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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).

Bio II: In contrast, Bio II 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 

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

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

Correlate with 3D exam points Chem I and II Phy-A and Phy-C I and II Bio I Bio II

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).
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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).

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 

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 I and II, (B) Phy-A and Phy-C I and II, (C) Bio I, and (D) Bio II. 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.
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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 (TA) 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.

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 

Fig. 5. Comparison of student enrollments and time spent lecturing. Number of students enrolled 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 I and II, (B) Phy-A and Phy-C I and II, (C) Bio I, and (D) Bio II. 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.
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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 II 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 

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? 
(ii) 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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