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SCIENCE EDUCATION

Challenge faculty to transform STEM learning

Focus on core ideas, crosscutting concepts, and scientific practices

By Melanie M. Cooper*, Marcos D.
Caballero, Diane Ebert-May, Cori L.
Fata-Hartley, Sarah E. Jardeleza, Joseph
S. Krajcik, James T. Laverty, Rebecca

L. Matz, Lynmarie A. Posey, Sonia M.
Underwood

odels for higher education in sci-

ence, technology, engineering,

and mathematics (STEM) are un-

der pressure around the world.

Although most STEM faculty and

practicing scientists have learned
successfully in a traditional format, they are
the exception, not the norm, in their suc-
cess. Education should support a diverse
population of students in a world where
using knowledge, not
merely memorizing it,
is becoming ever more
important. In the United States, which by
many measures is a world leader in higher
education, the President’s Council of Advi-
sors on Science and Technology (PCAST)
recommended sweeping changes to the first
2 years of college, which are critical for re-
cruitment and retention of STEM students
(I). Although reform efforts call for evi-
dence-based pedagogical approaches, sup-
portive learning environments, and changes
to faculty teaching culture and reward sys-
tems, one important aspect needs more
attention: changing expectations about
what students should learn, particularly in
college-level introductory STEM courses.
This demands that faculty seriously discuss,
within and across disciplines, how they ap-
proach their curricula.

Compared with lecture-only courses, active-
learning pedagogies (e.g., the use of personal re-
sponse “clicker” systems or peer instruction) can
improve retention and course grades, particu-
larly for underprepared and underrepresented
students (2). But conversation must extend be-
yond interactive classrooms to how to support
students to develop and use deep, transferrable
knowledge. Even after successful completion
of several college-level science courses, there
are huge challenges to understanding and us-
ing scientific knowledge (3). A Framework for
K-12 Science Education: Practices, Crosscutting
Concepts, and Core Ideas (4) provides the most
up-to-date, research-based strategies for pro-
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moting deep learning and is well aligned with
other international initiatives. These strategies
were developed for K-12 (primary and second-
ary education), but we believe the approach is
valid for the first 2 years of college.

CORE IDEAS, CROSSCUTTING CONCEPTS.
Disciplinary experts have a great deal of
knowledge—organized and contextualized
around important concepts (5). Students
should develop knowledge around these
“disciplinary core ideas” rather than try to
assemble understanding from many dispa-
rate ideas and activities. Core ideas should
be advanced over time through carefully de-
veloped progressions of learning activities

and assessments that provide students and
instructors with feedback about student un-
derstanding (6). This is at odds with most
introductory science courses that attempt
to provide an overview of the discipline.
Ideas and concepts are often compartmen-
talized by chapter, which obscures connec-
tions within and across courses and makes
it difficult for students to correlate facts,
ideas, and exercises (I).

Several initiatives have developed around
a model for organizing ideas in a discipline.
Vision and Change... (7) identified core ideas
in biological sciences. Reforms of Advanced
Placement courses in the United States and
Canada, which offer college-level courses to
secondary students, were built around “big
ideas” in biology, chemistry, and physics
(8). Although efforts must be informed by
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national-level initiatives and the research
literature, we believe that core ideas must
be negotiated locally by faculty in each disci-
pline in order to build ownership and buy-in.

For example, core ideas that emerged
from cross-disciplinary discussions at our
institution, Michigan State University
(MSU), include “evolution” for biology,
“structure and properties” for chemistry,
and “interactions cause changes in mo-
tion” for physics. Focusing on core ideas
within each discipline allows reduction of
the amount of material that many agree
has become overwhelming (the “mile-wide,
inch-deep” problem). Faculty agreement on
what is centrally important moves the con-
versation from what to eliminate to what
supports core ideas.

There are also ideas that span disci-
plines—“crosscutting concepts,” such as
cause and effect, conservation of energy and
matter, and systems thinking. Energy itself
is a core idea in each discipline, yet we rarely
note the different ways disciplines treat en-
ergy, leaving students often unable to apply
what they have learned in one discipline to
another. If each discipline were to agree on a
coherent approach, it would allow students
to construct understanding and to apply
that knowledge across disciplines.

PRACTICES AND LEARNING. Although
many reform efforts have focused on “in-
quiry”—an idea with different connota-
tions depending on context and audience
(9)—the Framework describes eight “scien-
tific and engineering practices” that can be
thought of as disaggregated components of
inquiry, e.g., developing and using models
and engaging in arguments from evidence.
Descriptions of these practices make it
more likely that they will be incorporated
into teaching and learning. Such descrip-
tions will aid design of assessments that
require students to use content knowledge
(core ideas) in the same ways scientists do
(by engaging in scientific practices). These
practices can actively engage students in us-
ing their knowledge to predict, model, and
explain phenomena—which one might ar-
gue is the primary goal of science.

Instead of developing or assessing core
ideas, crosscutting concepts, and scien-
tific practices separately, they should be
integrated into “three-dimensional learn-
ing” (10). Emphasizing and integrating the
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three dimensions will necessarily change
our approach to instruction. Providing stu-
dents with opportunities to develop mod-
els, construct explanations, and engage in
arguments using evidence requires that
courses become more student-centered.
Assessments must measure not only what
students know but also how they use their
knowledge. Although some transformation
efforts have measured reforms’ success by
using multiple choice assessments [e.g.
concept inventories (11)], these do not ad-
dress how students use knowledge in the
ways we have discussed here.

At MSU we are developing evidence-
based approaches to assessment and
instruction that incorporate the three di-
mensions (10, 12). Although constructing
and scoring these items is more difficult
and time-consuming than traditional ques-
tions, assessments must change, or students
will not learn to use scientific practices and
core ideas to make sense of phenomena.

The pace of change in higher education
can be glacially slow. Increasing numbers of
students will enter college whose learning
has been informed by the Framework. Higher
education should capitalize on their carefully
scaffolded knowledge. It would be a disser-
vice to throw these students back into typical
introductory courses that focus on memoriz-
ing facts and algorithmic calculations. m
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Personalization in practice

Dynamic computational modeling integrated with
experimentation can enable precision medicine

By Ravi Iyengar,' Russ B. Altman,? Olga
Troyanskya,® Garret A. FitzGerald*

ast month, an advisory committee

released recommendations for re-

cruiting at least 1 million individu-

als to participate in the U.S. National

Institutes of Health’s Precision Medi-

cine Initiative. This bold approach
to disease treatment and prevention seeks
to account for an individual’s genes, envi-
ronment, and lifestyle to improve health
outcomes. The ability to collect, integrate,
analyze, and model relevant data streams
is central to this effort. Moving beyond
“just” massive data collection will require
structured convergence among various dis-
ciplines. So, how should data be gathered?
Here, computational modeling can be a
useful guide. Modeling at the molecular,
cellular, tissue, and organismal level will be
essential to identify the molecular interac-
tions that underlie progressive diseases and
to generate a comprehensive and dynamic
picture of the individual.

“If you want me to play
only the notes without any
specific dynamics, I will
never make one mistake.”

Vladimir Horowitz

In 2011, precision medicine was described
by the U.S. National Research Council as
resting on a “new taxonomy for human dis-
ease based on molecular biology” (I), but
implicit in this notion is the assumption
that defining noncommunicable diseases
on the basis of an individual’s genomic and
epigenomic determinants alone will enable
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the personalization of therapy. This has led
to conflation of the terms “personalized”
and “precision.” The overlap is reasonable
when the dominant driver of a disease is
largely genomic, as in most cancers. How-
ever, for many other progressive conditions
such as type 2 diabetes, psychiatric diseases,
and heart failure, it is not clear whether ge-
nomic status is the major driver. All progres-
sive diseases have genomic underpinnings,
but it is the impact of diverse environmental
influences—mostly unrecognized—on indi-
vidual genomes that determines interindi-
vidual variation in disease progression and
drug response (2). In short, we need to know
the dynamics of an individual’s physiology
and pathophysiology.

Empowering the Precision Medicine Ini-
tiative requires a formalism to describe re-
lationships between scales of organization
and different time domains. This involves
a convergence of measurements—from hu-
man cell culture experiments to studies in
model organisms and clinical measurements
in patients—and modeling to reflect unique
and general aspects of each system and its
relationship to human health and disease
throughout the lifetime of an individual.
There are several emerging powerful ex-
perimental and modeling technologies to do
this. For example, induced pluripotent stem
cells (iPSCs) enable cell type-specific mea-
surements and provide the opportunity for
in vitro experimentation with tissues at the
level of an individual. Systems biology pro-
vides modeling formalisms to match key fea-
tures of the molecular, cellular, tissue, and
whole-organ physiologies for simulations.
Here, Bayesian integration of heterogeneous
data (3) can be a good starting point. Graph
theory helps build networks that describe
the local and regional geography of cells, or-
gans, and organ systems. Dynamical model-
ing describes how this biological geography
changes with environment, lifestyle, and
age. Some of the dynamic modeling ap-
proaches are monomorphic (e.g., differential
equation-based models), whereas some are
more modular (linked simulations with dif-
ferent formalisms for different subsystems).
Irrespective of the approaches used, model-
ing disease dynamics must start early, with
incomplete data. Simulations can then drive
the design of large-scale studies that are
both clinical and laboratory-based.
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