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Executive Summary

Context and Our Focus

Teachers’ pedagogical content knowledge (PCK) is a complex, multifaceted construct that is
widely seen as foundational to the act of teaching. In this synthesis, we investigated how the
National Science Foundation’s (NSF’s) recent research investments have advanced
understanding and supported the development of teachers’ PCK in PK—12 mathematics and
science education. In the 5 years from 2011 to 2015, NSF’s Discovery Research PK—12 program
(DRK-12) funded or cofunded 27 projects relating to PCK, totaling $62 million awarded.

Findings

These 27 DRK-12 projects primarily applied correlational/observational and longitudinal
methods (rather than quasi-experimental or experimental methods), often targeting teaching in
the middle school grades. Our synthesis of empirical findings focused on how these projects
studied PCK, including its measurement, development, and relationship to teaching and student
learning.

e Measurement of PCK. One major cross-cutting contribution was methodological advances
in the approaches to measure PCK, including quantitative tests (e.g., with multiple-choice
answers), qualitative interviews, lesson observations, and clinical simulations. The
projects contrasted the affordances and challenges of these methods, highlighting how
selecting a specific measurement approach requires aligning the research goal with the
method’s affordances.

e Development of PCK. Many projects also studied the development of PCK, especially
through professional development (PD) programs for in-service teachers. Most intervention
studies were early-phase investigations, focused on designing and refining new PD
programs. The studies highlighted some common design principles for fostering PCK, such
as (a) analyzing student work, (b) engaging teachers in active learning, and (c) situating the
PD in classroom contexts.

e Relationship to Teaching Practice and Student Learning. Compared to projects
characterizing and improving teachers’ PCK, far fewer projects investigated the relationship
between teachers’ PCK with teaching practice and student learning. However, the projects
that investigated these relationships indicated the value of doing so. One key message was
that PD intervention developers must be intentional in connecting lessons about PCK to
concrete plans for improving classroom practice.
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Implications for the DRK-12 Portfolio

Our discussion of these projects’ findings considers opportunities and priorities for future
research, critically examining potential gaps in the DRK-12 portfolio. The recent advancements
in measurement approaches make PCK a topic ripe for further exploration, and intervention
studies produced promising proofs of concept for developing teachers’ PCK. More critically,
however, limitations in the evaluation designs produced limited causal evidence on what
interventions can effectively improve teachers’ PCK. Also, comprehensive understanding
remained elusive about the complex relationships of PCK with teaching practice and student
learning.

These observations suggest both limitations in the funded DRK-12 portfolio and key
opportunities for future projects. The time may be particularly ripe for more impact studies on
promising interventions for enhancing teachers’ PCK, given the prior foundational design
research and advances in PCK measurement approaches. Limitations in the reviewed DRK-12
portfolio also suggest opportunities for studying how PCK fits into a complex system of broader
teacher professional knowledge, teacher practice, and student learning. Pursuing such
methodological, theoretical, and empirical advances about PCK could help support DRK-12’s
mission to significantly enhance PK—12 science, technology, engineering, and mathematics
teaching and learning.
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Why This Topic?

Effective teacher training for PK-12 science, technology, engineering, and mathematics (STEM)
education is crucial for creating supportive learning environments and, ultimately, preparing
students to later succeed in STEM-related college majors and careers (Carnegie—Institute for
Advanced Study Commission on Mathematics and Science Education, 2009). For decades,
educational researchers have argued that professional development (PD) opportunities in these
fields should build on and develop teachers’ pedagogical content knowledge (PCK; Ball &
Cohen, 1999; Desimone, 2009).

Shulman (1986) coined the term PCK in his landmark paper, distinguishing it from both general
content knowledge and general pedagogical knowledge. For instance, teachers could
understand fractions well (content knowledge) yet lack awareness of common student ideas
about the topic (an example of mathematical PCK). Knowledge of how to teach fractions is also
distinct from knowledge of broad, domain-general pedagogical strategies or classroom
management techniques (pedagogical knowledge). Shulman (1987) characterized PCK as “that
special amalgam of content and pedagogy that is uniquely the province of teachers, their own
special form of professional understanding” (p. 8).

Although scholars’ exact definitions vary, the broad construct of PCK has guided decades of
conducting educational research studies and designing PD programs (Gess-Newsome, 2015).
For instance, this construct has helped to explain the typically low correlations between teacher
content knowledge and student outcomes, highlighting that integrating content and pedagogy
is critical for supporting student learning (Wayne & Youngs, 2003). Thus, PCK has appealed to
researchers across many subject areas but particularly in mathematics and science education.

This report presents our cross-disciplinary synthesis on In the 5 years spanning 2011

teachers’ PCK in mathematics and science education, as to 2015, the DRK-12
studied in recent projects funded by the National Science program funded or cofunded
Foundation’s (NSF’s) Discovery Research PK-12 (DRK-12) 21 projects relating to PCK,

program. We identified PCK as one key area of NSF investment totaling $62 million awarded.

in PK—=12 STEM education, based on a structured review of recent DRK-12 award abstracts.! We
found that, in the 5 years spanning 2011 to 2015, the DRK-12 program funded or cofunded
27 projects relating to PCK, totaling $62 million awarded.

1 This report’s synthesis on NSF-funded PCK research comes from a broader NSF project, Advancing Methods and Synthesizing
Research in STEM Education (DRL-1813777), which aims to synthesize evidence of innovation and discovery in recent DRK-12
projects.
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We synthesized these 27 recent PCK-related projects to understand recent NSF-funded
innovations in methods, theory, and empirical understanding of PCK. We first briefly review
relevant theoretical perspectives that helped us examine how researchers conceptualized PCK
differently across projects and educational disciplines.

Varying Definitions of PCK

Although PCK is widely seen as foundational to the act of teaching, researchers disagree on how
to define the construct (Chan & Hume, 2019; Depaepe et al., 2013; Fernandez, 2014). For
instance, controversy remains about the grain size of PCK (Carlson et al., 2019), such as
whether it exists at the level of the broad discipline (e.g., mathematics), the topic (e.g., basic
arithmetic), or the concept (e.g., equivalence in addition problems). In her review of models of
PCK, Fernandez (2014) noted that researchers often speak of PCK as if it were clearly defined,
without providing their own definition or even being explicit about the theoretical model they
are using.

The following sections briefly review the theoretical models commonly used in two disciplinary
fields, mathematics education and science education, in which PCK has often been studied.
Although these two fields have unique disciplinary traditions for studying PCK, they have also
wrestled with similar underlying conceptual challenges (e.g., understanding the context
specificity of PCK).

Defining PCK in Mathematics Education

In the field of mathematics education, PCK is often studied within the context of a broader
concept of professional knowledge known as mathematical knowledge for teaching (MKT; Ball
et al., 2008). Ball et al. motivated their MKT framework by considering the fundamental
guestion: What do teachers need to know to teach mathematics effectively? This practice-
based question motivated the construct of MKT, which includes both PCK and subject matter
knowledge (see Figure 1).
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Figure 1. Domains of Mathematical Knowledge for Teaching
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Ball et al.’s (2008) framework divided PCK into three components regarding content-specific
knowledge about (a) student thinking, (b) instructional strategies, and (c) curriculum (the right
half of Figure 1). The model elaborated on the first two PCK components, but it tentatively
included the third (i.e., PCK about curriculum), questioning if curricular knowledge should be a
separate knowledge category or should be part of the PCK category about instructional
strategies.

The MKT framework was broader than PCK by including the subject matter knowledge needed
to teach effectively (the left half of Figure 1). Although distinct from PCK, this content
knowledge can still be specific to the mathematical demands of teaching (e.g., knowing how to
explain why you can “add a zero” when multiplying by 10; Ball et al., 2008, p. 400).

Depaepe et al. (2013) noted three key merits of the concept of MKT, drawing from their
systematic review of the relevant mathematics education literature:

e MKT is built on empirical findings about how teachers apply knowledge in classroom
practice.

e The construct was specified well enough to enable researchers to operationalize it through
an assessment, the MKT test (Hill et al., 2004; Hill et al., 2005).

e Research with this assessment has illustrated how MKT can shape student learning.

Although the MKT framework has been a central foundation, researchers disagree about how
to best conceptualize and measure these knowledge constructs (see Copur-Gencturk &
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Lubienski, 2013; Kaarstein, 2014). For instance, Petrou and Goulding (2011) argued that the
MKT model’s distinction between PCK and specialized content knowledge has not been well
defined or empirically supported. Scholars also disagree whether teachers’ PCK is static and can
be assessed outside the classroom (e.g., on a quantitative MKT test) or whether it is meaningful
only in the context of its application (e.g., requiring classroom observations to observe PCK in
action; Rowland & Ruthven, 2011).

Despite these disagreements, Depaepe et al.’s (2013) review found some key similarities in
various theoretical models of mathematical PCK. For instance, researchers broadly agree that
PCK “connects content and pedagogy . . . is specific to teaching particular subject matter, and
[that] content knowledge is an important and necessary prerequisite [for developing PCK]”

(p. 22). PCK is also widely regarded as foundational to effective teaching in mathematics, even if
its exact definition varies.

Defining PCK in Science Education

Akin to mathematics education, considerable debate remains on how to conceptualize PCK in
science education (Abell, 2008). For instance, Fernandez (2014) reviewed 10 models of science
teachers’ PCK, each having its own graphical representation of how PCK relates to and contrasts
with other professional knowledge bases. Gess-Newsome (2015) noted that some of the
controversies include the following:

e What is the grain size of PCK (e.g., discipline, topic, concept)?
e |s PCK a knowledge base or a skill, or both?
e |s PCK knowledge held by the community or is it a teacher attribute?

e Can PCK be measured separately from the act of teaching?

These questions resemble similar scholarly discussions in the mathematics education
community (e.g., such as whether PCK can be measured separately from the act of teaching;
see Rowland & Ruthven, 2011, for a discussion of this consideration in mathematics education).

In response to these concerns, an expert group of 22 PCK science education researchers
conducted a summit in 2012, resulting in a model of science teacher professional knowledge and
skill, now called the consensus model (Gess-Newsome, 2015). This model defined PCK as the
“knowledge of, reasoning behind, and planning for teaching a particular topic in a particular way
for a particular purpose to particular students for enhanced student outcomes” (Gess-Newsome,
2015, p. 36). A second PCK summit in 2016 led to the refined consensus model (Carson et al.,
2019), which further elaborated on the PCK construct, placing it within a complex system of
professional knowledge and experiences that inform science teachers’ practice (see Figure 2).
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Figure 2. Refined Consensus Model of Science Teachers’ PCK
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The developers of these consensus models aimed to address controversies in the field by
distinguishing different kinds of PCK. For instance, the refined model detailed three realms of
science PCK: (a) enacted PCK (i.e., the knowledge and skills used when teaching specific content
in practice), (b) personal PCK (i.e., a teacher’s cumulative reservoir of knowledge about
teaching specific content), and (c) collective PCK (i.e., an amalgam of multiple teachers’
knowledge about teaching specific content). Questions such as “Can PCK be measured
separately from the act of teaching?” can be answered as “Yes” by noting the distinction
between enacted versus personal PCK. Likewise, PCK can exist at the concept, topic, and even
discipline levels, although key distinctions exist between these different PCK grain sizes.

Defining PCK for Our Synthesis

As reviewed previously, educational researchers vary in how they characterize PCK, its
components, and its connection to broader professional teacher knowledge categories. Despite
studying PCK in distinct scholarly communities, mathematics and science education researchers
have wrestled with analogous conceptual challenges about characterizing this multifaceted
construct.

Our synthesis did not aim to “solve” these definitional issues. Rather, we aimed to understand
how this conceptual context shaped recent empirical studies funded by NSF’s DRK-12 program.
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We therefore did not adopt a specific theoretical model of PCK because we wanted to
understand the conceptual complexity of PCK as used across empirical DRK-12 projects.
However, we heavily drew from the coding structure in Depeape et al.’s (2013) systematic
review, which aimed to characterize differences between PCK models and the studies using
them. To bound our review, we included DRK-12 projects that studied at least one of the four
(presumed) PCK components regarding teacher knowledge about (a) student thinking,

(b) instructional strategies, (c) curriculum, or (d) assessment.

We included studies that used a content knowledge for teaching framework (e.g., MKT)
because they encompassed PCK, although we excluded studies purely about teachers’ content
knowledge (without also studying PCK). We included studies about teaching practice (e.g., using
observation protocols) only if they included a specific focus on PCK in their theoretical framing
(e.g., studying PCK in action).

Improving Teaching and Learning in DRK-12 Projects

Beyond synthesizing efforts to characterize and measure teachers’ PCK, we investigated how
researchers used understanding about PCK to advance DRK-12’s central mission: enhance STEM
learning and teaching in the PK-12 grade levels. We therefore also reviewed DRK-12 projects
that studied how PCK develops (e.g., through PD programs) and how it relates to teaching
practice and student learning.

Teacher PCK is important, in part, because this knowledge can enable teachers to create more
supportive learning environments (e.g., better respond to students, develop more effective
lesson plans; Baumert et al., 2010). These supportive learning environments could then
improve student outcomes. For instance, empirical studies have found that teachers’ PCK
correlates with instructional quality and student learning gains, even after controlling for
teachers’ content knowledge (e.g., Baumert et al., 2010; Griffin et al., 2009). Several studies
have also found that PD interventions can improve teacher PCK and student outcomes (e.g.,
Heller et al., 2012; Roth et al., 2011; Seymour & Lehrer, 2006; Taylor et al., 2017; Tirosh et al.,
2011).

We structured our review of empirical findings based on four key lines of empirical research
about PCK: (a) measurement of PCK, (b) development of PCK, (c) relationship to teaching
practice, and (d) relationship to student learning (Depaepe et al., 2013). Before detailing
specific findings, we first present descriptive information about the recent DRK-12 projects we
included and what aspects of PCK they studied.
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What Was Studied?

Although PCK has often been studied in separate disciplines, some cross-cutting considerations
apply across traditional research boundaries, such as mathematics and science education
research. Our synthesis studied how the multidisciplinary community of DRK-12-funded
researchers conceptualized and investigated the construct of PCK in PK—12 mathematics and
science education research. We focused on recent DRK-12 projects to identify new advances in
understanding and characterize emerging best practices for designing effective PD. These set of
DRK12 projects represented a substantial investment in research related to PCK in STEM
education, though they do not necessarily reflect the broader recent research in this area.

Our Synthesis Approach

Appendix A details our review methodology, which we briefly summarize here. We examined
DRK-12 projects with an original award date spanning January 2011 to December 2015, to focus
on recently completed or close-to-completion projects. We downloaded the award abstracts
for all DRK-12 awards in this date range using NSF’s website. When screening projects for their
relevance to PCK, we defined PCK as the knowledge of, reasoning behind, and planning for
teaching a specific educational topic or domain (Gess-Newsome et al., 2015, p. 36). Some
award abstracts mentioned the term “pedagogical content knowledge” explicitly, whereas
others described the concept in other ways (e.g., “teachers’ knowledge of students’ thinking”),
yielding 27 eligible projects.

Figure 3. Overview of Our Synthesis of 27 DRK-12 Projects Related to PCK

DRK-12 Projects Review Abstracts Search/Screen for
With Eligible to Identify PCK- Products From

i . Code and Analyze
Award Date Related Projects Each Project

376 Projects 27 Projects 50?2 Products

Project Findings

@ More than 50 products were identified, but for feasibility, we restricted our synthesis to the one to three
products per project that were most directly related to PCK and most completely reported (e.g., favoring peer-
reviewed journal articles rather than conference presentations or short project summaries).

We then systematically looked for products that these 27 projects generated, searching six
sources: Web of Science, ERIC, PyscINFO, Google Scholar, Research.gov, and the Community for
Advancing Discovery Research in Education (CADRE) website. For instance, we used Google
Scholar to identify documents whose full text contained the numeric award ID and the phrases
words “NSF” or “National Science Foundation.” We also sent emails to all project principal
investigators (Pls) asking for additional products that our searches may have missed. For each
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NSF project, we identified between one to three products that were most closely related to
PCK, prioritizing the inclusion of more complete, peer-reviewed reports (e.g., journal articles)
rather than less complete, less final reports (e.g., conference presentations). This process
yielded 50 study reports (i.e., products) that formed our synthesis of the 27 projects’ findings
(see Figure 3).

We coded and analyzed the products using two approaches: (a) structured coding based on

a priori categories (e.g., component of PCK studied) and (b) qualitative narrative review of
project findings (supported by the software NVivo). The following section details results from
the first approach, which was informed by coding protocols from prior systematic reviews on
PCK (Depaepe et al., 2013; Evens et al., 2015; Hoover et al., 2016; Schneider & Plasman, 2011).
Later sections present the second approach.

What PCK-Related Problems or Topics Were Studied?

We coded how many of the 27 reviewed NSF projects addressed the four following major lines
of empirical research on PCK (adopting categories from Depaepe et al., 2013):

e Nature of PCK. Conceptualizing, measuring, and characterizing teachers’ PCK (21 projects)

e Development of PCK. Investigating the development of teachers’ PCK, including studies of
both interventions and natural acquisition of PCK across time (14 projects)

e Relationship to Teaching Practice. Examining the relationship between teachers’ PCK and
teaching quality or instructional practices (5 projects)

e Relationship to Student Learning. Examining the impact of teachers’ PCK on student
learning (5 projects)

These counts are not mutually exclusive. For instance, a project could conduct an in-depth
characterization of teachers’ PCK (yielding a count for the “nature of PCK” category) and also
study how a PD program improves PCK (yielding a count for the “development of PCK”
category). We conducted the coding at the product level and then summarized frequencies at
the project level (e.g., 14 NSF projects had at least one product about the development of PCK).

The most frequently studied lines of research were on the nature and development of PCK,
with 21 and 14 NSF projects, respectively. In contrast, the two lines of research on relationships
to teaching practice and student learning were studied less often (in five projects each).
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teachers’ knowledge about Mathematics - 9 3 3
instructional strategies was
studied in all six projects that Science -- 7 4 £
examined the relationship
Engineering 3 2 1 1 0

between PCK and teaching
practice. This figure
disaggregates counts by the major line of PCK research (i.e., the vertical columns) because the
major line of PCK research was centrally important in the organization of our review’s later
sections about synthesizing specific empirical findings. However, relative frequencies in Figure 4
were generally similar across major lines of research.

The most frequently studied PCK components? were teachers’ knowledge of students thinking
and instructional strategies (23 and 18 NSF projects, respectively), which are the two
components that Shulman (1986) featured in his original conceptualization of PCK, whereas
fewer projects studied teachers’ knowledge of curriculum and assessment strategies (four
and two projects, respectively). These projects were roughly evenly split between mathematics
and science education. The most common mathematical topic areas were fractions (five
projects), general mathematics/not specified (five projects), and basic arithmetic (four

2 We constrained our review to four (presumed) PCK components: teacher knowledge about (a) students’ thinking, (b)
instructional strategies, (c) curriculum, and (d) assessment. In doing so, we do not imply that these are the definitive
components of PCK; rather, this categorization served as a practical tool for structuring our review.
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projects). The common science topic areas were general science/not specified (five projects),
biology (four projects), and physical science (three projects). In addition, three projects
examined PCK in engineering as an emerging area of research.

What Research Methods Figure 5. Number of NSF Projects by Major Line of PCK
Were Used? Research (Vertical Columns) and Research Methods

As shown in Figure 5, the reviewed  (Horizontal Rows)
DRK-12 projects usually used

v = 2 £
correlational/ observational - g é = =
- s ° g, 52y Ezp
methods (14 projects) and £5 g 5 S2£f 25¢
T Study design Z g & e TEE TZO
longitudinal methods W aesig < = = 0% x2a 372
(15 prOjeCtS). Quasi- Correlational -- 3 4 2

experimental methods

(six projects) and experimental Longicudinz| 10 - . 2

methods (three projects) were

Quasi-experimental 6 2 4 2 3
used less often.
Experimental 3 2 3 0 1
For research on the
development of PCK, PCK measurement method

longitudinal methods were
& Quantitative test/survey ) 10 3 4

clearly the dominant method

(12 of 14 projects in the PCK Qualitative interview

development research
category) often reﬂecting Lesson observations/simulation 11 11 6 4 5
7

single group pre-post designs,

(e)]
w
N

such as measuring teachers’ Meeting observation 4 2 1 5 .

PCK before and after a PD
intervention.

Document analysis 4 3 1 1 1

The most common approaches for measuring PCK were quantitative tests/surveys (15 projects),
qualitative interviews (15 projects), and lesson observations/clinical simulations (12 projects).
Less frequently, projects used meeting observations (e.g., at a PD workshop) or document
analysis (e.g., review of teachers’ written lesson plans for evidence of PCK). Quantitative tests
and surveys were especially common for projects studying the development of PCK.

Sample sizes were generally small, with a median number of 21 teachers per study. One quarter
of the studies had 12 teachers or fewer, and another quarter had 49 teachers or more.
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What Teacher Populations Were Studied?

Most projects (23 of 27 projects) studied in-service teachers, although some (eight projects)

included preservice teachers (see Figure 6). The most typical grade level taught was middle

school (15 projects), followed by high school (10 projects) and upper elementary (eight

projects). Notably, no project studied teachers who taught (or planned to teach) early

elementary grade levels (grades K—2) or prekindergarten. Relative frequencies did not

substantially vary by the major line of PCK research (Figure 6).

Figure 6. Number of NSF Projects by Major Line of PCK Research

(Vertical Columns) and Teacher Population (Horizontal Rows)
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What Interventions or Resources Were Developed?

The most common type of developed resource was PD workshop materials, such as videos to

analyze teaching practices and student learning, lesson plans and discussion prompts for

summer PD programs, and written examples of student thinking (17 projects). Also, five

projects developed preservice course materials for fostering PCK. Lastly, 10 projects developed

PCK assessments, although other projects also reviewed the measurement properties of

existing PCK assessments, as reviewed in the following section.
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What Was Learned About the Measurement of PCK?

One key area of progress for the field was DRK-12 projects that developed and refined
approaches for measuring teachers’ PCK. These approaches fell into three broad categories:
(a) quantitative tests and surveys, (b) qualitative interviews, and (c) lesson observations and
clinical simulations. The following summary contrasts the affordances, challenges, and best
practices for each measurement approach, as reported in the products we reviewed (see
Table 1). Readers interested in specific disciplines or topics (e.g., what teachers know about
students’ algebra ideas) may consult Table B1 in Appendix B for more detailed summaries of

project findings related to characterizing teachers’ PCK.

Table 1. Summary of DRK-12 Researchers’ Considerations for Using Three Common PCK

Measurement Approaches

Approach

Quantitative

Affordances

Can deliver at scale

Challenges

Teacher reasoning

Best practices

Consult expert teachers

tests and  Supports statistical depends heavily on for initial item review
surveys analysis pedagogical context Use qualitative data to
e Accommodates Limited opportunities for refine items
multiple-choice and teachers to explain their Carefully consider the
constructed-response reasoning design of the items’
formats Multiple answers could pedagogical context
be defensible depending
on context
Qualitative e Allows teachers to Teachers may have tacit Develop interview
interviews explain their PCK that is hard to protocols before
reasoning in detail articulate conducting interviews
e Can help reveal Difficult to administer at Train coders how to
connections between large scales systematically code and
different types of PCK analyze data
Triangulate with other
data sources
Lesson e Lesson observations Situation-specific Specify criteria for
observations offer real-world demands make real- selecting specific
and clinical authenticity to show world contexts difficult to teacher-student
simulations PCK in action interpret interactions
e Clinical simulations Simulated scenarios may Develop concrete
standardize the oversimplify the PCK indicators of evidence
evaluation context needed for real-world for teachers using their
teaching tasks PCK in action
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Quantitative Tests and Surveys

Four DRK-12 projects developed novel quantitative tests and surveys related to PCK, covering
topics such as pedagogical beliefs about scientific argumentation (McNeill et al., 2014; Katsh-
Singer et al., 2016); content knowledge for teaching energy in science (Etkina et al., 2018);
mathematical knowledge for teaching with visual representations (DePiper & Driscoll, 2018;
Louie & Nikula, 2019); and self-efficacy for having the PCK to teach robotics-based lessons
(Rahman et al., 2017). One other project used qualitative think-aloud interviews to better
understand existing quantitative measures in the mathematics domain (Hoover & Lai, 2017).

Approach, Affordances, and Challenges

The quantitative PCK measures often featured vignettes or specific instructional scenarios, asking
teachers to evaluate students’ thinking or select an effective teaching action. For instance, one
item presented two students talking about the types of energy involved in dribbling a basketball,
as shown in the following spotlight for the project, Assessing, Validating, and Developing Content
Knowledge for Teaching Energy (Project Spotlight 1). Multiple-choice response formats were
common (see Questions 1 and 2 in Project Spotlight 1 as an example). However, researchers
sometimes also used constructed-response formats (see Question 3), which were systematically
scored using quantitative rubrics.

One key lesson learned about PCK instrument development
One key lesson learned about

concerned the benefits and challenges of grounding these PCK instrument development

vignettes in specific pedagogical contexts. Researchers saw concerned the benefits and

including rich pedagogical context as fundamental to the valid challenges of using vignettes

measurement of PCK given the context-specific nature of PCK that grounded assessment
items in specific instructional

and effective instruction (Hoover & Lai, 2017; McNeill et al., S——
2014). However, these projects identified several challenges in

designing these items’ contexts. For instance, the contextual features may not be rich enough to
make nuanced instructional decisions or could even allow for multiple appropriate responses,
which is a major concern for multiple-choice response formats (McNeill et al., 2014). Hoover and
Lai (2017) conducted think-aloud interviews to understand how expert teachers interpreted the

pedagogical contexts for the widely used MKT itemes.

Best Practices

These projects offered several best practice principles for developing PCK assessment items:

(a) specify the key theoretical constructs of interest before designing the items, (b) carefully
consider the instructional context described, (c) consult experienced teachers and content
experts during initial item review, (d) use think-aloud interviews or other qualitative
approaches for understanding teachers’ thought processes in answering the items, (e) pilot test
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items with the target teacher population, (f) evaluate psychometric metrics, and (g) iteratively
refine the items through multiple testing cycles.
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Project Spotlight 1: Measurement of PCK

Assessing, Validating, and Developing Content Knowledge for Teaching Energy (NSF awards
#1222777,1222732, 1222580, 1222598; total funded amount = $3 million)

Why Spotlight This Project?

It demonstrates three distinct approaches (quantitative test, PD meeting observations, lesson
observations) for measuring teachers’ PCK, using rigorous qualitative and quantitative methods.

What Was Studied?

The project focused on the pedagogical and disciplinary content knowledge that middle school and
high school physical science teachers need to teach energy topics.

What Was Found?

¢ Quantitative Test. Etkina et al. (2018) developed, piloted, and psychometrically validated a
guantitative Content Knowledge for Teaching Energy (CKT-E) instrument, including both multiple-
choice and constructed-response item formats (see the example below).

¢ Meeting Observations. Wittmann et al. (2017) studied teachers’ discussion about a CKT-E item
during a PD session. Teachers demonstrated limited explicit awareness of the common student
metaphor of energy as a substance-like quantity.

¢ Lesson Observations. Robertson et al. (2017) developed a qualitative methodology for inferring
teachers’ CKT-E based on selecting and analyzing classroom episodes that illustrated how
teachers inferred, restated, and evaluated students’ ideas about energy.

Example CKT-E item (Etkina et al., 2018)

Two students in Ms. Engel's physics class are 1. Is Marcos correct that the elastic energy of the ball and the floor
discussing the energetics of dribbling a basketball would be the same;?
on a wooden floor. They agree that all of the kinetic A. Yes. (31%) .
energy gets converted into elastic energy for an B. No. The elast!c energy of the ball would be greater. (51%)
instant when the basketball is compressed the most. C. No. The elastic energy of thpf floor would be greater. (1%)
They also agree that many objects can be modeled D. There‘|s not enough information to compare these
as springs, even basketballs and wooden floors. energies. (17%)
They are uncertain about whether there would be ) ) o . )
equal amounts of elastic energy in the ball and the 2. Which of the follomrjg actl\{|!|es wloulkd be most likely to PFOVIde
floor. They call Ms. Engel over to share their ideas Ms. Engel’s students with additional insights about the relative
with her and get some help. amounts of elastic energy during the bounce of the basketball?
A. They could measure the spring constants and the

Marcos says, “We were thinking that when the ball displacements of both the floor and the ball and use those
compresses against the floor, the forces that the ball to compare the elastic energies. (10%)
and the floor exert on each other would be equal B. They could compare the elastic energies of two non-
and opposite, so maybe the amount of elastic identical springs when they are compressed with the same
energy in the floor is the same as the elastic energy force. (70%)
in the ball.” C. They could do an experiment to see if a basketball bounces

higher on a soft carpet surface or a hard concrete floor.
Louisa responds, “| get that the forces are the same, (14%)
but | am thinking that the ball compresses more than D. They could do an experiment to show that the same
the floor, so shouldn't there be more energy stored basketball will not bounce as high off the gym floor if it has
in the ball?” first been put in a freezer. (6%)
Marcos replies, “But the floor is more rigid and 3. Explain your selection and how the activity you selected might
would have a higher spring constant. | think the provide the students with additional insights about the relative elastic
larger k of the floor compensates for the smaller Ax energy during the bounce of a basketball.
in the %k(ﬂx}z equation, and the elastic energies are
the same.”
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Qualitative Interviews

DRK-12 projects often used interview-based methods to gather qualitative insights about
teachers’ PCK. These projects spanned several topics such as the instructional value of scientific
argumentation activities (Katsh-Singer et al., 2016), beliefs about teaching English learners in
science classrooms (Lyon et al., 2016), the role of using interactive simulations in algebra classes
(Findley et al., 2017), knowledge for teaching basic arithmetic and fractions (Hoover & Lai, 2017),
student misconceptions about ecosystems and the particle model of matter (Smith et al., 2017;
Smith et al., 2018), teachers’ explanations of students’ mathematical reasoning (Hodkowski,
2018), and student learning trajectories in mathematics (Castro Superfine & Li, 2017).

A h, Afford , and Chall :
pproach, Affordances, an anenges Teachers may have tacit

Some projects detailed the methodological strengths and knowledge that is hard to
challenges of using qualitative interviews. For instance, one express in an interview-
science education project compared the affordances of open- based setting, even if they

can use their tacit PCK in

ended online survey questions versus telephone interviews. , )
applied classroom settings.

Although teachers often gave vague answers to open-ended
surveys (e.g., “please describe the ideas or misconceptions your students have . . . about the
particulate model of matter”), they usually gave much more detailed interview responses that
showed connections between different types of PCK (Smith et al., 2017). Nevertheless, teachers
frequently strayed off topic during the interviews, and their responses were often ambiguous to
interpret. Also, teachers may have tacit knowledge that is hard to express in an interview-based
setting, even if they can use their tacit PCK in applied classroom settings (Katsh-Singer et al.,
2016; Smith et al., 2017; Smith et al., 2018).

Best Practices

Best practice suggestions for using interviews included (a) developing detailed interview
protocols in advance, (b) including possible follow-up questions in the protocol for vague or
ambiguous interview responses, and (c) coding and analyzing responses using two independent
raters and detailed codebooks. Smith and colleagues also suggested delivering open-ended
surveys prior to the interview; they argue doing so could help the interviewer prepare
individually tailored questions that probe the survey responses about PCK in more depth (Smith
et al., 2017; Smith et al., 2018).

Lesson Observations and Clinical Simulations

PCK measurement approaches based on lesson observations :

Lesson observations and
clinical simulations aim to
(i.e., as enacted when interacting with real or simulated observe teachers’ PCK in

and clinical simulations aim to observe teachers’ PCK in action

students). DRK-12 researchers used both approaches for action.
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several topics, such as content knowledge for teaching energy (Robertson et al., 2017), natural
selection (Dotger et al., 2018), engineering design (Crismond & Lomask, 2016), geometry
(Dotger et al., 2015), fractions (Hodkowski, 2018), and basic arithmetic (Shaughnessy & Boerst,
2018; Shaughnessy et al., 2018).

Approach, Affordances, and Challenges

PCK measurement approaches using lesson observations are often based on analyzing recorded
interactions with students in naturalistic classroom contexts. For instance, in the context of
teaching about energy in science, Robertson et al. (2017) developed a methodology for
selecting relevant classroom episodes of student-teacher interactions, as well as identifying the
task of teaching (e.g., choosing an instructional activity, evaluating student ideas) and the
energy content knowledge addressed. The researchers inferred teachers’ content knowledge
for teaching energy based on how teachers (a) inferred students’ model of energy from
students’ expressions, (b) restated students’ ideas, (c) chose an instructional activity to address
a misunderstanding, and (d) evaluated student ideas.

Other applications combined lesson observations with other artifacts, such as teachers’
instructional logs and postlesson reflections, to create indicators of PCK in action (e.g.,
Crismond & Lomask, 2016). For instance, one indicator of teachers’ PCK was adapting the
provided curriculum to meet the learning needs of teachers’ specific students.

In contrast, PCK measurement approaches based on clinical simulations involve interactions
with “standardized” students in controlled settings. These students are typically research staff
trained to respond in scripted ways, based on categories of teachers’ actions. Building on the
long history of clinical simulations in medical education, two DRK-12 projects used this
approach to capture teachers’ skills in diagnosing students’ content-specific thinking in STEM,
which are skills that heavily depend on teachers’ PCK (Dotger et al., 2015; Dotger et al., 2018;
Shaughnessy & Boerst, 2018; Shaughnessy et al., 2018).

For instance, in one study, preservice teachers reviewed a student’s work on a specific addition
problem, after which they had 5 minutes to interact with a standardized student to diagnose
common mathematical misconceptions (Shaughnessy & Boerst, 2018). Figure 7 shows example
instructions for this standardized student. Researchers developed a checklist of core desired
practices, including (a) eliciting the student’s process, (b) probing understanding of key
mathematical ideas, (c) attending to the student’s ideas, and (d) deploying other moves that
support learning.
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Figure 7. Example Instructions for Standardized Students in Clinical Simulations

What the student is thinking:

« the student is using a version of the “column addition method” for solving multi-digit addition problems

« the student can use the same process to solve addition problems with more than two digits, and the student does understand when/why/how
to “combine™

s the student is thinking about 623 as 6 tens and 23 ones

General orientation to responses:
= talk about digits in terms of the place value of the column
* use “combining” to refer to trading/carrying/regrouping
s don’t make basic facts errors and don't need to show stratepies for adding one-digit numbers
s pive the least amount of information that is still responsive to the preservice teacher’s question

= if a question is confusing, say something like, “What do you mean?”

Specific responses (a subset of them):

Preservice teacher question Response

So tell me what you did” or “So how did you get 837 Idid 29 + 36 + 18.

‘What did you do first? I added the tens: 2 + 3 + 1 and [ got 6.
How did you get from 623 to 837 I had to combine the 6 and the 2.
‘Why did you need to combine those numbers? Because they’re both tens.

A subsequent study contrasted the unique affordances and challenges of lesson observations
versus clinical simulations (Shaughnessy et al., 2018). Although the lesson observations capture
real-world teaching contexts with greater authenticity, the variability of students and situation-
specific demands presents challenges for interpreting teachers’ PCK. Clinical simulations
address this issue with standardized students but at the cost of real-world authenticity.
Shaughnessy and Boerst argued that the two approaches are complementary. Another DRK-12
project developed similar clinical simulation procedures for natural selection (Dotger et al.,
2018) and geometry topics (Dotger et al., 2015).

Best Practices

For both lesson observations and clinical simulations, common best practices included

(a) specifying criteria for which teacher-student interactions should be coded and analyzed,
(b) developing concrete indicators for identifying evidence of teachers’ PCK in action, and

(c) articulating the key tasks of teaching involved. Additional considerations for clinical
simulations included developing response protocols for “standardized students” and training
research staff to implement them consistently across teachers.
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What Was Learned About the Development and Impact of
Teacher PCK?

The reviewed DRK-12 projects used new or existing measurement approaches to gain
substantive insights about PCK. The following review divides these insights into three major
lines of empirical research: (a) the development of PCK, (b) the relationship of PCK to teaching
practice, and (c) the relationship of PCK to student learning. Although our review categorizes
the results into these three lines of empirical research, readers should interpret these research
areas as closely interconnected (e.g., developing PCK through teacher training also requires
careful thought about the role of PCK in shaping teaching practice and student learning).

Development of PCK

About half of the reviewed DRK-12 projects (14 of 27) investigated the development of
teachers’ PCK. Some projects examined the natural acquisition of PCK (e.g., in response to
teaching practice; Carrier et al., 2018), but most were intervention studies that developed and
tested PD programs aiming to improve teacher PCK. The intervention studies were generally
small-scale, early-phase investigations focused on the initial design and development of new PD
programs (e.g., Knudsen et al., 2015). This section reflects these development goals by
featuring design considerations for fostering teacher PCK, though we also reviewed studies for
evidence of causal impact (What Works Clearinghouse [WW(C], 2020).

Findings

As shown in Table 2, common PD design principles included (a) analyze student work,

(b) embed active learning, and (c) situate in classroom contexts. Although not every
intervention study included all three principles, researchers often considered them as key
components to develop teachers’ PCK, based on the theory of change and initial
implementation evidence. For instance, Project Spotlight 2 details these considerations for the
project, Energy: A Multidisciplinary Approach for Teachers (EMAT): Designing and Studying a
Multidisciplinary, Online Course for High School Teachers.
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Table 2. Emerging Design Principles for Fostering Teacher PCK

Principle Examples

Analyze e Review videos of classroom discussions for evidence of student thinking (e.g.,
student work Kowalski et al., 2018; Williams & Clement, 2014; Wilson et al., 2017).

e Review written student work or written transcripts of simplified teacher-student
interactions (e.g., Goldenberg et al., n.d.; Louie & Nikula, 2019; Mateas, 2016).

Embed active Ask pairs of teachers to defend to each other their analysis of student thinking and
learning specific mathematics problems (e.g., Kowalski et al., 2018; White et al., 2013).

e Have the workshop facilitator engage teachers in group discussions about specific
student thinking issues (e.g., Kowalski et al., 2018; Goldenberg et al., n.d.).

Situate in e Use videos of actual classroom interactions to guide workshop discussions (e.g.,
classroom Kowalski et al., 2018; Wilson et al., 2017).
contexts e Use improvisational teaching games, plan through visualization exercises, and

draft lesson plans (e.g., Knudsen et al., 2015; You & Kapila, 2017).

PD programs that used these principles showed some initial promise in improving teachers’ PCK
(e.g., Knudsen et al., 2015; Kowalski et al., 2018). Project Spotlight 2 also presents some design
challenges. Reflecting their design and development goals, these DRK-12 studies often did not
aim to use rigorous causal designs. In several studies, teachers’ PCK increased from before to
after a PD intervention, but these pre-post designs provide weak causal evidence because
change across time could result from other factors (e.g., retesting effects, natural growth of
PCK; Marsden & Torgerson, 2012). Some studies used more rigorous experimental or quasi-
experimental designs with comparison groups (e.g., Jacobs et al., 2019; Wilson et al., 2017). But
even for those, the study reports generally lacked key information (e.g., attrition, baseline
equivalence) needed to assess study quality. Our review of the study reports (see Table B2 in
Appendix B) indicates that likely none would meet the U.S. Department of Education’s
standards for high-quality causal evidence (i.e., WWC Group Design Standards; WWC, 2020),
except for one low-attrition randomized controlled trial (Jacobs et al., 2019).

Summary

DRK-12 projects that investigated the development of teacher PCK were often early-phase
intervention studies of PD programs. Results suggested several practical design considerations
and challenges for fostering teacher PCK. This initial evidence provides opportunities for larger
scale research evaluations, but DRK-12’s current portfolio of causal evidence would not yet
support the widespread adoption of the developed PD programs.
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Project Spotlight 2: Development of PCK

Energy: A Multidisciplinary Approach for Teachers (EMAT): Designing and Studying a Multidisciplinary,
Online Course for High School Teachers (NSF award #1118643; funded amount = $3.1 million)

Why Spotlight This Project?

This project used a mixed-methods approach, leveraging both quantitative and qualitative evidence,
to understand how to adapt a previously successful PCK-related intervention to a new professional
learning context: online PD spanning multiple science fields.

What Was Studied?

The study developed and tested a 10-week, 120-hour online PD summer course that covered energy
topics in high school science curricula. The course aimed to foster teachers’ PCK by engaging them in
analyzing video recordings of science teaching and learning. Two core theoretical principles drove
the design of PD materials: active learning and situated cognition.

Principle Authors’ description PD implementation

Active learning Active learning occurs when learners Teachers considered how they currently
express their current understanding, teach a topic, watched videos of student
examine new data, identify contradictions learning, discussed evidence of student
with expectations, and reflect on their ideas, and reflected on new ways to teach
revised understanding. and understand student ideas.

Situated cognition Knowledge does not exist independent of  Teachers watched videos of prior real-
social contexts and its applications. world science instruction about energy
Teachers should learn in the context of topics that teachers would likely teach in
how they might teach. their own high school classrooms.

The study also expanded the target audience of a previously successful PD intervention that used the
same video-based analysis-of-practice model. These expansions included broadening the disciplinary
focus (multiple science fields rather than a single field) and accessibility (online rather than face-to-
face), but these changes also introduced considerable challenges.

What Was Found?

Despite some positive teacher-level effects, both quantitative and qualitative evidence indicated
challenges with expanding the intervention model. The authors suggested to improve the online-
based implementation by providing more example lessons, extending scaffolding of the video
analysis protocols, and spacing the PD during a full school year rather than one summer.

e Quantitative evidence. Although teachers’ ability to analyze video clips of science learning (i.e.,
PCK-related measure) improved across time, the quantitative gains were about half the size as
found in the earlier face-to-face implementation. Effects on student achievement were also much
smaller.

e Qualitative evidence. Teachers’ qualitative comments about the PD course revealed insights
about the smaller quantitative gains. The researchers focused on five case study teachers.
Although some teachers raved about the course, other teachers struggled to find the active
learning opportunities helpful, desiring more feedback. Others failed to see connections between
the PD course content and their classroom practice.
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Relationship of PCK to Teaching Practice

Improving teachers’ PCK does not necessarily change teachers’ behavior and classroom
practice, though the constructs are closely related (e.g., Gess-Newsome, 2015). To empirically
characterize this relationship, we identified DRK-12 projects that included distinct measures of
PCK and teaching practice (e.g., delivered an MKT measure and conducted separate classroom
observations). We found five such projects meeting this criterion, covering content areas such
as mathematical argumentation in middle school (Knudsen et al., 2015), energy topics in
science instruction (Kowalski et al., 2018), interactive simulations in algebra instruction (Findley
et al., 2017), mathematics more broadly (Mosvold & Hoover, 2017), and science more broadly
(Wilson et al., 2017).

This section does not cover PCK measurement approaches that observe PCK in action, such as
in clinical simulations and lesson observations. Despite their affordances, these approaches
make the distinction and relationship between PCK and practice more difficult to disentangle
and study empirically. However, this section included studies that examined relationships
between other PCK measures with teaching practice as measured by lesson observations.

Findings

Project Spotlight 3, Preparing Urban Middle Grades Intervention developers

Mathematics Teachers to Teach Argumentation, details a must be intentional in
randomized experiment (n = 31 teachers) that examined the connecting lessons about
effects of a “Bridging PD” that explicitly connected MKT to PCK to concrete plans for

future classroom practice through improvisational teaching future classroom practice.

games and planning through visualization (Knudsen et al., 2015). Based on the results detailed
in Project Spotlight 2 about effects on teaching practice, the authors argued that intervention
developers must be intentional in connecting lessons about PCK to concrete plans for future
classroom practice, offering the “Bridging PD” as one example.

This point about building bridges to classroom practice aligns with the conclusions of a DRK-12-
funded review of 12 empirical studies (NSF funded or not) about how MKT relates to
mathematics teaching practice (Mosvold & Hoover, 2017). The review found that prior research
has often focused on identifying the knowledge that teachers possess, but the authors argued
that the field should focus more on detailing the work of doing mathematics teaching. Another
mathematics DRK-12 project, studying interactive simulations in algebra instruction, found that
individual differences in teachers’ use of interactive simulations in the classroom (i.e., teacher
practice) closely aligned with teachers’ beliefs (i.e., PCK) about the affordances and drawbacks
of using interactive simulations to teach mathematics concepts (Findley et al., 2017).
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In the science domain, two DRK-12 projects examined teaching practice in the context of
intervention research that trained in-service and preservice teachers to analyze video clips of
science teaching and learning (Kowalski et al., 2018; Wilson et al., 2017). Although both projects
included separate measures of teacher PCK and practice (see Table B3 in Appendix B), the study
reports did not provide analyses explicitly relating these two constructs. The reported findings,
however, provided some evidence that the PD intervention increased use of the taught

instructional strategies.

Summary

Although few DRK-12 projects included distinct measures of both PCK and teaching practice,
projects in the mathematics domain indicated several notable findings. Study authors argued
that MKT researchers should be intentional in connecting MKT to real-world teaching practice,
both in terms of designing interventions and detailing the mathematical work of doing teaching.
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Project Spotlight 3: Relationship of PCK to Teaching Practice

Preparing Urban Middle Grades Mathematics Teachers to Teach Argumentation (NSF award
#1417895; funded amount = $3 million)

Why Spotlight This Project?
As a central focus, this study aimed to help teachers connect their MKT to concrete plans for
teaching and supporting student argumentation.

What Was Studied?

The evaluation design randomly assigned 31 middle school mathematics teachers to two alternate
versions of a 2-week summer PD program.

PD week Treatment version Control version
1 Sessions about MKT Sessions about MKT
2 Bridging PD model Alternate PD content

In Week 1, both versions were identical and focused

on MKT. But in Week 2, only the treatment version Conjecturing

had a Bridging PD component that explicitly e Look for math patterns that make
connected MKT to classroom practice through sense to you

improvisational teaching games and planning e Think about more than just one case
through visualization. e Be creative

What Was Found? e Don’tjudge other people’s

. . . conjectures
e Teaching Practices to Support Argumentation.

Treatment teachers more often engaged in Justifying
teaching moves that were coded as supporting
student argumentation, such as asking open-
ended questions and encouraging the
participation of multiple students.

e Look for reasons why a conjecture is
true of false
e Consider examples and

. . . counterexamples
— Researchers studied these teaching practices P

by videotaping whole-classroom discussions

and transcribing the teacher and student talk
verbatim. e Try to convince others of your ideas,

but keep in mind that you could be

e Build off of other people’s ideas
e Generalize

— Observations were made across 2 days in
which teachers taught using materials wrong...which is OK

din Week 1 of th . i
covered in Week 1 of the program Concluding

e Student Argumentative Talk. The frequency of
student argumentative talk was approximately
twice as high in treatment than control
classrooms across the two cohort years. Also,
the average length of students’ arguments
correlated with teachers’” MKT scores.

e End an argument when your class is
convinced that the conjecture is true
(or false)

A teacher made a poster with these points

Although these findings more directly concern the during the PD workshop to make explicit the
empirical line of research about student outcomes, norms and behaviors expected from students
they also presumably reflect the impact of differing when making mathematical arguments.
teaching practices.
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Relationship of PCK to Student Learning

By developing their PCK, teachers can engage in classroom practices that better support
learning, potentially improving student outcomes. We identified five DRK-12 projects with
eligible award dates that examined the link between teacher PCK and student outcomes (see
Table B4 in Appendix B). These outcomes included students’ argumentative talk (Knudsen et al.,
2015, Lee & Walkowiak, 2016), multiplicative reasoning (Tzur et al., 2018), energy content
knowledge (Kowalski, 2016; Kowalski et al., 2018), and science achievement (Wilson et al.,
2017). Study methods included both correlational analyses and student-level impact analyses of
PCK-related PD programs.

Findings

Some DRK-12 projects directly related individual differences in Ratings of student explanation
teachers’ PCK to student outcomes. For instance, in one study, and justification discourse
ratings of student explanation and justification discourse were  were higher for teachers with
higher for teachers with higher MKT scores (Lee & Walkowiak,  higher MKT scores.

2016). The Project Spotlight 4, Project ATOMS: Accomplished

Elementary Teachers of Mathematics and Science, details this study. These findings also
conceptually align with those for another DRK-12 project on student argumentative talk in

mathematics (Knudsen et al., 2015).

However, not all projects found consistent evidence for such a teacher-student link. For
instance, in one study (n = 47 high school science teachers), teachers’ abilities to analyze video
clips of science learning did not significantly correlate with students’ content knowledge about
energy (ps > .63; Kowalski, 2016; Kowalski et al., 2018). Furthermore, teachers’ PCK increased
across time in that study, despite limited observable change in student science achievement.
Also, the earlier-mentioned project on student mathematical discourse indicated mixed
findings (i.e., significant correlations for some but not all ratings of student discourse; Lee &
Walkowiak, 2016). These findings suggest nuance of when and how teachers’ PCK shapes
student learning, resonating with the earlier conclusion that improved PCK does not necessarily
lead to improved teaching practice.

Lastly, several projects conducted simple between-group analyses to examine the student-level
effects of PD programs that included PCK-related content (e.g., Kowalski et al., 2018; Wilson et
al., 2017). These analyses, however, provide only indirect evidence of how teachers’ PCK shapes
student learning. For instance, one quasi-experimental study evaluated the impact of a PD
program aiming to bolster third-grade teachers’ understanding of students’ multiplicative
reasoning (Tzur et al., 2018). Although the study found evidence for positive effects on
students’ mathematics performance, the differences between intervention and comparison
teachers could have reflected confounds besides teachers’ PCK (e.g., learning broader teaching
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practices distinct from topic-specific knowledge about student reasoning). A statistical tool
known as mediation analysis (e.g., Lachowicz et al., 2018) could help address such limitations by
examining how intervention effects on teachers’ PCK explain student-level effects. However,
the reviewed projects generally did not use this analytic approach.

Summary

Few of the reviewed DRK-12 projects directly examined how teachers’ PCK related to student
learning. However, in two projects, student argumentative talk was rated higher in classrooms
of teachers with higher MKT scores. Intervention studies indicated opportunities for using
alternate analytic approaches (e.g., mediation analysis) that could combine analyses of
intervention effects with correlational analyses of individual teacher differences.
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Project Spotlight 4: Relationship of PCK to Student Outcomes

Project ATOMS: Accomplished Elementary Teachers of Mathematics and Science (NSF award
#1118894; total funded amount = $3.2 million)

Why Spotlight This Project?

It used a relatively large sample of novice elementary school teachers (n = 118), administered
previously validated measures of teacher mathematical knowledge and student classroom discourse,
and conducted rigorous analyses using multilevel modeling with statistical controls for covariates.

What Was Studied?

The project investigated how teachers’ MKT in the number and operations domains related to
classroom observations of student mathematical discourse.

What Was Found?

e Explanation and Justification. Teachers’ MKT scores positively correlated with ratings of student
explanation and justification classroom discourse.

— These ratings were based on classroom observations of the presence and depth of these
constructs (see the below rubric). Although this rubric includes some teacher-based indicators
(e.g., the types of questions teachers ask), most were student-based indicators.

— The relationship between teachers’ MKT and student discourse ratings remained even after
statistically controlling for covariates such as teachers’ self-efficacy, teachers’ perceptions of
school-level support for mathematics instruction, and school-level socioeconomic status.

e Mathematical Discourse Community. Teachers’ MKT scores did not significantly correlate with
ratings of mathematics discourse community.

— These ratings were based on indicators for (a) teacher’s role in discourse, (b) sense of
mathematics community through student talk, and (c) questions.

— Intheir interpretation, the authors suggested that “a teacher’s level of MKT does not seem to
influence their likelihood to solicit student ideas or allow opportunities for student-to-student
talk, but it does impact the level of questioning posed to promote students’ explanation of
ideas” (Lee & Walkowiak, 2016, p. 1249).

Example Classroom Observation Rubric (from Walkowiak et al., 2014)

6. Explanation and justification: The extent to which the teacher expects and students provide explanations/
justifications, both orally and on written assignments. NOTE: Simply “showing your work™ on written

assignments — i.e., writing the steps involved in calculating an answer — does not constitute an explanation.
Low (1, 2) Medium (3, 4, 5) High (6, 7)

Presence of Students rarely provide Students sometimes provide Students often provide
explanation and  explanations or justify explanations and/or justify explanations and/or
justification their reasoning. their reasoning. justify their reasoning.

Teachers rarely ask “what, Teachers sometimes ask Teachers often ask “what,
how, why” questions or “what, how, why” questions how, why" questions or
otherwise solicit student or otherwise solicit student otherwise solicit student
explanations/justifications. explanations/justifications. explanations/justifications.

Depth Student explanations Student explanations Student explanations rarely
of explanation often focus on procedural ~ sometimes focus on focus on procedural steps
and justification  steps and rarely include procedural steps and and often on conceptual
(procedural and  conceptual understanding  sometimes include conceptual  understanding of the
conceptual) of the topic(s). understanding of the topic(s).  topic(s).
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What Are the Key Takeaways?

This review synthesized insights from 27 NSF-funded projects, totaling $62 million awarded, that
studied PCK in PK-=12 STEM education, roughly equally split across mathematics and science
education. The projects primarily applied correlational/observational and longitudinal methods,
often targeted teaching in the middle school grades, and used a variety of approaches to measure
teachers’ PCK. The projects advanced substantive knowledge about PCK across four major lines of
research, especially regarding the measurement and development of PCK.

Measurement of PCK

One major cross-cutting contribution was methodological
) 8 8 The DRK-12 projects

expanded the toolkit for
education, some DRK-12 projects innovated on the classic MKT  jnyestigating PCK in PK-12

advances in the approaches to measure PCK. In mathematics

assessments, such as developing new measures for using visual ~ STEM education through
representations (DePiper & Driscoll, 2018; Louie & Nikula, advances in measurement.
2019) or using qualitative interviews to better understand existing MKT items (Hoover & Lai,
2017).

The history of using validated PCK measures has been shorter in science education research
than mathematics education research. But the DRK-12 projects made key methodological
advances in the science domain too, such as building measures to assess teachers’ content
knowledge for teaching energy (Etkina et al., 2018) or PCK about scientific argumentation
(Katsh-Singer et al., 2016; McNeill et al., 2014).

Both mathematics- and science-focused DRK-12 projects identified key affordances and
challenges of various measurement approaches. For instance, projects highlighted how
vignettes can ground multiple-choice PCK assessment items in specific pedagogical contexts,
but picking these vignettes requires careful design and empirical testing (Hoover & Lai, 2017;
McNeill et al., 2014; Wittmann et al., 2017).

Other projects innovated on qualitative approaches to capture teachers’ PCK, such as through
gualitative interviews (e.g., Smith et al., 2017) or observing PCK in action through lesson
observations (e.g., Robertson et al., 2017). One emerging approach was clinical simulations that
involve interactions with “standardized” students; this approach aims to observe PCK in action
but in more controlled settings than classroom teaching (Dotger et al., 2015; Dotger et al.,
2018; Shaughnessy & Boerst, 2018; Shaughnessy et al., 2018).

Overall, the DRK-12 projects expanded the methodological toolkit for investigating PCK in
PK—12 STEM education, especially in mathematics and science education. Selecting a specific
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measurement approach requires aligning the research goal with the method’s affordances. As
several study authors suggested, including multiple measurement approaches can help
combine the strengths of each (e.g., using cognitive interviews to understand how teachers
respond to multiple-choice items; Hoover & Lai, 2017). As illustrated in mathematics education
research, such advances in measurement are key to fostering the capacity to conduct research
on PCK and generate other substantive insights (Depeape et al., 2013).

Development of PCK

Another major strand of research in these DRK-12 projects was the development of PCK,
especially through PD programs for in-service teachers. The intervention studies were generally
early-phase investigations, often focused on designing and refining new PD programs. The
studies indicated some common design principles for fostering teachers’ PCK, such as

(a) analyze student work, (b) engage teachers in active learning, and (c) situate the PD in
classroom contexts.

PD programs that employed these design principles showed some promise of improving
teachers’ PCK. However, limitations in the evaluation designs and study reporting prevented
our synthesis from drawing any strong causal conclusions. For instance, among the reviewed
DRK-12 projects, we did not find any evaluation of PCK-related interventions that would have
met WW(C standards for high-quality causal evidence based on the study report alone, except
for one low-attrition randomized controlled trial (Jacobs et al., 2019).

The limitations in causal evidence likely reflect these projects’ design and development goals
(e.g., creating prototypes and proofs of concept). In other words, conducting large-scale
randomized controlled trials was premature for the exploratory goals of many of these projects.
Nevertheless, these considerations suggest opportunities for causal evaluation in future
research.

Relationships With Teaching Practice and Student Learning

Compared with projects characterizing and improving teachers’ PCK, fewer investigated the
relationship between teachers’ PCK with teaching practice and student learning. However, the
projects that investigated these relationships indicated the value of doing so.

One key message was that PD invention developers should be intentional in connecting lessons
about PCK to concrete plans for improving classroom practice and student learning (Mosvold &
Hoover, 2017). For instance, the Preparing Urban Middle Grades Mathematics Teachers to
Teach Argumentation project (see Project Spotlight 3) investigated the concept of a “bridging”
model that explicitly connected PD lessons about PCK to classroom practice through
improvisational teaching games and planning through visualization (Knudsen et al., 2015). The
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project’s randomized experiment found that this bridging component was essential to foster
teachers’ use of practices to support student argumentation in the classroom.

Projects that investigated these relationships tended to do so in two main ways: (a) correlations
between PCK with teaching practice and student outcomes and (b) effects of PCK-related
intervention on student learning outcomes. Results from the second approach were ambiguous
because the study design did not isolate the unique role of teacher’s PCK specifically. These
considerations suggest opportunities for future research to better understand the mechanisms
of how PCK shapes teaching practice and student learning (and how teaching experiences
reciprocally enhance PCK).

Opportunities for Future Research

In this section, we consider opportunities and priorities for future research, critically examining
potential gaps in the DRK-12 portfolio. We focus on ways that the construct of PCK can help
future NSF-funded researchers advance DRK-12’s central mission to enhance STEM teaching
and learning in grades PK—12. Our commentary centers on intervention research (e.g.,
developing and evaluating PD programs) or research that directly informs intervention studies
(e.g., creating PCK measures that can serve as outcomes). We organized our reflections? based
on three main categories: (a) aligning theoretical and measurement models of PCK,

(b) developing causal evidence, and (c) understanding mechanisms of change. These three
categories map onto the major lines of PCK research reviewed earlier (the nature of PCK, the
development of PCK, and the relationship to teaching practice and student learning).

Aligning Theoretical and Measurement Models

The methodological advances in PCK measurement offer several opportunities for using the
construct of PCK to improve STEM teaching (Uzzo et al., 2018). For instance, assessments of
PCK can allow teachers to understand PCK concretely and diagnose limitations in their current
professional knowledge base. Moreover, intervention studies require validated PCK
assessments if they aim to empirically understand how to improve teachers’ PCK.

Taking advantage of these opportunities, however, also requires aligning the measurement
models with the theoretical models of PCK. Our report started by reviewing some of the major
controversies in defining and conceptualizing PCK in mathematics education (e.g., Depaepe

et al., 2013) and science education (e.g., Gess-Newsome, 2015). Part of the approach to resolve
these controversies has been to recognize the multifaceted nature of PCK. For instance, the
refined consensus model in science education (Carlson et al., 2019) describes three kinds of PCK

3 Two external content experts also contributed significantly to these synthesis reflections: Stephen Uzzo at the New York Hall
of Science (expert on PCK in science) and Paola Sztajn at North Carolina State University (expert on PCK in mathematics).
However, this section does not necessarily reflect their endorsement of our reflections.
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(enacted, personal, and collective) while also making further distinctions with those broad
categories (e.g., grain size at the discipline, topic, and concept levels). Other distinctions
between types of PCK include components such as knowledge about student thinking versus
instructional strategies versus curriculum (Depaepe et al., 2013). Furthermore, complexities in
content knowledge for teaching frameworks (e.g., MKT) include distinguishing between PCK
and specialized content knowledge (Petrou & Goulding, 2011).

The multifaceted nature of PCK offers another way to contrast measurement approaches. For
instance, lesson observations and clinical simulations would be well suited for studying enacted
PCK (i.e., as used in specific teaching scenarios), whereas quantitative tests of PCK are suited for
studying personal PCK (i.e., a teacher’s reservoir of knowledge). Hence, one goal for future
research would be to draw from emerging conceptual models of PCK (e.g., Carlson et al., 2019)
and systematically map their components to concrete PCK measures and measurement best
practices (e.g., Liepertz & Borowski, 2019).

Given practical constraints, any individual project likely will not be able to attend to and
measure all possible aspects of PCK, even if the project constrains the content area focus (e.g.,
limiting to PCK about photosynthesis). Such limitations are sensible from the perspective of an
individual researcher. Nevertheless, these constraints pose considerable challenges for the field
when developing unifying principles to link the small facets of PCK examined in individual
studies to a united whole. Progress in the field will likely come from both top-down approaches
(e.g., conceptual models guiding new research) and bottom-up approaches (e.g., such as this
synthesis of past empirical research).

Developing Causal Evidence

The reviewed DRK-12 portfolio produced promising proofs of concept but limited causal
evidence on what interventions can improve teachers’ PCK. For any specific funded project,
such limitations may appropriately reflect the scope and goals of early-phase intervention
design research. However, we see cause for concern if the aggregate portfolio of funded work
has major limitations in providing larger scale, causal evidence. Such limitations suggest that
this portfolio of DRK-12 research may be many years away from using the concept of PCK to
advance DRK-12’s mission to significantly enhance PK—12 STEM teaching and learning at a
national scale.

Using research to enhance educational practice likely requires an ecosystem of coexisting,
distinct research types that mutually inform each other, as described in NSF’s and the Institute
for Education Sciences’ (2013) Common Guidelines for Education Research and Development. In
this respect, we do not wish to criticize specific exploratory or development projects, for which
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providing strong evidence of effectiveness is not a reasonable . .
The time may be especially
expectation. Rather, we note that such initial design research ripe for more DRK-12 impact
creates the preconditions that warrant studies on intervention  studies on promising
efficacy and scale-up (Sztajn et al., 2017). The time may be interventions for enhancing
especially ripe for more DRK-12 impact studies on promising teachers’ PCK.

interventions for enhancing teachers’ PCK.

In some cases, improving the causal evidence base could be addressed through better reporting
practices, such as providing key information on attrition in randomized designs and baseline
equivalence in quasi-experimental designs. In other cases, the study designs themselves would
need improvement. For instance, many reviewed studies simply examined change across time
in one group of teachers, with no comparison group of teachers to help rule out alternative
explanations. Only three of the 27 projects we reviewed included a randomized experiment.

Understanding Mechanisms of Change

Although many projects studied PCK-related interventions, far fewer examined how improving
PCK can affect teaching practice and student learning. This limitation is especially important
because the projects with relevant evidence showed that the relationships between PCK,
teaching practice, and student learning are far from straightforward.

In some cases, the available data in these projects indicated opportunities for more
sophisticated modeling approaches that could address some of these limitations. Some projects
evaluated the effects of PD programs separately for PCK, teaching practice, and/or student
learning outcomes. Although separately examining these outcomes is a useful starting point,
that approach does not directly shed light on the unique role of PCK in the mechanisms of
change. For instance, if an intervention included both PD about PCK and new curriculum
materials, any changes in teaching practice or student learning could result from the new
curriculum materials rather than improvements in PCK.

A statistical tool known as mediation analysis (MacKinnon et al., 2007) could address such
limitations by investigating how improvements in PCK mediate changes in teaching practice and
student learning. Notably, some reviewed projects already have the data to apply this approach
(e.g., intervention studies that already measured both PCK and teaching practice). Mediation
analysis is not a panacea, but it can offer insight on mechanisms of change. Mediation models
also offer ways to move beyond simple bivariate correlations in observational, nonintervention
research, allowing the researcher to specify structural relationships between constellations of
constructs and compare model fit with alternate model specifications (Preacher, 2006).
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Investigating PCK within a broader constellation of relevant teacher and student constructs can
offer several benefits for other lines of PCK research as well. For instance, consider if an
intervention study finds that measures of PCK did not mediate changes in teaching practice and
student learning. That finding could both prompt changes in the measurement of PCK (e.g.,
perhaps the measure was not well aligned with the types of PCK needed in real-world
classroom instruction) and in interventions to develop PCK (e.g., perhaps the lessons about PCK
were not well tailored to real-world instruction).

Conclusions

Teacher PCK is a complex, multifaceted construct that is widely seen as foundational to the act
of teaching. Our synthesis focused on how recent DRK-12 projects have studied PCK, including
its measurement, development, and relationship to teaching and student learning. The recent
advancements in measurement approaches make PCK a topic ripe for further exploration,
especially in PK=12 mathematics and science education. Several intervention studies yielded
promising proofs of concept and design principles for improving teachers’ PCK, providing
opportunities for larger scale causal evaluation in future research. Limitations in the reviewed
DRK-12 portfolio also suggest opportunities for studying how PCK fits into a complex system of
broader teacher professional knowledge, teacher practice, and student learning. Future
intervention research, for instance, could advance understanding about mechanisms of change
by studying PCK as a mediator of intervention effects on teaching practice and student learning.
Pursuing such methodological, theoretical, and empirical advances about PCK could help
support DRK-12’s mission to significantly enhance PK-12 STEM teaching and learning.
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Appendix A. Review Methodology

This supplemental appendix provides additional details about our review methodology,
including the procedures to select the NSF projects, as well as search, select, code, and
synthesize their products.

Project Selection

From NSF’s website, we searched for awards meeting the following criteria: (a) had an original
award date between January 1, 2011, to December 31, 2015; (b) were tagged with DRK-12
program element code 7645, and (c) were active or completed. This search yielded 428 awards.
However, some awards linked to the same project. For instance, a “collaborative research”
project will have multiple NSF awards given to separate institutions, though the awards are part
of the same project. After removing duplicate awards based on matching titles and abstracts,
we identified 376 unique projects. We selected the award date range to focus on projects that
were recently completed or are close to completion.

When screening projects for their relevance to PCK, we defined PCK as the knowledge of,
reasoning behind, and planning for teaching a specific educational topic or domain (Gess-
Newsome et al., 2015, p. 36). Some award abstracts mentioned the term “pedagogical content
knowledge” explicitly, whereas others described the concept in other ways (e.g., “teachers’
knowledge of students’ thinking”). One team member screened the award abstracts for
relevance, and another team member reviewed those decisions, discussing any discrepancies
with the entire team.

The award abstracts have at least two major limitations: (a) they are brief synopses that likely
do not capture the full extent of each project’s goals and (b) the project goals may change
between the time of award and the time of research. We therefore took two steps to help
minimize false negatives and positives (e.g., false negatives are relevant projects missed by our
abstract review). First, we shared the list of initially identified projects with our NSF program
officer, asking him and other NSF program officers to flag any other PCK-related projects
awarded in the eligible time frame. Second, when in doubt, we erred on the side of inclusion, so
that we could use the associated products to inform our eligibility decisions. We removed
projects if we could not find at least one produced document that was relevant to PCK (see next
section). This process yielded 27 PCK-related projects.

Product Search

We used six sources to identify the publications and resources that the selected projects
produced: Web of Science, ERIC, PsycINFO, Google Scholar, Research.gov, and the CADRE
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website (cadrek12.org). This search strategy targeted (a) documents that referenced the
numeric award ID and/or (b) documents that project leaders listed on the Research.gov or
CADRE websites.

Using the three literature databases (Web of Science, ERIC, and PsycINFO), we searched for the
numeric award ID in the funding information search fields (e.g., the grant number field for Web
of Science). Using Google Scholar, we searched for documents whose full text contained the
numeric award ID and the terms “NSF” or “National Science Foundation.” Google Scholar can
complement searches of scientific databases by finding relevant gray literature sources
(Haddaway et al., 2015). We conducted these searches using the full list of award IDs connected
to the 27 PCK-related projects. For instance, a collaborative research project will have multiple
award IDs, and we searched for documents containing any of those award IDs. To complement
these award ID-based search methods, we developed web scrapers in the rvest package in R
(Wickham, 2019) to automatically extract citations and other resources (e.g., links to project
websites and videos) from the project-specific pages on the Research.gov and CADRE websites.
For Research.gov, this search included the public project outcome reports.

We merged the search results from these six different sources using the revtools package in R
(Westgate, 2018), yielding 333 unique citations after removing duplicates and citations that
were not associated with the 27 projects. These citations indexed a diverse set of records and
abstracts, including journal articles, conference presentations, book chapters, project websites,
project outcome reports, videos hosted on the CADRE website, and other miscellaneous
records. The median number of citations per project was eight. In addition, after identifying
these 333 citations, we sent emails to each project’s Pl listing the citations we found, asking the
Pls to provide any other products associated with the project.

Product Selection

For each NSF project, we identified between one to three products that were most closely
related to PCK. Product screening occurred in two main phases: (a) identify the products related
to PCK and (b) select the one to three products per project that were the most complete and
relevant to PCK. We limited the maximum number to three products per project for reasons of
practicality (i.e., create a manageable number of products to review) while ensuring
representation across projects.

For the first screening phase, we identified documents that reported empirical research
(quantitative or qualitative) addressing at least one of the following PCK components in a STEM
educational domain:

e Teachers’ Knowledge of Students’ Thinking. Teachers’ ideas about students’ initial
mathematical/science ideas and experiences (including misconceptions), the development
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of mathematical/science ideas (including process and sequence), how students express
mathematical/science ideas (including demonstration of understanding, questions, and
responses), challenging mathematical/science ideas for students, and the appropriate level
of mathematical/science understanding.

Teachers’ Knowledge of Instructional Strategies. Teachers’ knowledge of subject-specific
instructional strategies (i.e., strategies specific to teaching mathematics/science, such as
fostering scientific inquiry or using the predict-observe-explain pattern) and topic-specific
strategies (i.e., strategies specific to teaching particular topics within the domains of
mathematics and science, such as energy transfer, fractions, and so on).

Teachers’ Knowledge of Curriculum. Teachers’ ideas about the scope of
mathematics/science (importance of topics and what mathematics/science is worth
knowing or teaching), the sequence of mathematics/science (organizing course content for
learning), curricular resources available for mathematics/science, and using standards to
guide planning and teaching mathematics/science.

Teachers’ Knowledge of Assessment of Students’ Learning. Teachers’ knowledge of
strategies for assessing student thinking in mathematics/science and how or when to use
assessments.

Screeners considered three questions: (a) Does the study address one of the four components
of PCK? (b) Does the study address PCK in a specific STEM educational domain? (c) Is the study
an empirical research project (as opposed to literature review or other product)? Documents

were retained in screening Phase 1 if the answer was “yes” to all three questions, reducing the
number of identified citations from 333 to 201.

For screening Phase 2, we further restricted the corpus by limiting the maximum of products to

three per project, for reasons of practicality, as noted earlier. We prioritized products that were

peer-reviewed (e.g., journal article as opposed to conference poster),
the most relevant to PCK (e.g., had PCK as its central as opposed to tangential focus), and

provided the most complete reporting of PCK-related results (e.g., when similar sets of
results were reported across multiple products, such as a journal article and a conference

paper).

This report’s lead author trained junior staff on the screening Phase 1. Training steps included

(a) providing example study screening decisions during the initial training phase; (b) listing

common reasons for exclusion (e.g., study focused on student, not teacher, cognition); and

(c) conducting periodic dual screening checks on the junior screeners’ decisions. Screening
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phase 2 was, admittedly, more subjective, so the lead author conducted the Phase 2 screening
rather than training junior staff.

Product Structured Coding

We guantitatively coded the products for the presence of key features, such as the component
of PCK studied or the research methods used. The “What Was Studied?” section provides
results from this coding. As noted in that section, we coded at the product level and then
summarized frequencies at the project level (e.g., 14 NSF projects had at least one product that
studied the development of teachers’ PCK). We summarized at the project level as a meaningful
unit of analysis that gave equal weight across projects (rather than weighting toward projects
that produced many documents).

We created a sheet using Google Forms with the structured codes and text descriptions for
each coding category. For instance, the previous section provides the text descriptions for the
PCK components. The lead author trained junior staff on an example set of three study articles,
met with them on a weekly basis to address questions about the coding categories, and
reviewed their codes to help ensure consistency across coders.

Synthesis of Empirical Findings

We also summarized the studies’ empirical results in three steps. First, we coded lines of text
from the results sections using NVivo, categorizing each relevant text section on results about
PCK into one of six major lines of empirical research on PCK (see Depaepe et al., 2013, for
description of these research lines). Second, we created interpretative bullet point summaries
in Microsoft Word for each document, separately by line of PCK research. Third, we further
condensed these summaries into Tables S1-54B4 in Appendix B. We chose a qualitative
synthesis approach, rather than a quantitative meta-analysis approach, because the studies
varied widely in research methods and were often in qualitative in nature (Thomas & Harden,
2008). For instance, many studies were in-depth qualitative case studies based on interview
data, for which extraction of quantitative effect sizes and formal meta-analysis would be
inappropriate.

The six lines of PCK research were (a) the nature of PCK, (b) distinguishing PCK from content
knowledge, (c) PCK and teaching practice, (d) PCK and student learning, (e) PCK correlates, and
(f) PCK development. However, after preliminary data analysis, we dropped two lines of
research—distinguishing PCK from content knowledge and PCK correlates—because there were
few projects that directly addressed those two topics. Hence, our report instead focuses on
four lines of research: (a) nature of PCK, (b) PCK and teaching practice, (c) PCK and student
learning, and (d) PCK development.
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Limitations

Our synthesis focuses only on PCK research funded by NSF’s DRK-12 program, meaning it does
not cover the entire field of recent STEM education research on PCK. Also, due to limitations in
the award abstracts, our synthesis may not cover all recent DRK-12 projects that studied PCK. In
addition, the methods rely on publicly available publications and products (or those provided to
us by PlIs), restricting the observable data about projects to what is reported in these
documents. Lastly, the goals, interventions, methods, and outcomes of these projects varied
considerably, presenting challenges in coherently synthesizing contributions across projects.

In defense of our synthesis, however, several points are worth noting: (a) the DRK-12 program
is @ major funder of U.S.-based PK-12 STEM education research; (b) the selected projects are
likely representative of the recent DRK-12 portfolio on PCK research, even if some projects
might have been missed invertedly; (c) we took extensive effort to find relevant products,
including contacting Pls by email; and (d) dividing the results into different lines of empirical
research on PCK helped us identify meaningful themes across projects, even if the methods
varied.
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Appendix B. Supplemental Tables

Table B1. Findings About the Nature of Teachers’ Pedagogical Content Knowledge (PCK)

NSF award ID

and title

PCK
domain

Sample
size

Type of
PCK measure

Key findings related to PCK

#1119584:
Constructing and
Critiquing
Arguments in
Middle School

Science Classrooms:

Supporting
Teachers With

Multimedia
Educative
Curriculum
Materials

Science—scientific 34 middle school

argumentation

science teachers
for quantitative
survey

20 middle school
science teachers
for qualitative
interviews

103 science
teachers for PCK
instrument
development

Quantitative survey Based on the quantitative survey data (Katsh-Singer et al., 2016), teachers

with both closed-
ended and open-
ended response
formats

20- to 30-minute
semistructured
interviews

Multiple-choice
guantitative test

of low-, medium-, and high-socioeconomic status (SES) students did not
significantly differ in terms of the overall perceived pedagogical value of
argumentation or students’ capacity for engaging in argumentation.
However, compared with teachers of high-SES students, teachers of low-SES
students thought that argumentation was a more important part of their
state’s science standards (p < .05).

Three themes emerged from the interview data (Katsh-Singer et al., 2016):

e Teachers widely believe in the value of argumentation activities, but
teachers of low-SES students saw different benefits than other teachers.

e Teachers hold varying beliefs about students’ capacity for
argumentation, with many viewing low-SES students, students receiving
special education services, and English learners as less capable.

e Teachers perceive that pressure from standards and state tests can
impact their argumentation instruction, but teachers of high-SES
students perceive less of an external influence.

Another study (McNeill et al., 2014) developed a multiple-choice
assessment of teachers’ PCK about scientific argumentation. Key steps of
instrument development were (a) conceptualize the domain, (b) design
items, (c) pilot-test items with practicing teachers, (d) conduct in-depth
cognitive interviews, (e) revise items, (f) solicit advisory board feedback, and
(g) finalize items. One key lesson learned about instrument development
was that using vignettes is both a strength and weakness; although the real-
world context makes the item more authentic, this complexity makes
targeting the construct of interest more challenging.
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NSF award ID PCK Type of

and title domain PCK measure Key findings related to PCK
#1316834: Science—beliefs Preservice 30- to 55-minute  Interviews indicated different qualitative patterns, including teachers (a)
Secondary Science about teaching secondary science semistructured having narrow conceptions of the role of language and literacy in science
Teaching With science to English  teachers (sample interviews teaching; (b) having broadly optimistic expectations of how to teach English
English Language  learners size not reported  conducted before learners; (c) feeling underprepared to teach English learners; and (d)
and Literacy for analysis of professional reporting some strategies for teaching English learners, such as facilitating
Acquisition interview data) development (PD) productive student talk (Lyon et al., 2016).
intervention
#1503383: Science—infusing 16 middle school  Qualitative open- Some teachers reported that students responded well to the student-
Developing computational science teachers  ended survey centered instructional strategies (e.g., reporting that students liked working
Teachers as modeling and administered after with a partner; Lee, 2018). Of the instructional strategies taught in the PD
Computational thinking into PD intervention program, pair programming was the most commonly used strategy (9 of 16
Thinkers science and year of teachers). However, four teachers indicated how the strategies failed to live
teaching up to expectations (e.g., “students struggled with me not helping them right
away”).
#1503510: Teaching Mathematics— 3 middle school Interviews The three teachers showed three distinct patterns of belief about how the
and Learning using interactive  mathematics conducted after PD interactive simulations can be used (Findley et al., 2017):
Algebraic Thinking  simulations in teachers interventionand  «  simulations as a tradeoff: They could detract from teacher-student
Across the Middle  algebra class year of teaching interactions, so they are best used as a supplement at the end of

Grades instructional units.

e Simulations as a visual aid: They promote understanding by visually
showing the shapes of graphs and can serve as a starting point for later
classroom activities.

¢ Simulations as an advantage: They can be a central focus of
mathematics lessons to foster student engagement and create
opportunities for student discovery.
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NSF award ID
and title

PCK
domain

Type of
PCK measure

#1222777: Science—energy
Assessing, topics

Validating, and
Developing Content
Knowledge for
Teaching Energy

#1503057: Visual
Access to
Mathematics:
Professional

Development for
Teachers of English

Mathematics—
fractions/rational
numbers

362 high school
physics teachers
(Etkina et al., 2018)

25 Grade 6-9
science teachers
(Wittmann et al.,
2017)

3 high school
physics teachers

Middle school
mathematics
teachers (n =101
for randomized
trial; sample size
not reported for

Quantitative test
with constructed-
response and
multiple-choice
item formats
(Etkina et al., 2018)

Group discussion
activity during PD
workshop
(Wittmann et al.,
2017)

Qualitative video-
recorded lesson
observations
(Robertson et al.,
2017)

Quantitative
multiple-choice
test

Key findings related to PCK

The Content Knowledge for Teaching Energy (CKT-E) instrument was
developed through expert teacher item review, pilot testing, and
psychometric validation with practicing high school physics teachers.
Scoring of constructed-response items showed high interrater reliability
(90% or greater), and item response theory models demonstrated sufficient
psychometric quality (Etkina et al., 2018).

Teacher discussions centered on one item about gravitational potential
energy from the CKT-E instrument. Although teachers were aware of several
common incorrect student explanations (e.g., energy is “used up”), teachers
did not explicitly indicate that they were aware of the common metaphor of
energy as a substance-like quantity (Wittmann et al., 2017).

Study developed a qualitative methodology for inferring teachers’ CKT-E
based on analyzing classroom student-teacher interactions about students’
energy ideas. The methodology included processes for selecting relevant
classroom episodes of student-teacher interactions, as well as identifying
the task of teaching and energy content knowledge addressed. Authors
inferred teachers’ CKT-E based on how teachers (a) inferred students’ model
of energy from students’ expressions, (b) restated students’ ideas, (c) chose
an instructional activity to address a misunderstanding, and (d) evaluated
student ideas (Robertson et al., 2017).

The project developed the Mathematical Knowledge for Teaching—Visual
Representation (MKT-VR) instrument, consisting of two subscales for
content knowledge and PCK for using visual representations, such as
diagrams or drawings for teaching ratio and proportional reasoning content.
A theoretical framework for the construct of MKT-VR is also described
(DePiper & Driscoll, 2018)). A 17-item version of the MKT-VR instrument

Learners instrument was used in a randomized trial to assess the efficacy of a PD intervention for
development) teaching with visual representations (Louie & Nikula, 2019).
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NSF award ID PCK Sample Type of

and title domain size PCK measure Key findings related to PCK

#1502778: Building Mathematics— 19 elementary Think-aloud The pedagogical context—how the assessment items were positioned
Assessment Items basic arithmetic,  teachers identified interview as within a specific instructional scenario—played a critical role in shaping the
and Instructional  fractions/rational as most likely teachers reasoning leading to correct answers. This context (a) shifts tasks from being
Tasks to Build numbers having strong MKT completed 11 disciplinary tasks to being pedagogical mathematics tasks, (b) situates these
Intercommunity (10 or more years items from the tasks in contexts requiring doing mathematics with a specific pedagogical
Capacity to Develop of teaching Learning purpose, and (c) elicits mathematical reasoning specific to teaching as
Teachers’ experience) Mathematics for  professional work. The authors argued that attending to the pedagogical
Mathematical Teaching (LMT) context is essential to designing valid MKT assessment items (Hoover & Lai,
Knowledge for multiple-choice 2017).
Teaching instrument

Teachers included Systematic review The systematic review identified a tension between studies that

in 190 empirical of existing MKT conceptualize the construct of MKT in broad terms (spanning across all

studies published measures, mathematical topics) versus for a specific topic, such as teaching fractions.

between 2006 to  including both One key area of progress for the field from 2006 to 2016 was the

2013 (elementary quantitative tests development of validated instruments. The authors argued for three

school was the and qualitative priorities for future research: (a) finding common ground for engaging in

most common interviews complementary studies, (b) innovating and reflecting on method, and

grade level) (c) addressing how MKT relates to fluency in teaching and issues of

equity/diversity (Hoover et al., 2016).
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NSF award ID PCK Type of

and title domain PCK measure Key findings related to PCK
#1417838: Science—small Elementary Open-ended online Teachers’ responses to the open-ended survey responses (e.g., “Please
Knowledge Assets particulate matter teachersin Grades survey and follow- describe the ideas or misconceptions your students have that make it
to Support the and ecosystems 3-5 (n =28 for up semistructured difficult for them to learn about the particle model of matter”) tended to be
Science Instruction surveys; n =22 for qualitative vague, lacking detail needed to characterize teachers’ PCK. The interviews
of Elementary interviews) interview yielded more illuminating responses, though teachers often strayed off
Teachers (ASSET) topic. The authors argued for a combined measurement approach in which

survey responses give an overview of the teachers’ PCK and then
interviewers could probe for more detailed responses (Smith et al., 2017).

The results suggested that the elementary teachers have limited PCK about
small particulate matter as an explanatory model. The authors attributed
this lack of PCK as a lack of opportunity or need to teach about the topic in
elementary school. Only the most recent national standards (i.e., the Next
Generation Science Standards) have included the small particle model in
elementary science standards (Smith et al., 2017).

An overview chapter also described a similar survey-interview approach for
eliciting elementary teachers’ PCK about ecosystems (Smith et al., 2018).
Lastly, a systematic review surveyed the literature for studies on student
understanding and topic-specific instructional strategies about small
particulate matter and ecosystems; the aim of the review was to synthesize
such knowledge to make it more practically useful for teachers and support
their PCK development (Smith et al., 2016).
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NSF award ID PCK Type of

and title domain PCK measure Key findings related to PCK
#1316653: Mathematics— 18 elementary Open-ended The study’s analysis focused on categorizing teachers into three different
Theorizing and fractions/rational teachers in Grades survey; teachers levels of PCK (robust, limited, or lack of PCK) based on how teachers’
Advancing numbers 3-5 (mixed years of were asked to anticipated strategies were consistent with children’s typical strategies. The
Teachers’ experience) provide five definition of “typical” strategies was based on prior research on children’s
Responsive different valid thinking about fractions. Teachers in the lowest knowledge category (i.e.,
Decision Making in strategies for how lack of evidence of PCK) still often generated possible strategies, but the
the Domain of students might researchers judged those strategies to be atypical based on prior research
Rational Numbers solve a specific on student understanding about fractions (Krause et al., 2016).

fractions problem.

3 elementary Lesson Another study proposed a theoretical model in which teachers’ knowledge
teachers in Grades observations, of children’s mathematical thinking is a component of responsive teaching
3-5 including videos of that can provide opportunities for children to advance their thinking. Video
2 days of classroom observations illustrated how expert teachers used this knowledge to notice
instruction and and advance children’s mathematical thinking in classroom and one-on-one
one-on-one interactions (Jacobs et al., 2015).
interactions with
students
#1503206: Student Mathematics— 2 elementary In-depth This in-depth qualitative study illustrated how two teachers’ explanations of
Adaptive Pedagogy basic arithmetic,  teachersin Grades qualitative case students’ mathematical reasoning shifted across time from being based on
for Elementary fractions/rational  3-5 studies with teachers’ own reasoning (first-order model) toward a more explicit
Teachers numbers interviews, recognition of how students’ reasoning differs from teachers’ reasoning.
observations at PD Manifestations of this shift include (a) juxtaposing teachers’ thought
sessions, and processes with students’, (b) deepening ability to think about students’

lesson observations mathematical reasoning, (c) enhanced skills to depict students’ reasoning,
and (d) growing mindfulness and intention to use students’ reasoning to
guide instructional decisions (Hodkowski, 2018).
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NSF award ID
and title

PCK
domain

Type of
PCK measure

#1316571:

Investigating
Simulations of
Teaching Practice:

Assessing Readiness

to Teach

Elementary
Mathematics

Mathematics—
basic arithmetic

#1417769: Teaching Science,

STEM With

Robotics: Design,
Development, and

Testing of a
Research-Based
Professional
Development

Program for
Teachers

mathematics, and
engineering—
robotics instruction

47 preservice
elementary
teachers
(Shaughnessy &
Boerst, 2017)

3 preservice
elementary
teachers
(Shaughnessy et
al., 2018)

20 middle school
teachers

Qualitative
interview in a
standardized
clinical teaching
simulation
(Shaughnessy &
Boerst, 2017)

Clinical simulation
interviews and

Key findings related to PCK

This study presented novice teachers with a student’s work on a specific
addition problem, after which teachers had 5 minutes to interact with a
standardized “student” to diagnose the simulated student’s reasoning.
Researchers developed a checklist of core desired practices, including

(a) eliciting the student’s process, (b) probing understanding of key
mathematical ideas, (c) attending to the student’s ideas, and (d) deploying
other moves that support learning (Shaughnessy & Boerst, 2017).

A subsequent study contrasted this clinical simulation assessment with a
field assessment in which preservice teachers interacted with real

lesson observations elementary students. The study focused on three specific teachers who

were chosen to illustrate individual differences. The results showed the
simulation and field assessments each offered unique affordances and
challenges. Although the field assessment has greater authenticity of
representing real-world teaching practice, the variability of students and
situationally specific demands presents interpretational challenges; the
simulation assessment addresses this issue with a standardized student, but
the simulation has less real-world authenticity (Shaughnessy et al., 2018).

Quantitative survey Teachers had the lowest self-efficacy for the technical knowledge (TK)

about teachers’
PCK and the
perceived teacher
knowledge
requirements for

component (e.g., “I have the technical skills that | need to teach my
robotics-based lesson”) but had higher self-efficacy for the PCK component
(e.g., “I can select effective teaching approaches to guide students’ thinking
and learning in mathematics/science in robotics-focused lessons”). The TK
component was also rated as the most important teacher prerequisite for

delivering robotics- teaching robotics-focused lessons (Rahman et al., 2017).

focused instruction
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NSF award ID PCK Type of

and title domain PCK measure Key findings related to PCK

#1316601: Engineering design 21 middle school  Engineering design The teaching portfolios included (a) instructional logs after each lesson/unit,

Engineering for All engineering teaching portfolios (b) student work, (c) instructional video clips, and (d) written reflections on

EfA teachers (qualitatively needed curricular revisions. The qualitative data illustrated the varying
analyzed using levels of understanding of how to teach engineering design. The ways that
teaching design teachers adapted the curriculum or not was one indicator of their PCK.
rubrics to infer Videos showed that some teachers addressed students’ misconceptions,
teachers’ PCK) whereas other teachers did not elicit students’ thinking and therefore could

not address students’ misconceptions (Crismond & Lomask, 2016).

These empirical findings and other studies in the broader literature
informed a theoretical framework and literature review on characterizing
teachers’ PCK for fostering design-based learning and instruction (Crismond
& Adams, 2012).

#1118772: The Mathematics— 8 preservice Clinical simulation For the mathematics study (Dotger et al., 2015), the standardized students
Science and geometry mathematics with standardized were given a four-page protocol that detailed a set of triggers—questions,
Mathematics teachers (Dotger  data (interview statements, concerns, or responses by the students—to be issued during
Simulated et al,, 2015) data qualitatively the simulation. Preservice teachers’ interactions with these students were
Interaction Model . . analyzed) coded across four primary constructs: (a) diagnosis, (b) explanation,

Science— 13 preservice . . - . .
(SIM) . . . (c) mathematics repertoire, and (d) teaching/instructional repertoire. The

biology/life science teachers . _—

. study authors emphasized how the qualitative data could offer
science, natural (Dotger et al., -, . . . . )
) opportunities for diagnosing and fostering preservice teachers’ PCK and
selection 2018)

skills for interacting one-on-one with students. The science study (Dotger
et al., 2018) applied a similar approach but in the context of student
misconceptions about natural selection.
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NSF award ID
and title

PCK
domain

Type of
PCK measure

#1316736:
Improving
Formative
Assessment

Practices: Using
Learning
Trajectories to
Develop Resources
That Support
Teacher
Instructional
Practice and
Student Learning in
CMP2

Mathematics—
teacher ideas
about learning
trajectories

#1118894: PROJECT Mathematics—

ATOMS: whole numbers
Accomplished and rational
Elementary

life science and
physical science

Teachers of
Mathematics and
Science

#1222709:
Identifying Science

Science—

electricity, model-

10 middle school
mathematics
teachers

55 preservice
teachers enrolled
in an elementary

numbers; science— education teacher

preparation
program

Preservice teachers
(unknown sample

Teaching Strategies based learning and size)

for Promoting
Reasoned

Discussions of

Concepts and
Simulations

discussions

leading classroom

Qualitative
interview data
about teachers’
instructional and
assessment
practices

Quantitative test
with
correct/incorrect
answers and
interviews

Interviews and
open-ended
surveys

Key findings related to PCK

Teachers’ descriptions of student learning sequences and common learning
obstacles differed in terms of three grain sizes: (a) grade level,

(b) instructional unit level, and (c) mathematical topic level. Teachers
generally talked about student challenges at a large grain size (e.g., students
struggle with fractions) and seldom at a finer grain sizes. Teachers also
described the instructional challenges in teaching students with gaps in
prior knowledge, such as a lack of proficiency in previously taught content
(Castro Superfine & Li, 2017).

Survey data found that preservice teachers with higher PCK also had higher
teacher self-efficacy. Interview data identified how teachers’ college
coursework and college field experiences influenced their PCK beliefs
(Thomson et al., 2016).

The average preservice teacher thought that whole-class discussions should
spend most of their time on student-generated ideas, including student
evaluation of those ideas. These teachers thought that effective strategies
for sustaining whole-class discussion include giving everyone a chance to
talk, using good questions, redirecting, and probing.
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Table B2. Findings About the Development of Teachers’ PCK

NSF award ID
and title

Teacher PCK
measure

Research design and/or
intervention

Likely WWC
rating

Key findings

#1417895: Mathematics— 31 middle
Preparing Urban similarity, school
Middle Grades coordinate mathematics
Mathematics geometry teachers

Teachers to Teach
Argumentation

Randomized controlled trial MKT (quantitative
comparing alternative multiple-choice
versions of PD program measure)
(treatment and comparison).

Both versions focused on

MKT in Week 1. But in

Week 2, only the treatment

version had a bridging

Does Not Meet
WWC Group
Design
Standards

Insufficient
information
reported to
assess attrition

Both treatment and
comparison teachers” MKT
significantly increased from
before to after the PD
workshop. The report did not
indicate if this change was
greater for treatment than for
comparison teachers

component connecting MKT or baseline (Knudsen et al., 2015).
to classroom practice equivalence
through improvisational
teaching games and planning
through visualization.
#1503206: Mathematics— Two Longitudinal qualitative In-depth qualitative Ineligible for  This in-depth qualitative study
Student-Adaptive multiplicative elementary study case studies with review under illustrated how two teachers’
Pedagogy for and fractional teachersin Intervention was three, job- interviews, WWC Group explanations of students’
Elementary reasoning Grades 3-5 embedded PD experiences observations at PD Design mathematical reasoning
Teachers with a focus on building sessions, and lesson Standards shifted across time from being
teachers’ PCK about observations No comparison based on teachers’ own
students’ multiplicative group reasoning (first-order model)
reasoning (110 hours) toward a more explicit
recognition of how students’
reasoning differs from
teachers’ (see Table B1 for
more details; Hodkowski,
2018).
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NSF award ID PCK Research design and/or Teacher PCK Likely WWC

and title domain intervention measure rating

#1118643: Science— 47 in-service ¢ Pre-post longitudinal design Teacher ability to ¢ Ineligible for
Energ‘ y’: A. . energy high school Intervention was a 10-week, an.alyze V|deo'cI|ps of review under
Multidisciplinary teachers . science teaching and WWC Group
online PD summer course . .
Approach for (120 hours) focused on learning (constructed- Design
Teachers (EMAT): response format Standards

energy topics using video-

Designing and . scored with a rubric) .
Studving a Pased a.naly5|s of classroom No comparison
_\Lg_MuItidisci linar instruction. group
Online Course for
High School
Teachers
#1220635: Science— 45 preservice e Quasi-experimental with Teacher ability to e Does Not Meet
Videocases for general/ teachers from business-as-usual analyze video clips of WWC Group
Science Teaching specific content two universities ~ comparison science teaching and Design
Analysis Plus area not (based on e Intervention was a semester- /€arning (constructed- Standards
(ViSTA Plus) reported sample sizes at long methods course for response format e Insufficient
student preservice elementary scored with a rubric) information
teaching) teachers using video-based reported to
analysis of classroom assess baseline
instruction. equivalence for
the
posttreatment

analytic sample

Key findings

Teachers’ ability to analyze
videos significantly increased
after treatment (effect size
[ES] = 1.38, p < .001; Kowalski,
2016; Kowalski et al., 2018).

PCK was higher for treatment
teachers than comparison
teachers, both directly after
the methods course (ES =
1.68, p <.001) and during
student teaching (ES = 0.74,
p =.012; Roth et al., 2018;
Wilson et al., 2017).
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NSF award ID PCK Research design and/or Teacher PCK Likely WWC

and title domain intervention measure rating Key findings
#1118894: Science— 12 preservice ¢ Longitudinal design (four e Quantitative survey ¢ Ineligible for = Teachers were grouped into
PROJECT ATOMS: general/ elementary time points) on teachers’ beliefs review under  three patterns of change:
Accomplished specific content school teachers . about learning- WW(C Group (a) increasing, (b) decreasing,
e Teacher preparation . . .
Elementary area not for survey data rogram: STEM education theory-aligned Design or (c) stable beliefs about
Teachers of reported (n=3for program; science instruction Standards learning-theory-aligned
. . . researchers taught the " . ; .
Mathematics and interview data) . (e.g., “teachers . science instruction.
- science methods courses. e No comparison
Science should ask students
. group One teacher from each group
to support their .
. . was selected for in-depth case
conclusions with L .
evidence”) analysis using qualitative
' interview data (Carrier et al.,
e Qualitative 2018).
interviews about
teachers’ visions for
science instruction
#1119163: Mathematics— 88 e Quasi-experimental, pre- Quantitative test e Does Not Meet Relative to comparison
Implementing the geometry and mathematics post design with business-as- about teachers’ WWC Group teachers, treatment teachers
Mathematical algebra teachers in usual comparison (a) awareness of the Design scored higher on all four
Practice Grades5-10in o Ten 2-hour PD sessionsto  SMP, (b) readiness to Standards subscales after the PD,
Standards: the treatment increase understanding of ~ use the SMP, o Insufficient controlling for pretreatment
Enhancing group the Standards for (c) knowledge of the information scores (Goldenberg et al.,
Teachers’ Ability Mathematical Practice (SMP) SM!’, ant?l. ' reported to n.d.).
to Support the described in the Common  (d) |d.ent|f|cat|on ofthe  35sess baseline
Common Core Core Mathematics Standards SMP in examples of equivalence
State Standards mathematical thinking.
#1119342: Mathematics 50 middle e Pre-post longitudinal design MKT assessment e Ineligible for  Teachers’ MKT significantly
Investigating the school o A 1-week summer PD (Number Concepts and  review under increased across time for the
Impact of Math mathematics program, facilitated by Geometry subscales) WWC Group  Number Concepts subscale
Teachers’ Circles teachers professional Design but not for the Geometry
on Mathematical mathematicians, focused on Standards subscale. The interaction with
Knowledge for developing teachers’ e No comparison the outcome domain,
Teaching and mathematical problem- group however, was also not
Classroom solving skills significant (White et al.,
Practice 2013).
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NSF award ID
and title

PCK
domain

Research design and/or
intervention

Teacher PCK
measure

Likely WWC

#1503057: Visual Mathematics— 101 middle

Access to fractions/ school
Mathematics: rational mathematics
Professional numbers teachers
Development for

Teachers of

English Learners

#1417769: Science— 20 middle
Teaching STEM  robotics school

With Robotics: mathematics
Design, and science
Development, teachers

and Testing of a
Research-Based

Professional
Development

Program for
Teachers

Cluster randomized
controlled trial

1-year 60-hour blended
learning PD course on using
visual representations in
mathematics instruction

Pre-post longitudinal design

3-week summer PD program
(120 contact hours) about
using robotics kits to teach
standards-aligned science
and mathematics curricula

rating

Two quantitative o

multiple-choice tests: WWC Group

(a) 28 MKT items from Design

the Ratio and Standards

Proportllonal Insufficient

Reasoning subscales . .
information

and (b) 17 items from
a researcher-
developed test on MKT

reported to
assess attrition

S or baseline
with visual .
. equivalence
representations
Questionnaire about e Ineligible for
PCK self-efficacy for review under
using robotics to teach WWC Group
science concepts Design
Standards
e No comparison
group

Key findings

Does Not Meet Treatment effect was not

statistically significant for
either PCK measure. However,
relative to control teachers,
treatment teachers reported
significantly greater self-
efficacy for using visual
representations to teach
mathematics (DePiper &
Driscoll, 2018; Louie & Nikula,
2019).

Teachers’ PCK self-efficacy
significantly increased after
the professional development
workshop (ES = 0.68, p < .001;
You & Kapilla, 2017). A
qualitative study with 4
teachers indicated their
perceptions of different
student challenges with
learning from the curriculum
(Brill et al., 2016).
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NSF award ID PCK Research design and/or Teacher PCK Likely WWC

and title domain intervention measure rating Key findings
#1316736: Mathematics— 10 middle ¢ Longitudinal design (teachers Qualitative interview ¢ Ineligible for Results about change across
Improving teacherideas school interviewed at least 3 times data about teachers’ review under  time in teacher PCK were not
Formative about learning mathematics during the first year of the  instructional and WWC Group reported in the conference
Assessment trajectories teachers PD program) assessment practices Design abstracts (Bragelman et al.,
Practices: Using . Standards 2017; Castro Superfine & Li,
- e The PD program included o
Learning . . 2017). Other results indicated
- ) formative assessment ¢ No comparison . o
Trajectories to . challenges in delivering the
resources, an online group . .
Develop online professional

platform, and sessions about
learning trajectories of
algebra concepts.

development, such as
reflection fatigue and
inequitable participation

Resources That

Support Teacher
Instructional

Practice and (Bragelman et al., 2017).
Student Learning

in CMP2

#1222709: Science— 17 preservice ¢ Pre-post longitudinal design Quantitative survey ¢ Ineligible for  Teachers significantly
Identifying perceptions teachers « 8-week course unit (32 about the perceived review under increased in their beliefs
Science Teaching about whole- (intended hours) for preservice importance of whole- WWC Group about the usefulness of
Strategies for classroom grade levelnot  taachers about leading classroom discussions Design whole-classroom discussions
Promoting discussions in  reported) model-based whole- in science classes Standards in science classes, in addition
Reasoned science classroom discussions in « No comparison to the importance of fostering
Discussions of science classes group specific science inquiry
Concepts and activities (e.g., have students
Simulations make predictions) within

those whole-class discussions.

Also, the percentage of
classroom time that teachers
thought should go to whole-
class discussions increased
from 18% to 36%, whereas
the percentage of time spent
on lectures decreased
(Williams & Clement, 2014).
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NSF award ID PCK Research design and/or Teacher PCK Likely WWC

and title domain intervention measure rating Key findings
#1317068: Science— 90 elementary e Single-group observational No explicit indication e Ineligible for  The project aimed to build
Improving teaching science study of PCK being measured  review under  professional development
Competency in  scientific teachers . . WW(C Group resources for fostering
. e Planning and reflection tool, . , .
Elementary practices . . . Design teachers’ PCK, but the project
- . paired with a video database .
Science Teaching . Standards outcomes report did not
of classroom episodes and - s
. . indicate if this outcome was
professional development e No comparison .
evaluated (Darling-Hammond,
group
n.d.).
#1503280: Science—high High school e Cohort control design in Quantitative test with ¢ Does Not Meet Poster described the study
Science Teachers school biology biology which comparisons are made correct/incorrect WWC Group design but not results because
Learning from teachers with an earlier school year  answers Design the project was in the
Lesson Analysis (unknown e Professional development Standards development phase at the
(STeLLA): High sample size) focused on video-based e School yearis a time of the presentation
School Biology analysis of science lessons confounding ~ (Wilson, 2016).
factorina
cohort control
design.
#1503399: An Mathematics— 103 middle e School-level randomized Multiple quantitative ¢ Meets WWC Intervention teachers
Efficacy Study of geometry school and high controlled trial tests, including the Group Design increased in all knowledge
the Learning and school « 9-day PD program Diagnostic Science Standards measures pre to post, but
Teaching mathematics Assessments for Without only significantly more so
Geometry teachers Middle School Reservations  than control teachers for the
Professional Teachersand a o Low-attrition  PCKmeasures tailored to the
Development separate set of PCK cluster-level intervention (Jacobs et al.,
Materials: assessments tailored randomized 2019).
Examining Impact to the intervention controlled trial Another study provided an in-
and Context- depth description of the PD
Based . curriculum, focusing on video-
Adaptations based analysis of instructional

episodes (Seago et al., 2018).
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Table B3. Findings About the Relationship of Teachers’ PCK With Teaching Practice and Quality

NSF award ID and
title

Teacher PCK
measure

Research design
and/or intervention

Teaching practice

PCK domain measure Key findings

Sample size

#1417895:

Preparing Urban
Middle Grades
Mathematics
Teachers to Teach

Argumentation

Mathematics—
similarity,
coordinate
geometry

31 middle
school
mathematics
teachers

Randomized
controlled trial
comparing
alternative
versions of PD
program
(treatment and
comparison)

Both versions
focused on MKT
in Week 1. But in
Week 2, only the
treatment version
had a bridging
component
connecting MKT
to concrete plans
for classroom
practice.

MKT
(quantitative
multiple-choice
measure)

Videotaped
classroom practice
observations

Treatment teachers more
often engaged in teaching
moves that were coded as
supporting argumentation,
such as asking open-ended
questions and encouraging
the participation of multiple
students (Knudsen et al.,
2015).

The study also reported that
teachers’ MKT correlated
with argumentative talk in
the classroom, though it is
unclear if this result meant
that teachers’ MKT correlated
with teaching moves versus
student talk. Presumably, a
correlation with student talk
should be mediated by
teaching practices.
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NSF award ID and

title PCK domain

Sample size

Research design
and/or intervention

Teacher PCK
measure

Teaching practice
measure

Key findings

#1118643: Energy:
A Multidisciplinary
Approach for
Teachers (EMAT):

topics

Science—energy

47 in-service
high school
teachers

e Pre-post
comparison at the
teacher level

e [ntervention was

Teacher ability
to analyze video
clips of science
teaching and

Videotaped
classroom practice
observations
(coded for use of

Teachers’ use of the taught
instructional strategies
tended to increase across
time, but the change was

Designing and a 10-week, online, learning instructional nonsignificant (p = .063).
Studying a video-based PD (constructed- strategies taught Preintervention teacher
Multidisciplinary, summer course response format  in the PD practice did not predict
Online Course for (120 hours) scored with a program) postintervention teacher
High School focused on energy ~ fubric) practice, but it is unclear from
Teachers topics. the report how MKT
correlated with teacher
practice (Kowalski et al.,
2018).
#1503510: Mathematics— 3 middle school Observational study Qualitative Qualitative Individual differences in
Teaching and using interactive  mathematics conducted after PD interviews analysis of lesson teachers’ use of interactive
Learning Algebraic  simulations in teachers intervention and a plans simulations in the classroom
Thinking Across the  algebra class year of teaching (i.e., teacher practice) closely
Middle Grades using interactive aligned with teachers’ beliefs
simulations (i.e., PCK) about the
affordances and drawbacks of
using interactive simulations
to teach mathematics
concepts (Findley et al.,
2017).
#1502778: Building Mathematics— Literature Literature review of Mostly Mostly qualitative  The review found that prior
Assessment Items several topics review of mostly qualitative, qualitative approaches, such research has often focused on
and Instructional 12 empirical observational studies approaches, as classroom identifying the knowledge
Tasks to Build studies of how such as observations that teachers need and
Intercommunity MKT relates to interviews possess, but the authors
Capacity to teaching argued it would be more
Develop Teachers' practice (most useful to focus on detailing
Mathematical studies had the work of doing
Knowledge for fewer than mathematics teaching
Teaching 10 teachers) (Mosvold & Hoover, 2017).
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NSF award ID and

title

PCK domain

Sample size

Research design

and/or intervention

Teacher PCK
measure

Teaching practice
measure

Key findings

#1220635:
Videocases for
Science Teaching
Analysis Plus
(ViSTA Plus)

Science—specific
content area not
reported

45 preservice
teachers from
two
universities
(based on
sample sizes at
student
teaching)

Quasi-
experimental
with business-as-
usual comparison

Intervention was
a semester-long
methods course
for preservice
elementary
teachers using
video-based
analysis of
classroom
instruction.

Teacher ability
to analyze video
clips of science
teaching and
learning
(constructed-
response format
scored with a
rubric)

Video-recorded
lessons during
preservice
teachers’ field
student teaching
(the process for
coding and
analyzing these
videos was not
reported in Wilson
et al., 2017)

Teacher practice scores were
higher for treatment teachers
than comparison teachers

(ES =2.05, p <.001). Baseline
equivalence was not reported
for this quasi-experimental
study (Wilson et al., 2017).
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Table B4. Findings About the Impact of Teachers’ PCK on Student Learning Outcomes

NSF award ID
and title

Teacher PCK
measure

Student
outcomes

Research design and/or

PCK domain Sample size intervention Key findings

#1417895: Mathematics— 31 middle school ¢ Randomized controlled MKT (quantitative Student The frequency of student
Preparing Urban similarity, mathematics trial comparing alternative multiple-choice  argumentative argumentative talk was higher
Middle Grades  coordinate teachers for versions of PD program measure) talk (classroom in the treatment group. The
Mathematics geometry randomized (treatment & comparison) observations) average length of student

Teachers to
Teach
Argumentation

controlled trial
(unknown number
of students)

Both versions focused on
MKT in Week 1. But in
Week 2, only the
treatment version had a
bridging component
connecting MKT to

classroom practice through

improvisational teaching
games and planning
through visualization.

argumentative talk was related
to teachers’ MKT (Knudsen
et al., 2015).

#1503206: Mathematics— e 7teachersfor e Two research designs were Teacher PCK was Students’ e For the quasi-experimental
Student- multiplicative quasi- used: (a) quasi- not measured in  multiplicative study, pre-post gains were
Adaptive and fractional experimental experimental comparison this study on reasoning (5-item larger for students of
Pedagogy for reasoning comparison in at one school and (b) pre- student outcomes written intervention teachers versus
Elementary Grades 3-5 post gains at two schools  (Tzur et al., 2018). quantitative comparison teachers (Tzur
Teachers e 205 e Intervention was three, assessment) etal., 2018).
elementary job-embedded PD e For the pre-post study,
school students experiences with a focus students made significant
for quasi- on building teachers’ PCK gains in their multiplicative
experimental about students’ reasoning (Tzur et al., 2018).
comparison multiplicative reasoning
(110 hours).
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NSF award ID Research design and/or Teacher PCK Student

and title PCK domain Sample size intervention measure outcomes Key findings
#1118643: Science—energy e 47 in-service e Quasi-experimental Teacher ability to Student content e The estimated effect on
Energy: A topics high school comparison using students analyze video clips knowledge about student knowledge was 0.13
Multidisciplinary teachers from a prior cohort (same of science energy topics standard deviations and
Approach for e 2,462 high teachers but students from teaching and (35-item nonsignificant (in contrast to
Teachers school students  the preintervention year) learning multiple-choice a 0.68 standard deviation
(EMAT): e Intervention was a 10- (constructed- quantitative test) significant effect in a prior
Designing and week, online PD summer  response format randomized controlled trial
Studying a course (120 hours) focused Scored with a with a face-to-face
WYL on energy topics using rubric) implementation of the PD)
Online Course video-based analysis of e Teachers’ ability to analyze
for High School classroom instruction. videos also did not
Teachers significantly predict student

outcomes (Kowalski, 2016;
Kowalski et al., 2018).

#1220635: Science—specific 45 preservice e Quasi-experimental with  Teacher ability to Student science  Student achievement was
Videocases for  content area not teachers from two business-as-usual analyze video clips achievement higher for treatment versus
Science Teaching reported universities (based comparison of science assessed via comparison teachers (ES = 0.38,
Analysis Plus on sample sizes at ¢ |ntervention was a teaching and curriculum unit  p =.01). Correlations between
(ViSTA Plus) student teaching) semester-long methods learning tests during teacher PCK and student
course for preservice (ConStrUCted' preservice outcome measures were not
elementary teachers using response format teachers’ field reported (Roth et al., 2018;
video-based analysis of scored with a training Wilson et al., 2017).
classroom instruction. rubric)
#1118894: Mathematics— 118 novice e Correlational design MKT (Number and Videos of Teachers’ MKT correlated with
PROJECT number and elementary (intervention group only;  Operations teachers’ the level of student explanation
ATOMS: operations teachers no baseline data) subscale) instruction were and justification but not the
Accomplished e One-day summer PD coded for the overall level of mathematical
Elementary session before teachers’ level of student  discourse community (Lee &
Teachers of second year of teaching argumentative ~ Walkowiak, 2016).
Mathematics talk using the
and Science Mathematics
Scan Observation
measure.
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