questions).

Institutional data

Course grade and summative DFW rate data were collected from the
appropriate student information systems for all students who were
enrolled in the eight courses of interest anytime during years 0 and 3.
The DFW rate indicates the proportion of students who either with-
drew from the course or earned a grade of 1.5 or lower on a 4.0 scale.

RESULTS AND DISCUSSION

RQ1: Change in use of 3DL assessment items and student
outcomes over time

The results from coding the exam data with the 3D-LAP (Fig. 1) show
that the proportion of points allocated to 3DL questions increased
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over the 4 years of the project within each discipline; however, this
relationship is statistically significant only for Chem I and II (,= 0.72,
P <0.001) and Bio I (r;=0.37, P < 0.05). There are stark differences by
discipline and even by courses within a discipline. These differences
suggest that although the 3DL approach to change was common
across the disciplines, the culture and environment in which change
occurs are important and warrant further investigation.

In addition, we find statistically significant correlations between
an increase in the proportion of 3DL points and both an increase in
mean final course grade and a decrease in DFW rate (Figs. 2 and 3 and
Table 3) for all courses except Bio [; that is, if the proportion of 3DL
points increases (as measured by the 3D-LAP), then we generally ob-
serve concomitant positive changes in average grade and DFW rate.
While improvements to student grades and DFW rates are not neces-
sarily an expected outcome of instructors increasing the use of 3DL-
focused assessments, we provide these data first and foremost as
evidence of having done no harm to the students. Further, it is reason-
able to hypothesize that increasing the use of 3DL-focused assess-
ments in a course might correlate with the class meetings being more
active (as seen in chemistry and biology in Fig. 4); active learning in
STEM courses has been shown to improve student performance on
concept inventories and exams and to decrease failure rates (6).
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Chemistry
Figure 1A shows a marked increase in 3DL items in the two general
chemistry courses over the 4-year period. The structure and organiza-
tion of the curriculum for these large-enrollment general chemistry
courses differ from those in biology or physics. The chemistry courses
are highly coordinated and organized by the director of General Chem-
istry; the learning outcomes and course exams are common, and all
instructors teach approximately the same material at the same pace over
the same time period. A transformed general chemistry course sequence
[a National Science Foundation-supported project called CLUE (Chem-
istry, Life, the Universe and Everything) (38)] was piloted in years 1
and 2, and by year 3, the entire general chemistry course structure
was transformed. In year 1, only a small fraction of the total students
(11 and 24% in Chem I and Chem II, respectively) were tested using
3DL items, whereas by year 3, all students (3450 in Chem I'and 1250
in Chem II) were tested using nearly 50% 3DL items in both courses.
Simple exposure to 3DL assessment items is no guarantee of more
effective teaching and learning; however, the transformation efforts
were also studied as part of the CLUE project. The evidence from
CLUE indicates that students who were enrolled in the transformed
courses had significantly improved understanding of core ideas such
as structure-property relationships (39, 40) and that this improvement
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Fig. 1. 3D assessment items over time. Fraction of exam points that reflect the three dimensions over time in (A) Chem I and II, (B) Phy-A and Phy-Cland II, (C) Bio |, and
(D) Bio Il. Each data point (bubble) represents either a final exam or, when the final exam was unavailable, two or more midterm exams. Each data point is scaled by the
number of students who took each exam; the largest points represent common exams. The scale is consistent across all four panels.
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Fig. 2. Final course grade and DFW rate over time. Mean final course grade + SD on a 4.0 scale (circles) and DFW rate (triangles) over time in (A) Chem | and Il (average
annual enrollment = 4650 students), (B) Phy-A and Phy-C | and Il (4390), (C) Bio | (2160), and (D) Bio Il (930).

persisted at least through the next year of study in organic chemistry
(41, 42). After two semesters, students in the transformed sections per-
formed above the national average on a nationally normed American
Chemical Society exam, although this exam was not developed with
the intention to measure 3DL. In addition, the average grade across all
students increased, and the overall DFW rate decreased by approxi-
mately 16% (Fig. 2A). This decrease in DFW rate practically translates
to approximately 740 more students earning a grade of 2.0 or above in
year 3 compared with year 0.
Physics
The situation in physics remains largely unchanged in terms of both
3DL assessment items (Fig. 1B) and student outcomes (Fig. 2B). Sim-
ilar to chemistry, these courses are often coordinated across sections,
using the same syllabus and textbook. However, unlike the chemistry
and biology courses, the physics courses typically draw assessment
items from a large, established pool of randomized formative and
summative assessment items generated by an online course manage-
ment system with a long history in the department (43). Although
many physics faculty contributed regularly to discussions of physics
core ideas and practices, there was no observed change in the assess-
ment items used by the large introductory physics courses over the
course of the project.

One interpretation of these findings is that the reliance on test
bank-generated items undermined any transformation efforts that
faculty may have intended with regard to their assessments; another

Matz et al., Sci. Adv. 2018; 4 : eaau0554 24 October 2018

is that the assessment system has too much institutional inertia be-
hind it to support change. In years 2 and 3 of the project, however,
four small course sections of Phy-C I appear that incorporate assess-
ments with high percentages of 3DL assessment items. These data
represent completely transformed sections that use a different curric-
ulum and approach than the rest of the physics sections, and evidence
(44) shows that students in these transformed sections improve their
understanding of physics concepts compared with traditional sections
as measured by the Force and Motion Conceptual Evaluation (45).
Biology

Figure 1 (C and D) shows the change in the proportion of exam points
allocated to 3DL assessment items over 4 years for the two courses in
the gateway biology sequence. Trends in the data for the two courses
are notably different, which can be attributed, in part, to the two
courses being in different stages of transformation.

Bio I: At the start of the project, there was little coordinated trans-
formation effort in Bio I, although some individual faculty members
designed and used learner-centered instructional activities. The dif-
ferent sections all used the same textbook but did not have a com-
mon set of learning goals or use common exams. Rather, instructors
developed their own teaching materials based on an agreed-upon set
of topics. Over the course of this project, 20 different instructors taught
or cotaught in the 34 offered course sections of Bio I, 10 of whom
were engaged in coordination efforts centered on the 3DL approach.
For example, a course committee focused on Bio I met during year 1
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Fig. 3. Final course grade and DFW rate versus fraction of 3D exam points. Mean final course grade on a 4.0 scale (circles) and DFW rate (triangles) versus fraction of

Fraction of exam points that are 3D

exam points that reflect the three dimensions in (A) Chem | and I, (B) Phy-A and Phy-C | and II, (C) Bio |, and (D) Bio II.

Table 3. Correlations (r;) between the fraction of exam points that are 3D, and mean final course grade and DFW rate (%).

Correlate with 3D exam points Chemlandll Phy-A and Phy-Cland Il Biol Biolll
Mean final course grade 0.74* 0.44% 0.10 0.71%
DFW rate —-0.78* —0.47* -0.07 —0.83*

*P < 0.01 (two tailed).

as part of the Biology Initiative, an internally funded effort to im-
prove undergraduate biology education through the investment of
new resources in the biology departments and the Biological Sciences
Program, which administers the introductory biology courses. A
major outcome for this committee was identifying the core ideas
and scientific practices most relevant to Bio I. In addition, three
members of the Bio I teaching team were involved in the STEM
Gateway Fellowship program, and several members attended profes-
sional development workshops offered on campus about 3DL assess-
ment and instruction. During this time frame, we observe an increase
in the fraction of points allocated to 3DL items, although there is
still a spread across sections (Fig. 1C), a concomitant increase in
average course grade, and a decrease in DFW rate (Fig. 2C).

Matz et al., Sci. Adv. 2018; 4 : eaau0554 24 October 2018

Bio II: In contrast, Bio I had already undergone a series of trans-
formations associated with an earlier project (46-48) that was not
initially associated with 3DL per se but was based on implementing
teaching and learning strategies that promote student use of scien-
tific practices including data analysis, argumentation, and model-
ing, all while emphasizing collaboration. Figure 1D demonstrates
that many exam points in Bio II were already allocated to 3DL as-
sessment items at the beginning of this project, and a similar level
was observed at the end. However, it is also meaningful that there
was little change in the proportion of 3DL questions in the non-
transformed sections over the same time frame, suggesting that ob-
stacles to adoption remain for some faculty. The average grade and
DFW rate did not change (Fig. 2D), consistent with the observation
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Fig. 4. 3D assessment items by time spent lecturing. Fraction of exam points that reflect the three dimensions as a function of time spent lecturing averaged over three
videos in year 1 (light circles) and year 3 (dark triangles) course sections of (A) Chem | and I, (B) Phy-A and Phy-C | and I, (C) Bio |, and (D) Bio Il. Open symbols denote
course sections where fewer than three video recordings were collected in year 1 (open circles) and year 3 (open triangles). No trendline is provided for (B) because of the

bimodal nature of the data.

that there was little change in the overall nature of the assessments
in Bio II.

RQ2: Relationship between time lecturing and use of 3DL
assessment items

Video recordings of class meetings from the 65 unique course sections
(out of 81 possible sections) were collected during the transformation
effort across the gateway chemistry, physics, and biology courses. In
Fig. 4, the fraction of 3D exam points is shown against the time spent
lecturing. For the biology and chemistry courses, there appears to be
an inverse correlation between the time spent lecturing and the use
of 3DL items used in the exams for that section. This relationship is
similar although the course structures for chemistry and biology are
quite different, supporting the idea that incorporating 3DL assess-
ment items also promotes active engagement in the classroom. How-
ever, the situation in physics looks different in that many of the
physics faculty used active learning techniques such as clicker ques-
tions in their class meetings, although no 3DL items were used on most
exams—active learning instructional strategies do not inherently en-
gage students in 3DL. The exceptions correspond to two low-enrollment
sections of the transformed Phy-C I course, which has no lecturing
during class meetings and a high fraction of 3DL assessment items.
Further, in contrast with the idea that class size affects instructor
teaching practices (49), here, we find no relationship between class
size and time spent lecturing (Fig. 5).
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Three disciplines, four outcomes

The results presented in Fig. 1 show that although the transforma-
tion efforts in each discipline were guided by the 3DL approach, and
the discussions of core ideas and scientific practices were attended
by many faculty from each discipline, the measurable changes ap-
pear to be highly dependent on other factors including the course
organizational structure, perceived ownership of the course, depart-
mental culture, available resources, faculty expertise, and the power
dynamics between faculty and those calling for change.

For example, the courses of interest here are quite different in the
ways that they are organized and “owned” by faculty. The introduc-
tory courses in physics and chemistry are each housed within a disci-
plinary department, yet the results from these courses lie at the limits
of measurable impact of the project. Both the chemistry and physics
courses are coordinated, with common syllabi and common exams,
but the course ownership is different. In chemistry (as in many large
chemistry departments), the course is organized and coordinated by
a full-time director of General Chemistry, relatively few tenure-track
faculty rotate through the course, and most of the course sections are
taught by non-tenure-track (although long-term) instructors. The
decisions about changes to the course structure, textbook, and home-
work system are relatively centralized with the director, department
chair, and the faculty who regularly teach the course. When the deci-
sion was made to move from the original curriculum to the new 3DL
curriculum, the text, teaching materials, and online assessment system
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were all changed to the integrated materials developed as part of the
CLUE system. Adoption of the CLUE curriculum was also accom-
panied by change in the format of assessment items from entirely
multiple choice to a mix of multiple choice and constructed response.
Increased administrative support [in the form of extra graduate teach-
ing assistant (T A) and undergraduate learning assistant (LA) time]
was used in the transformed sections to support grading constructed-
response exam questions and in-class activities.

In contrast, most faculty in the physics department, both tenure-
track and non-tenure-track, teach in the gateway courses and con-
tribute to changes in the curriculum, consistent with the general
expectation in physics that faculty be able to teach any undergraduate
course. There is no director who facilitates this process, and during
the period of this study, there was no wholesale change in the com-
mercially available text and peripherals or in the online assessment
system. The assessment system was locally developed, has been used
for 25 years, and incorporates personalized multiple-choice questions
and calculations generated by many former and current faculty (50).
However, this system does not immediately lend itself to generation
of 3DL tasks and may have been an impediment to change overall,
despite the support and interest of the department and departmental
administration. Extra support for LAs was directed toward the labo-
ratories; thus, limited support for grading constructed-response ex-
ams may have been another impediment to change.
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The biology courses differ from both chemistry and physics in
organization and administration. The Biological Sciences Program
administers the introductory biology courses, which are taught by a
rotating committee of faculty from multiple different biology-related
departments and colleges. The project described herein overlapped
with the Biology Initiative, an internal effort to improve undergrad-
uate biology education (51). Early Biology Initiative investments were
focused on Bio I and led to an increased number of faculty engaged in
teaching Bio I, in turn decreasing the number of students per section
from approximately 425 to less than 250. TAs and LAs were added to
the teaching teams, enabling the use of both formative and summa-
tive constructed-response assessments. A course curriculum coordi-
nator is now responsible for working with faculty to maintain a shared
vision for the course based on a common set of learning outcomes
that blend core ideas, scientific practices, and crosscutting concepts.
In addition, multiple Bio I faculty participated in the STEM Gateway
Fellowship, including the first course curriculum coordinator. These
new resources and coordination efforts appear to have facilitated in-
creased use of 3DL assessment items in Bio I.

On the other hand, we observed little change over time in the Bio II
course sections. The sections that were already transformed main-
tained their status, but we saw no increase in the use of 3DL assess-
ment items in other sections. The previous transformation efforts
focused on infusing scientific practices into the curriculum were
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embraced by a group of faculty located primarily in one department;
faculty from other units generally did not participate. While the Bio II
faculty participated in discussions centered on disciplinary core ideas
during this project, the Biology Initiative funds were allocated over a
span of 5 years, and investment in Bio II did not take place until this
study was completed. The absence of a course curriculum coordinator
and the lack of additional TAs during the project time frame may have
hindered the type of transformation efforts that led to increased use of
3DL assessments in Bio I.

In sum, while this work shows that change is happening in most
courses, it is occurring at different rates. In chemistry, the transfor-
mation appears to be relatively rapid, but that does not consider the
10 years of prior development and pilot work with the transformed
CLUE curriculum. Once this curriculum was available, the struc-
ture and organization of general chemistry at MSU allowed for a
rapid transition.

Although there seems to be little change in physics, it may be be-
cause they are at the very beginning of development and pilot work.
The small physics sections with high proportions of 3DL assessments
that appear in years 2 and 3 correspond to pilot sections of a trans-
formed Phy-C I course that does not rely on existing texts and home-
work systems. The analyses carried out in this project have informed
plans to expand these completely transformed sections, rather than
to “shoehorn” transformation into an existing curriculum, and the
3DL approach is being expanded to the Phy-C II course as well. In
the current academic year, 140 more seats in the transformed courses
are available to students compared with those available in year 3, and
ongoing research is focused on student learning of and participation
in scientific practices. These pilot courses and variants, which inte-
grate laboratory work, have been accepted by the faculty and are
being expanded across all course offerings within the next 5 years as
the department aligns its entire curriculum with a 3DL approach. It
may well be that 10 years is a reasonable time frame to bring about
complete transformation (development and scaling up) (52), although
it should be noted that typical funding periods for these efforts, both
external and internal, are much shorter.

It may also be that Bio I is in transition at a slower pace because
the transformation is occurring within an existing curriculum that
is supported by commercial textbooks and enacted independently
in each section, whereas materials were developed and piloted to
support the new curricula in the transformed chemistry and physics
courses. The continuing efforts in Bio I to develop and use common
learning goals, some common assessments, and 3DL materials such
as whole-class modeling activities (53) may facilitate further increases
in use of 3DL assessment items. Another possibility, however, is that
changes in Bio I will stall in the same way that Bio IT appears to have
stalled. That is, faculty who are open to these changes have changed,
and others who prefer more traditional curricula and assessments will
not, although a recent shift to a new governance structure for the intro-
ductory biology courses emphasizes collective oversight and is intended
to assign faculty generally supportive of 3DL to these courses (51).

CONCLUSION

There are many ongoing efforts to transform STEM education, but
few tools to measure change, particularly in curricular materials such
as assessments. Here, we demonstrate that the 3D-LAP can be used
to measure change in assessments across multiple disciplines and
across multiple instructors within a given discipline. The protocol is
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sensitive enough to distinguish a complete curricular transformation
(as in Chem I and II) from an ongoing, more slowly progressing ef-
fort (as in Bio I). We have also used this protocol to demonstrate that
active learning approaches do not necessarily result in changes to
assessments that align with 3DL. Further, assessments, not just in-
structional activities, must elicit evidence of 3DL to communicate to
students that 3DL is highly valued (35). Therefore, we recommend
that a combination of tools, including the 3D-LAP, be used to evalu-
ate and understand STEM transformation efforts, particularly those
in science disciplines. Change in assessments indicates a change in
instructor focus and, consequently, student focus; these results can
be viewed as a measure of both instructional change and student
learning.

In addition to showing that the 3D-LAP is a valuable tool for
measuring transformation efforts, this study reveals key curricular
and programmatic elements that should be considered in transfor-
mation efforts in higher education:

1) Highly structured and coordinated efforts can facilitate trans-
formation and sustainability; alternatively, grass roots efforts by
groups of faculty in a supportive department can accelerate course
transformation.

2) Developing and adapting transformed instructional materials
and online assets can hasten transformation, while using solely tra-
ditional instructional materials and online assets, particularly those
with a local history and pattern of resource investment, can hinder
transformation.

3) Institutional investments, such as support for graduate TA and
undergraduate LA time, can be used to leverage change, but how
those investments are used affects transformation.

Although there is no single recipe for sustainable change within
the same institution or even discipline, our work suggests that these
factors can serve as levers and obstacles. Successful and sustainable
transformation efforts must leverage institutional investment, cen-
tralized structural support, and educational leadership and exper-
tise to engage faculty in meaningful change.

Last, this work raises additional questions that are the subjects of
ongoing and future work: (i) What characterizes 3DL instruction?
(i) What supports and hinders faculty in applying the 3DL approach
to their courses, and how can barriers to adoption be addressed?
(iii) In what ways does participating in 3DL-focused courses change
outcomes for students? The fundamental purpose of any transfor-
mation project is, of course, to improve outcomes for students. Our
ultimate goal is to establish how 3DL courses affect student under-
standing and use of knowledge, and how these courses can equip
students with the knowledge and skills that support them in becoming
scientifically literate citizens and successful scientists and engineers.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/10/eaau0554/DC1

Protocol for coding video data for teaching activities

Table S1. Summary of unique attendees at 3DL activities.

Table S2. Complete tabulation of exam data.

Table S3. Complete tabulation of video data.

Raw exam, grade, and video data
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