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Abstract
Despite evidence that teacher professional development interventions in mathematics and science
can increase student achievement, our understanding of the mechanisms by which this occurs —
particularly how these interventions affect teachers themselves, and whether teacher-level
changes predict student learning — remains limited. The current meta-analysis synthesizes 46
experimental studies of preK-12 mathematics and science professional development
interventions to investigate how these interventions affect teachers’ knowledge and classroom
instruction, and how these impacts relate to intervention effects on student achievement.
Compared with controls, treatment group teachers had stronger performance on measures of
knowledge and classroom instruction (pooled average impact estimate: +0.53 SD). Programs
with larger impacts on teacher practice had significantly larger mean effects on student
achievement. However, mean effects on student achievement were not significantly related to
impacts on teacher knowledge. We discuss implications for future research and practice.

Keywords: Professional development, mathematics, science, meta-analysis
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A Meta-Analysis of the Experimental Evidence Linking Mathematics and Science
Professional Development Interventions to Teacher Knowledge, Classroom Instruction,
and Student Achievement

Strengthening children’s understanding and skills in mathematics and science is a major
focus of many nations’ education systems (e.g., National Academies of Sciences, Engineering,
and Medicine [NASEM], 2020; OECD, 2007). Given concerns about students’ preparation for a
labor market that increasingly values higher-level quantitative and communications skills
(Deming, 2017) and the urgent need in many countries to make mathematics and science
learning opportunities more rigorous and equitable (Chmielewski & Reardon, 2016), researchers
and policymakers have made significant investments in improving instructional quality in
mathematics and science classrooms. A core policy investment by which many nations seek to
improve the quality of preK-12 mathematics and science teaching is the provision of teacher
professional development (PD) (Desimone, 2009).

In the United States, the country where most of the experimental research on this topic
has been conducted, policy logic models posited that improvements in student learning would
operate through changes in teachers and teaching (see, e.g., Bethell, 2016; National Research
Council [NRC], 2007; Smith & O’Day, 1990; Wilson, 2008). U.S. policymakers in particular
targeted two areas: limitations in teachers’ knowledge of the content to be taught, and
weaknesses in classroom instruction. Pertaining to teachers’ knowledge, for example, the
National Academies’ (2010) report Rising Above the Gathering Storm, Revisited noted that pre-
service teachers in the U.S. ranked seventh among 15 nations on an international test of
mathematics content knowledge at the lower secondary level. Researchers further noted that

elementary science teachers often possess important gaps in their content and pedagogical
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content knowledge backgrounds, gaps which contribute to challenges in portraying science
content to students (Abell, 2007). Meanwhile, in the domain of instructional practice, nationally
representative observational studies concluded that mathematics instruction in U.S. eighth grade
classrooms was heavily focused on review of previously learned procedures, and offered
students limited opportunities to draw meaningful connections across mathematical concepts
(Hiebert et al., 2005), while instruction in U.S. science classrooms featured predominantly
lectures and was judged by observers as unlikely to foster student understanding of key science
content and the skills needed to conduct scientific inquiry (Banilower et al., 2006).

Limitations in teachers’ content knowledge and instructional practice led scholars and
policymakers to design policy logic models theorizing that teachers’ participation in PD would
influence teachers’ knowledge, skills, and instructional practice. Ultimately, these changes were
expected to catalyze improved student learning outcomes (Ball & Cohen, 1996; Carlson et al.,
2019; Philipp, 2007; for similar logic models in a broader range of countries, see, e.g., Bethell,
2016; Karkkainen & Vincent-Lancrin, 2013).

In line with these logic models, in the past two decades, researchers have developed a
broad range of teacher PD interventions that target facets of teachers’ knowledge, classroom
instruction, or both. Beginning in the early 2000s, the Institute for Education Sciences and
National Science Foundation’s increasing emphases on funding randomized experiments
produced a wealth of new studies of teacher PD using designs supporting causal inference.
Research syntheses indicate that studies of PD interventions tend to show positive average
impacts on students’ mathematics and science learning, although with considerable heterogeneity
in study outcomes (e.g., Blank & De las Alas, 2009; Lynch et al., 2019; Scher & O’Reilly, 2009;

Slavin et al., 2009).
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Yet despite the growing evidence base documenting the potential for PD interventions to
bolster student achievement in mathematics and science, the teacher-level knowledge and
practice mechanisms by which these investments operate remain not well understood. One
limitation lies in prior scholarship’s inability to empirically test different elements of
policymakers’ theory of action, namely that PD would generate growth in teacher knowledge,
improvements in teachers’ instruction, and that changes in one or both would predict
improvements in student achievement. A second limitation lies in the existing literature’s small
number of efforts to explain heterogeneity in programs’ impacts on teachers, i.e., testing whether
we can isolate specific program foci or characteristics that predict stronger teacher impacts.

To remediate this gap in the literature, we conducted a comprehensive meta-analysis of
contemporary experimental studies of teacher PD to empirically test several important, yet
understudied, components of the core policy logic model for PD in mathematics and science
outlined above. Specifically, we synthesized two decades of evidence on the impacts of
mathematics and science PD on teachers’ knowledge and classroom instruction. We also
investigated whether key program content and contextual factors predicted improved teacher
outcomes. We then linked interventions’ impacts on teachers’ knowledge and practice to impacts
on measures of student learning, thereby evaluating the extent to which key elements of a core
logic model supporting policy investments into instruction are borne out in the contemporary
research base. This study addresses the following research questions:

[RQ1]. What is the causal impact of mathematics and science PD interventions on

in-service teachers’ knowledge and classroom instruction?
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[RQ2] Do specific features and foci of mathematics and science PD interventions predict

stronger impacts on in-service teachers’ knowledge and classroom instruction?

[RQ3]. Are PD program-induced changes in in-service teachers’ knowledge and

classroom instruction linked to improvements in student achievement?

To address these questions, we used exclusively randomized experiments, a ‘gold standard’
research design that supports causal inference and mitigates many threats to internal validity.
Literature Review

Policymakers and researchers in many countries globally have prioritized improving
mathematics and science student outcomes for the past several decades (AAAS, 1990; NGA,
2007; NRC, 2007; OECD, 2007). Many of these efforts called for more mathematics and science
literacy among high school and college graduates, with dual attention to meeting employers’
needs and fueling innovation in the technology sector. These concerns about workforce readiness
dovetailed, chronologically, with widespread dissemination in the field of updated guidance for
how students learn content (Bransford et al., 2000), with the result that most mathematics- and
science-related policy efforts indicated a preference for conceptual understanding and application
of knowledge over rote memorization and basic skills.

Government agencies and researchers advocating for educational reforms often argued
that improving student outcomes in mathematics and science would require a coordinated
strategy aimed at changing classroom instruction. Advocates of systemic and standards-based
reforms (e.g., Smith & O’Day, 1990) recommended a structure widely adopted by policymakers
and funders (Knapp, 1997): standards, assessments, and accountability would create policy
guidance and incentives for instructional improvement. Within this structure, PD interventions

would increase teachers’ and schools’ capacity to offer improved instruction.
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What Do We Know about the Effects of Teacher Professional Development in Mathematics
and Science?

An influential stream of scholarship on teacher PD in the 2000s developed a framework
that posited that effective teacher PD should contain several common elements: content focus,
active learning, coherence, sufficient duration, and collective participation (Desimone, 2009;
Garet et al., 2001). This framework was generative to the field; however, several federally
commissioned large-scale studies that aimed to test PD containing these elements had
disappointing results (e.g., Garet et al., 2008; 2011; 2016). This raised questions about potential
refinements to the field’s conception of effective practices for teacher PD, and influenced new
scholarly efforts to conduct and synthesize a broad range of PD evaluations. We review results
from these efforts below. We organizing this review by first summarizing the evidence for
impacts on students—Ilooking at the degree to which PD interventions of the types studied in the
literature meet their ultimate goal of improving student achievement. We then review evidence
on the mechanisms by which PD achieves its results—Ilooking at the impacts on teachers’
knowledge and instructional practice.

Impacts on Students

Several reviews have examined the impacts of mathematics and science teacher PD on
student achievement. Lynch et al. (2019) conducted a meta-analysis of the research literature on
teacher professional development and curriculum improvement interventions in preK-12
mathematics and science, finding a pooled mean effect size on student achievement of 0.21 SD.
Stronger results were observed in programs that included summer workshops; assisted teachers
in using curriculum materials; emphasized improving teachers' content knowledge, pedagogical

content knowledge, and/or understanding of how students learn; and included convenings of
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teachers to discuss implementation. Taylor et al. (2018) reviewed the student learning impacts of
several types of educational programs in elementary and secondary science, including curricula
and software programs; teacher professional development; and new instructional techniques.
Interventions could be conducted in either schools or research labs, and delivered either by
teachers or other providers (e.g., researchers). The authors found that these interventions
produced a pooled mean effect size of 0.49 SD on student achievement outcomes, and that
researcher-developed tests showed larger mean effects than did standardized assessments.

Albeit not a meta-analysis, Kennedy (2016) reviewed the literature using graphical
comparisons of studies, and concluded that programs that focused on a number of different
instructional issues, including improving student behavior, bolstering student participation,
making students’ thinking and problem-solving visible, and presenting the content of the
curriculum all appeared similarly likely to improve student achievement. Programs that fostered
teachers’ intellectual involvement with the material and featured voluntary, rather than
mandatory, enroliment of teachers also tended to be more effective. Other authors have reviewed
subsets of these literatures (in elementary mathematics, Pellegrini et al., 2021; in secondary
science, Cheung et al., 2017; in elementary science, Slavin et al., 2014), or pooled math and
science programs with those focusing on a range of content areas (e.g. literacy skills, economics,
etc., Sims et al., 2023), generally finding positive student achievement effects.

Evidence on the Mechanisms by Which Teacher Professional Development Achieves its
Effects: Impacts on Teachers’ Knowledge and Classroom Instruction

Our first research question examines the impacts of PD interventions on proximal teacher

outcomes, including teachers’ knowledge and classroom instruction. As elaborated in the logic

model below, understanding impacts on teachers’ knowledge and classroom instruction are
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essential for unpacking the mechanisms by which teacher PD achieves its results. A handful of
prior reviews have examined facets of teacher-level outcomes of PD interventions. We briefly
review the methods and results from these reviews below, before describing the contributions of
the present study to the evidence base.

We identified five prior meta-analyses that examined impacts of different types of teacher
PD for a sample that included mathematics and/or science teachers on instructional practice
outcomes (Egert et al., 2018 [specific to early childhood]; Garrett et al., 2019; Kowalski et al.,
2020; Kraft et al., 2018 [specific to coaching]; Scher & O’Reilly, 2009); and one that included an
analysis of impacts of teacher training activities on teachers’ knowledge (Kowalski et al., 2020).
The earliest of these, Scher and O’Reilly (2009), reviewed the literature published through 2004
on elementary and secondary in-service teacher professional development in mathematics and
science. The authors reported pooled mean effects of teacher PD interventions on teacher
attitudes of 0.45 SD, and effects on instructional practices of 0.63 SD. However, the authors
were able to find only five studies that examined impacts on teacher attitudes, and four that
examined impacts on teacher practices. They furthered cautioned that none were randomized
trials, and many of the included studies had “significant methodological weaknesses” (p. 223),
including not requiring evidence of group baseline equivalence in quasi-experiments. Also
considering instructional practice, Garrett et al. (2019) examined the effects of in-service teacher
professional development programs across a range of content areas (e.g., reading, math, science,
social studies) on teacher practice outcomes, specifically teachers’ scores on classroom
observation indicators. Pooling across these interventions, the authors found a mean effect size

of 0.42 SD on observation scores.
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Additionally, Kraft et al. (2018) conducted a meta-analysis of teacher coaching programs,
which they operationalized as “in-service PD programs that incorporate coaching as a key
feature of the model” (p. 553), conducted with preK-12 teachers teaching in a range of content
areas (e.g., reading, math, science). Combining experimental and rigorous quasi-experimental
studies, Kraft et al. found a pooled mean impact of 0.49 SD on teacher practice outcomes. In a
meta-analysis of in-service training programs for educators in early childhood center-based care
settings, Egert et al. (2018) examined experimental and quasi-experimental studies, finding
pooled mean impacts on childcare classroom quality ratings of 0.68 SD.

Specific to science, Kowalski et al. (2020) conducted the one prior meta-analysis we
could identify that examined outcomes on teacher knowledge. The authors meta-analyzed a set
of quasi-experimental and experimental studies of science interventions for pre-service and/or in-
service teachers. Included studies aimed to improve knowledge, practices, and/or attitudes; were
conducted in either schools or research labs; and, for quasi-experiments, were not required to
demonstrate the comparability of treatment and comparison groups at baseline. The authors
found a pooled mean effect size of 0.49 SD on knowledge outcomes, and noted that effect sizes
from instructional practice and attitudes outcomes were substantially smaller than those
identified for knowledge outcomes.

Programmatic Features and Contexts of PD Programs in Mathematics and Science that
May Moderate Effects on Teacher Knowledge and Classroom Instruction Outcomes

Our second research question examines how the features and contexts of PD
interventions may moderate PD programs’ impacts on teachers. PD interventions vary on key
characteristics that may explain variation in their impacts on teachers’ knowledge and classroom

instruction. First, understanding the extent to which PD duration may predict the magnitude of
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programs’ impacts on teachers’ knowledge and instruction is important given the high costs of
both teachers’ and PD providers’ time, and the costs of substitutes to replace in-service teachers
participating in PD during school (Odden et al., 2002). While Desimone’s model included
‘sufficient duration’ as a critical characteristic of high-quality PD, shorter-duration PD programs
could potentially focus on more discrete skills, which could effectively contribute to
incrementally building teachers’ repertoires (e.g., Siegle & McCoach, 2007). Meta-analyses have
yielded disparate findings about the relationship between PD duration and student learning
outcomes (Kennedy, 2016; Lynch et al., 2019; Yoon et al., 2007), raising questions about the
links between duration and specific proximal outcomes of in-service mathematics and science
teachers’ knowledge and instruction.

As well, PD interventions may or may not include the introduction of new curriculum
materials planned for adoption in the classroom. Curriculum materials themselves may be
educative for teachers, building teachers’ content knowledge and supporting new instructional
practices (Davis & Krajcik, 2005). Grounding teacher PD in the specific context of curricular
materials may also help teachers to map PD content more directly onto their existing curriculum-
connected knowledge base and future instructional interactions (e.g., Davis & Krajcik, 2005;
Penuel et al., 2007), thereby increasing the potential for PD participation to catalyze knowledge
growth and changes to classroom instruction. Given that prior work (Kraft et al., 2018; Lynch et
al., 2019) has identified the presence of curriculum materials accompanying professional
development as a predictor of larger PD program impacts on students, it is important to
understand whether curriculum inclusion predicts stronger impacts on teachers’ classroom
instruction and/or knowledge as well.

PD interventions also vary in their programmatic foci. PD programs may or may not
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include an explicit programmatic focus on improving teachers’ knowledge, which may include
facets of teachers’ content knowledge and/or pedagogical content knowledge. Various aspects of
mathematics and science teachers’ knowledge have been conceptualized as resources for
instruction and student learning (e.g., Fennema & Franke, 1992; Institute of Medicine, 2010),
motivating teacher knowledge development as an explicit component of some PD programs. One
prior meta-analysis, Kowalski et al. (2020) did not find a significant relationship between science
programs’ inclusion of content deepening experiences for pre-service and/or in-service teachers
and the pooled teacher outcomes they examined, although they urged caution in interpretation as
nearly all of the programs they examined included content deepening.

Teacher PD programs in mathematics and science also may or may not incorporate a
focus on content-specific instructional strategies, such as mathematics-specific discussion
strategies or investigation-based approaches to teaching science; or on content-general
instructional strategies, such as strategies to improve classroom climate, incorporating frequent
quizzing, and so forth. Content-general instructional strategies may complement math- and
science-specific materials and approaches (e.g., Smith & O’Day, 1990), contributing to overall
improvements in teachers’ classroom management and practices, and potentially fostering an
improved classroom climate where teachers are better able to build and practice the knowledge
they are gleaning from PD participation.

A third programmatic focus of interest is PD programs’ inclusion of content-specific
formative assessment. Formative assessment techniques, in which teachers employ the
information they glean from assessment to strategically adjust their instruction (Black & Wiliam,
2010), can enrich both student classroom experiences and teachers’ attention to student learning,

suggesting that a focus on these approaches in PD could be expected to improve both teachers’
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knowledge and their classroom instruction.

Lastly, elements of the contexts in which interventions are conducted may influence the
effects of classroom interventions. Recognizing that PD interventions have been implemented at
different scales and in varied settings, we follow the approach of other meta-analyses in PK-12
education and explore heterogeneity of intervention impacts across contexts (e.g., Kraft et al.,
2018; Sheridan et al., 2019; Sirin et al., 2005; Stockard et al., 2018). Prior research suggests that
smaller-scale demonstration studies may be expected to yield larger impacts compared to scaled-
up versions of the programs, due to their tendency to offer more intensive resources to a limited
number of teachers (Hill, 2004, 2009). Program impacts on instructional quality did appear
smaller in the scaled-up programs reported in Kraft et al.’s (2018) meta-analysis of programs that
contain coaching, and in Garrett et al.’s (2019) study of PD programs across a range of content
areas, though not in Egert et al.’s (2018) meta-analysis of early childhood in-service programs.

At the setting level, schools in different geographic locales may experience different
contexts and resource environments that affect the comprehensiveness with which instructional
initiatives are carried through (e.g., Wilson, 2013). Meanwhile, examining the effectiveness of
instructional interventions by sociodemographic characteristics of participating students is
important given the critical need to improve mathematics and science learning opportunities for
students in high-poverty settings, students from communities of color, and students learning
English as a new language, whose access to science- and mathematics-related fields has long
been inhibited (e.g., Oakes, 1990). We are not aware of prior meta-analyses examining these
variables in the context of teacher PD.

Can We Identify Links Between PD Impacts on Teachers’ Knowledge and Instruction and

Gains in Student Achievement?



META-ANALYSIS OF PD INTERVENTIONS IN STEM 14

As described above, we hypothesized that PD interventions will affect teachers’
knowledge and classroom instruction, and that some interventions will be more effective than
others. A logical next question and the third aim of our paper is: To the extent that programs are
able to improve teachers’ content knowledge or their classroom instruction, how might this
matter for impacts on student achievement? Different scholars and policy interventions have
placed different degrees of emphasis on the importance of improving teachers’ content
knowledge versus improving their practices, raising questions about whether improvements in
knowledge or practices may be more strongly related to improvements in ultimate student
achievement. We briefly summarize these different perspectives below, to motivate our third
analysis where, using a similar approach as others (Egert et al., 2018; Kraft et al., 2018), we test
via a regression approach the relationships between PD effects on teachers and their effects on
students in the logic model.

Theorizing the Importance of Improving Teachers’ Knowledge to Strengthen Student
Outcomes

A substantial history of education scholarship and policy has been concerned with
teachers’ content knowledge, and theorized that it has a major influence on students’
opportunities to learn science and mathematics (e.g., Conference Board of the Mathematical
Sciences, 2012; Fennema & Franke, 1992; NASEM, 2007; No Child Left Behind Act, 2001;
National Research Council, 1996; Wu, 2011). For instance, beginning in the 1980s and 1990s, a
stream of research employed observations to draw attention to how weaknesses in teachers’
subject matter knowledge in mathematics and science could lead to confusing or incorrect
delivery of curricular content to students (Cohen, 1990; Heaton, 1992; Putnam et al., 1992; Stein

et al., 1990). Subsequent work developed a range of quantitative measures of facets of teachers’
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knowledge, and worked to link teachers’ scores on these measures with indicators of
instructional quality and students’ achievement gains (e.g., Jacob et al., 2018; Hill et al., 2005;
Rockoff et al., 2011). This line of research supported the argument that improving content
knowledge was likely a critical component to improving classroom instructional quality and,
ultimately, student outcomes.

Aligned with these views and this scholarship, improving teachers’ content knowledge in
mathematics and science has been a major focus of federal education policy and funding
investments in the U.S. The National Academies’ influential Rising Above the Gathering Storm
report contended that “We need to reach all K-12 science and mathematics teachers and provide
them with high-quality continuing professional development opportunities—specifically those
that emphasize rigorous content education” (p. 119). The U.S. federal government made major
investments emphasizing teachers’ content knowledge improvement. The National Science
Foundation and US Department of Education spent approximately $1.2 billion between 2002-
2007 on ‘math-science partnership programs’ which provided content-focused training for pre-
service and in-service teachers (Hill, 2011). As Kennedy (2016) observed, “There is a tendency
for critics of education to press for PD that addresses primarily, or only, subject matter
knowledge” (p. 971).

Theorizing the Importance of Improving Instructional Practice to Strengthen Student
Outcomes

In contrast with policies and interventions weighted toward improving teachers’
knowledge, other scholars have placed more relative emphasis on the importance of improving
teachers’ classroom instructional practices as central to strengthening student achievement in

science and mathematics. Early research in the ‘process-product’ literature tradition (e.g.,
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Brophy & Good, 1986) aimed to categorize facets of teachers’ instructional behaviors that were
associated with better student achievement. Observational observation research has also drawn
attention to weaknesses in instructional practices (e.g., Hill et al., 2018). For example, in a
nationally representative observational study of science classrooms, Banilower et al. (2006)
found that lecture formats dominated instructional activities, with limited time allocated to
hands-on activities or small group work.

Scholars’ emphasis on topics such as questioning (Godbold, 1973), discussion routines
(Pehmer et al., 2015), talk moves (Michaels & O’Connor, 2015), and coaching programs focused
on discussing teachers’ instruction using classroom observation rubrics (Kraft & Hill, 2018;
Wayne et al., 2023) also place an implicit emphasis on improving teachers’ practices as a central
needed lever to improve student achievement. Influential popular books have also disseminated
the message that improvements in teachers’ instructional practices are of major importance to
bolstering student achievement (Lemov, 2021). Meanwhile, many PD programs and policy
investments with a focus on instructional practices also contain a dual focus on improving
aspects of teachers’ content knowledge, reflecting the view that changes in one area could spark
or reinforce changes in another (e.g., Ball & Cohen, 1999; Clarke & Hollingsworth, 2002),
although the relative emphasis placed on teachers’ knowledge versus practices varies.

Given these different emphases, it remains unclear but important to know how PD-
induced improvements in teachers’ content knowledge and their instructional practices are
related to improvements in student learning. Only two meta-analyses that we can locate linked
teacher to student outcomes. Using a subset of studies that collected information on both
classroom instruction and student achievement, Egert et al. (2018) and Kraft et al. (2018) found

some evidence of positive correlations between impacts on instruction and improvements in
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student achievement in their meta-analyses, specific to the early childhood and teacher coaching
contexts, respectively — though in Kraft et al. (2018) this correlation was not statistically
significant. Neither study examined relationships between impacts on teacher knowledge and
impacts on student learning, nor did they examine these relationships specifically in the context
of in-service teacher PD in mathematics and science. We empirically test these questions in our
analysis.
The Present Study

The present study aims to estimate the causal effects of preK-12 mathematics and science
teacher PD on both teacher knowledge and classroom instruction, and to understand how they
correlate to student outcomes, using the most rigorous evidence available. Prior reviews, while
certainly informative, have typically examined only measures of instruction, and not specifically
in mathematics and science (e.g., Egert et al., 2018, in early childhood; Garrett et al., 2019,
across a range of content areas; Kraft et al., 2018, specific to coaching studies across a variety of
subjects). These meta-analyses largely included studies on literacy and social-emotional learning,
leaving questions about mathematics- and science-specific programs’ impacts on teacher
outcomes unanswered. One prior meta-analysis has synthesized the impacts of educator training
programs on science educators’ knowledge and practices (Kowalski et al., 2020); while quite
useful, this science-specific review did not specifically examine in-service teachers, nor did it
require that included quasi-experiments meet methodological criteria such as demonstrating
group baseline equivalence (What Works Clearinghouse, 2022).

Thus more can be learned from the literature, by specifically examining the impacts of
PD programs on in-service mathematics and science teachers using rigorous contemporary

evidence from RCTs. We further probe potential explanations for observed variations in PD
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programs’ impacts on teachers by empirically testing a set of important programmatic and
contextual features of PD studies (described below).

Second, as prior reviewers have pointed out (e.g. Garrett et al., 2019; Kowalski et al.,
2020), no existing reviews have empirically tested the links in the logic chain between
interventions’ proximal impacts on teachers and their ultimate influences on student learning.
However, doing so is quite important. The core purpose of PD investments is student learning,
and the need to understand the mechanisms that produce that learning is crucial. Therefore, the
current review takes the critical step of investigating how changes in teachers’ knowledge and
practice catalyzed by experimentally evaluated interventions predict improvements in student
achievement. This analysis approximates as closely as possible an analytic test of the system of
relationships between PD, knowledge, instruction, and student achievement.
Logic Model for the Effects of PD Interventions

Adapting the model proposed by Garrett et al. (2019), Figure 1 provides an illustration of
hypothesized pathways by which PD interventions that aim to influence teachers’ knowledge
and/or instruction may lead to changes in student learning. This model structures our analysis. In
it, teachers’ participation in a PD may lead to changes in their knowledge (Path a) and/or
changes in instructional practice (Path b); changes in instruction may also operate through
changes in knowledge (Path f). These changes, in turn, affect how teachers interact with students
in classrooms, leading to changes in student outcomes (Paths h and i). We note that while the
effects of changes to teachers’ knowledge on student outcomes logically flow through some
influence on instruction, in our analyses, we also recognize that knowledge may provide
affordances for student learning not captured via the instructional pathway. Prior meta-analyses

have primarily analyzed Paths b and i (Egert et al., Garrett et al., 2019; Kraft et al., 2019). Our
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data provided us a novel opportunity to examine Paths a and h.

Interventions may also affect student outcomes independent of teacher-level mediators,
such as through the provision of new materials and student supports (Path c). Context (e.qg.,
characteristics of the setting where the intervention was implemented; teachers’ existing beliefs,
experience, and attitudes) and intervention characteristics (e.g., intervention foci and features)
may also moderate impacts on teacher knowledge, instructional practice, and student outcomes
(Paths d, e, and g).*

Our analyses permit us to test several elements of this logic model. In our first analysis
[RQ1], we directly tested the impact of mathematics and science PD interventions on teacher
outcomes, specifically knowledge (Path a) and instructional practices (Path b). Doing so
addresses the first research question: What is the causal impact of mathematics and science PD
interventions on in-service teachers’ knowledge and classroom instruction?

Given the importance of understanding factors that may contribute to variation in
interventions’ impacts on teacher outcomes, we also examine Paths d and e, addressing the
second research question [RQ2]: Do specific features and foci of mathematics and science PD
interventions predict stronger impacts on in-service teachers’ knowledge and classroom
instruction? In contrast to other recent meta-analyses, which had more heterogeneity in content
areas and program foci, centering our analysis on mathematics and science-specific programs
allows us to test the influence of key moderators on teacher outcomes specifically within these
content areas.

In our third set of analyses, we examined the links between impacts on teacher

1 We note that while we are able to investigate the magnitude of observed relationships among specific variables,
our meta-analysis models do not permit testing potential reciprocities in these relationships (e.g. Clarke &
Hollingsworth, 2002; Goldsmith et al., 2014). As such, consistent with the tested models, we represent these
pathways unidirectionally.
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knowledge (Path h) and instructional practice (Path i) and improvements in student learning,
addressing the third research question [RQ3]: Are PD program-induced changes in in-service
teachers’ knowledge and classroom instruction linked to improvements in student achievement?

We describe our meta-analytic search procedures and analyses in the next section.

Methods
Defining Mathematics and Science PD Interventions

For the current meta-analysis, we defined mathematics and science PD interventions to
include programs that aimed to improve student learning in mathematics and science via teacher
PD for in-service teachers. This definition excludes interventions that lack an instructional
improvement component, such as afterschool tutoring programs and home-based computerized
skills practice, and those that do not involve in-service classroom teachers, such as interventions
in which researchers provided instruction directly to students. Included programs ranged from
those providing PD only (e.g., Dash et al., 2012; Jayanthi et al., 2017; Piasta et al., 2015), to that
included a relatively brief PD that focused on a set of new curriculum materials intended for
implementation (e.g., Miller et al., 2007; Resendez & Azin, 2009).

We only included studies that used randomized experimental designs. We restricted our
sample in this way to ensure that teachers in the treatment and control groups were similar on all
observed and unobserved characteristics, meaning that differences in teacher knowledge and
instruction between the two groups can be attributed to the impact of the intervention. We
excluded studies that formed treatment and comparison groups in other ways (for example, by
comparing teachers who elected to participate in a PD program against teachers who did not)
because it would be impossible to disentangle the impact of the program from other factors, such

as motivation differences between the groups.
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The current meta-analysis pooled mathematics and science studies for conceptual and
technical reasons. First, many nations’ education systems have a dual focus on improving
mathematics and science education (NASEM, 2020; NRC, 2013), given the need for improved
instruction in these areas and their joint importance in preparing students for the contemporary
labor market. This has led to the funding of numerous initiatives aimed at improving instruction
in both mathematics and science (e.g., the United States’ Title II’s Math-Science Partnerships
[Hill et al., 2019] and National Science Foundation’s Systemic Initiatives program [Hamilton et
al., 2003]), and motivated earlier meta-analyses that considered instructional interventions in
both mathematics and science (Blank & de las Alas, 2009; Scher & O’Reilly, 2009). Prior
research has argued that notwithstanding their obvious disciplinary distinctiveness,
mathematics and science share elements of overlapping subject matter cultures and intersecting
visions for student learning;? in turn, these historically have informed joint education policy and
federal grant funding initiatives pertaining to instruction in both content areas (Knapp, 1997).
Second, mathematics and science classroom interventions tend to share similar approaches to
improvement — e.g., the pairing of PD with curriculum materials, or providing information on
student learning as a means to changing teachers’ practice. Including both mathematics and
science studies increases our statistical power to test the efficacy of these approaches. Third, our
dual focus on mathematics and science allowed us to restrict the review to include only studies
using experimental designs that permit causal inference while maintaining sufficient statistical

power to conduct a quantitative meta-analysis.

2 As Knapp (1997, p. 232) wrote of the generation of federally supported systemic reforms that took hold in the
1990s, “The current generation of systemic reforms presumes an elaborate, ambitious vision of mathematics and
science learning, one that emphasizes the learner's understanding of central ideas and processes; application of ideas
and skills to nonroutine, complex problems; in-depth immersion in important themes and topics rather than
exhaustive coverage of material; active mental (and often physical) engagement with scientific phenomena; and
exposure to authentic, real-world phenomena, problems, and scientific activities.”
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Search and Screening Procedures

We applied the following search procedures to capture relevant published and
unpublished experimental studies of mathematics and science classroom interventions. To be
included in the meta-analysis, studies had to meet the following criteria relating to study design,
intervention, sample, and outcomes: (1) Include students in grades preK-12; (2) Focus on
classroom-level instructional improvement in mathematics and science through professional
development, which may or may not be coupled with the introduction of novel curriculum
materials; (3) Employ a randomized experimental design comparing a treatment group to a
business as usual control group; (4) Be published in 2001 or later, coinciding with the passage of
the No Child Left Behind Act, which contributed to catalyzing an increased focus on
effectiveness research in education; (5) Be written in English; and (6) Report sufficient data to
calculate one or more effect sizes for both teacher and student outcomes. Examples of excluded
studies included those focused on postsecondary education (e.g., Rust, 2011; Sullins et al., 2010)
or on subject areas other than mathematics or science (e.g., Connor et al. 2013; Farver et al.,
2009); and studies that did not use random assignment. We focused specifically on studies that
include both teacher and student outcomes because they are directly aligned with the intended
impacts of classroom interventions in our theoretical model. The review period employed is
similar to that of the What Works Clearinghouse (n.d.), which typically does not review studies
that are more than 20 years old due to significant shifts in the educational landscape and
interventions over time (WWC, n.d.).

We searched in several channels. We began by reviewing the reference lists of prior
research syntheses for studies that examined the topics of teacher PD and curriculum

improvement in mathematics and science (e.g., Blank et al., 2008; Cheung et al., 2017; Garrett et
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al., 2018; Gersten et al., 2014; Kennedy, 2016; Kowalski et al., 2020; Scher & O’Reilly, 2009;
Slavin & Lake, 2008; Slavin et al., 2009; Slavin et al., 2014; Taylor et al., 2018; Yoon et al.,
2007). We next conducted electronic library searches using the databases Academic Search
Premier, ERIC, Ed Abstracts, PsycINFO, EconL.it, and ProQuest Dissertations & Theses, for the
period 2004 to 2024, using subject-related search terms adapted from Yoon et al. (2007) and
methodology-related keywords adapted from Kim and Quinn (2013)3. We also searched the
websites of Regional Education Labs, WWC, the World Bank, Inter-American Development
Bank, Empirical Education, Mathematica, MDRC, and American Institutes for Research (AIR),
and the abstracts of the Society for Research on Educational Effectiveness (SREE) conference
for relevant materials. Lastly, we downloaded, from the NSF Community for Advancing
Discovery Research in Education and IES websites, a list of all mathematics and science award
grantees from the years 2002 to 2020. We searched electronic databases and the Web to identify
relevant studies resulting from the awards, and contacted study Pls to request reports if we could
identify no publications with impact results from their grants. We ceased materials searches in

2024. These searches yielded 12,086 records from database searches and 1,402 records identified

% The search parameters used to conduct electronic database searches are as follows: (“professional development”
OR “faculty development” OR “Staff development” OR “teacher improvement” OR “inservice teacher education”
OR “peer coaching” OR “teachers’ institute*”” OR “teacher mentoring” OR “Beginning teacher induction”;
“teachers’ Seminar*” OR “teachers’ workshop*” OR “teacher workshop*” OR “teacher center*”” OR “teacher
mentoring” OR curriculum OR instruction*) AND ( “Student achievement” OR “academic achievement” OR
“mathematics achievement” OR “math achievement” OR “science achievement” OR “Student development” OR
“individual development” OR “student learning” OR “intellectual development” OR “cognitive development” OR
“cognitive learning” OR “Student Outcomes” OR “Outcomes of education” OR “educational assessment” OR
“educational measurement” OR “educational tests and measurements” OR “educational indicators” OR “educational
accountability”) AND ("*experiment*" OR "control*" OR "regression discontinuity” OR “compared” OR
“comparison” OR “field trial*” OR “effect size*” OR “evaluation””) AND (“Math*” OR “*Algebra*” OR “Number
concepts” OR “Arithmetic” OR “Computation” OR “Data analysis” OR “Data processing” OR “Functions" OR
“Calculus” OR “Geometry” OR “Graphing” OR “graphical displays” OR “graphic methods” OR “Science*” OR
“Data Interpretation” OR “Laboratory Experiments” OR “Laboratory Procedures” OR “Experiment*” OR “Inquiry”
OR “Questioning” OR “investigation*” OR “evaluation methods” OR “laboratories” OR “biology” OR
“observation” OR “physics” OR “chemistry” OR “scientific literacy” OR “scientific knowledge” OR “empirical
methods” OR “reasoning” OR “hypothesis testing”).
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through other sources. After removing duplicates, this yielded 10,777 studies.

Second, raters screened each of the studies’ titles and abstracts to identify potentially
relevant studies that covered grades preK-12, included student outcomes, and focused on
mathematics and science-specific content and/or instructional strategies. A total of 840 studies
met the initial relevance criteria and were advanced to full-text screening. Third, the full text of
each study was examined applying more detailed content and methodological criteria listed
above, including requiring a randomized experimental research design, reporting impacts on both
teacher and student outcomes, and being published within the review period. See Figure 2 for a
PRISMA diagram.

Analytic Sample

The final sample included 46 studies contributing 200 effect sizes for teacher outcomes
and 126 effect sizes for student achievement outcomes. These included separate effect sizes for
each assessment, treatment contrast, and sample of teachers reported by the study. We also
categorized each teacher outcome as either a teacher knowledge or classroom instruction
outcome. Following others (Kowalski et al., 2020), while during initial coding we first classified
teacher knowledge measures as either content knowledge or pedagogical content knowledge
(PCK), we consolidated these measures for the analysis because PCK was measured in too few
studies to permit separate analysis, thus it was preferable to pool it with the other knowledge
measures rather than discarding the data altogether (Kowalski et al., 2020). For all analyses, we
first considered teacher knowledge and classroom instruction outcomes simultaneously, and then
considered each group of outcomes separately.

Study Coding

We developed content codes based on prior meta-analyses and the literature on
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instructional improvement (e.g., Kennedy, 2016; Kraft et al., 2018; Scher & O’Reilly, 2009). To
do so, we coded a sample of studies with an initial set of codes, and then refined the codes as
needed. Study authors and trained research assistants coded full-text studies. After establishing
interrater reliability at the start of the coding process (i.e., 80% agreement), researchers coded
studies in pairs. Each researcher in the pair first coded the study independently, then pairs met to
resolve all coding disagreements through discussion (for more details about code development,
see Lynch et al., 2019).

We grouped potential moderators into three categories: (1) intervention features; (2) PD
focus; and (3) contextual features. We first coded studies for two intervention features, which
indexed (1) whether programs combined PD with curriculum materials or provided PD only; and
(2) PD duration, measured in contact hours.

Second, we coded each study for evidence that the PD intervention included an explicit
PD focus on (a) improving teacher knowledge, which could include facets of content knowledge,
pedagogical content knowledge, and/or knowledge of how students learn; (b) content-specific
and/or content-generic instructional strategies; and/or (c) content-specific formative assessment.
These codes allowed us to examine whether programmatic focus on each of these areas
moderated program impacts on teacher outcomes. Note that, as is often the case in meta-analytic
moderator analysis, a given intervention could include more than one of these foci, for example,
foci on both improving teacher knowledge and content-specific formative assessment.

Lastly, we examined how the impacts of classroom interventions varied based on the
contextual features of the intervention, including intervention scale, setting type, and
characteristics of the student sample. To do so, we coded interventions in four ways. First, we

coded for teacher sample size as a measure of intervention scale. Second, we coded for whether



META-ANALYSIS OF PD INTERVENTIONS IN STEM 26

the intervention took place in an urban versus suburban or rural school setting, recognizing that
the geographical environments in which schools are situated are contexts that may contribute to
variation in the local resources available for classroom interventions’ implementation. Third, we
coded for demographic and socioeconomic characteristics of the student sample (e.g., the percent
of low income or free or reduced-price lunch-eligible students, the percent of emergent bilingual
students/students learning English as a new language, and the percent of students of color),
recognizing the importance of examining how interventions impact students of color and other
underrepresented groups historically marginalized in mathematics and science learning (Martin,
2009; Robinson et al., 2016). Fourth, we coded for student grade level to understand how
intervention impacts differed across preschool, elementary, and secondary grades.
Effect Size Calculation

We calculated standardized mean difference effect sizes for impacts on teacher outcomes

and student achievement outcomes using Hedges’s Q:

(Vs — ¥¢)
S*

g=Jx
Where Yy represents the average treatment group outcome, Y, represents the average control
group outcome, S* represents the pooled within-group standard deviation, and J is a correction
factor to avoid bias in small samples.

Effect sizes were calculated based on author-reported effect sizes, raw means and
standard deviations, and other author-reported results. Effect sizes were calculated using the
software package Comprehensive Meta Analysis for the majority of cases. Where possible, we
calculated effect sizes that were adjusted for covariates (e.g., pretest scores). We used the

following decision rules to calculate effect sizes: If authors reported a standardized mean

difference effect size (e.g., Cohen’s d) we converted author-reported effect sizes to Hedges’s g.
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If authors did not report a standardized mean difference effect size but reported a covariate-
adjusted mean difference (e.g., a coefficient from a regression model) and unadjusted standard
deviations, we calculated a standardized mean difference effect size and converted to Hedges’s
g. If adjusted mean differences were not reported, we calculated effect sizes based on raw
posttest means and standard deviations. If this information was not available, effect sizes were
calculated from other results (e.g., results of ANOVAs). We used the same decision rules to
calculate effect sizes for teacher outcomes and student outcomes.
Impacts of PD Interventions on Teacher Outcomes

We estimated meta-regression models to examine the impacts of classroom interventions
on teacher knowledge and classroom instruction. Many of the included studies yielded multiple
effect sizes for impacts on teacher knowledge and/or classroom instruction. We expect there are
dependencies among effect sizes within our data, which violates the assumptions of statistical
assumptions required for the use of traditional meta-analytic methods. For example, some studies
examined multiple outcome measures for one underlying construct or multiple related constructs
for the same sample. We expect the sampling errors of these effect sizes to be correlated within
the same study. These types of dependencies are referred to as correlated effects. In other cases,
we expect multiple effect sizes within the same study to be independent—for example, because
the study reports effect sizes for multiple participant samples or based on evaluations of multiple
treatments. These types of dependencies are referred to as hierarchical effects (Tanner-Smith &
Tipton, 2014).

As our sample of effect sizes is likely to include both types of dependences, we use a
correlated and hierarchical effects (CHE) model with robust variance estimation (RVE) that

combines both dependence structures. The CHE approach allows for both between-study
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heterogeneity and within-study heterogeneity in true effect sizes, and for correlations between
effect sizes from the same study (Pustejovsky & Tipton, 2021). This approach has been adopted
in recent meta-analyses (e.g., Atit et al., 2022; Vembye et al., 2024; Waheed, 2023; Wijnia et al.,
2024), and allows us to include multiple effect sizes from the same study and avoid the loss of
information that would arise from dropping effect sizes or calculating average effect sizes within
each study. The use of CHE with RVE guards against model misspecification given the
complexities inherent in datasets with dependencies among effect sizes (Tipton & Pustejovsky,
2015). We used the clubSandwich (Pustejovsky, 2020) and metafor (Viechtmbaur, 2020)
packages in R to estimate all CHE models and used the recommended value for the assumed
correlation between effect sizes of 0.80 (Tanner-Smith & Tipton, 2014).

We first estimated separate unconditional CHE models to estimate the overall impact on
all teacher outcomes, including teacher knowledge and instructional practice outcomes
simultaneously. We then estimated separate unconditional CHE models to estimate overall
impacts on teacher knowledge and instructional practice outcomes separately. An advantage of
the CHE model is that it estimate the between-studies variance component, which we report as a
measure of between-study heterogeneity in effect sizes (Tanner-Smith et al., 2016).

To examine moderators of program, impact, we first examined whether intervention
features moderated program impacts on instructional practice and teacher knowledge by fitting
conditional CHE models to examine whether impacts differed for interventions that provided PD
and new curriculum materials, rather than PD only. Second, we fit additional conditional models
to examine whether impacts differ based on PD duration by including the number of PD contact
hours as a moderator.

We then fit conditional CHE models to examine whether PD foci moderated study
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impacts on classroom instruction and knowledge outcomes. Specifically, we fit a series of
models that included indicators for whether the PD focused on aspects of teacher knowledge
(teacher content knowledge, pedagogical content knowledge, and/or teacher knowledge of how
students learn) as well as indicators for whether the PD focused on aspects of classroom
instruction (generic instructional strategies and content-specific formative assessment).

Finally, we fit conditional CHE models to examine whether impacts differed based on
features of the PD study contexts. These characteristics included the size of the teacher sample
and various student and school characteristics, including student income (percent low-income or
eligible for free or reduced-price lunch; whether a majority of students were low-income or
eligible for free or reduced-price lunch); student emergent bilingual status/status as learners of
English as a new language; student race/ethnicity; and school district urbanicity (urban vs.
suburban or rural). As patterns of missing data varied across student and school characteristics,
we estimated separate models that considered each characteristic separately.

Conditional models also featured additional study characteristics as covariates: whether
effect sizes were adjusted for covariates and whether interventions focused on mathematics or
science. There was within-study variability in some moderators and covariates (e.g., contact
hours varied across multiple treatment-control contrasts); in these cases we followed the
recommended approach of including the study-level mean (Tanner-Smith & Tipton, 2014).
Linking Impacts on Teacher and Student Outcomes

To examine the associations between intervention impacts on teacher-level outcomes and
intervention impacts on student-level outcomes, we adapted the approaches used in recent meta-
analyses (e.g., Egert et al., 2018; Kraft et al., 2018). First, we calculated mean effect sizes for

impacts on teacher outcomes and student achievement for each treatment-control contrast in our
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sample. To examine whether impacts on teacher knowledge and instructional practice are
separately associated with impacts on student achievement, we calculated three mean effect sizes
for impacts on teacher outcomes: (1) mean effect sizes for impacts on all teacher outcomes; (2)
mean effect sizes for teacher knowledge; and (3) mean effect sizes for instructional practice.

We examined the links between intervention impacts on teacher outcomes and
intervention impacts on student outcomes, rather than the correlations between teacher and
student outcomes, for two reasons. First, correlations between teacher scores on knowledge
and/or instructional practice measures and student achievement outcomes were not reported by
most studies. Second, by looking at the correlation between intervention-induced changes in
teacher and student outcomes, we get as close as possible, given the limitations of the data, to
understanding how exogenous changes in teacher knowledge and instructional practice affect
student achievement outcomes. Implicit in our approach is the assumption that intervention
impacts on student outcomes occur only through changes in instructional practice and
knowledge, which may not hold if interventions have effects on other, unobserved factors that
shape student achievement. Nevertheless, this approach is preferable to a meta-analysis of
correlations between teacher and student outcomes, as these correlations would likely be
confounded by a number of teacher, student, and contextual factors.

Some studies (k = 9) in our sample reported impacts based on multiple treatment-control
contrasts. In the presence of within-study, between-treatment variation in teacher and student
effect sizes, aggregating effect sizes to the study level could obscure the links between impacts
on teachers and students. Therefore, we calculated mean effect sizes at the treatment level rather
than at the study level to more directly test whether programs that supported improvements in

teacher outcomes also increased student achievement. We also confirmed that we obtained
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similar results if we aggregated effect sizes to the study level rather than the treatment level.

After calculating treatment-level mean effect sizes for teacher and student outcomes, we
then estimated a series of regression models predicting mean impacts on student outcomes as a
function of mean impacts on teacher outcomes. We estimated three separate models, including
each of the treatment-level mean effect sizes for impacts on teacher outcomes described above as
predictors. These models were weighted by the average of the inverse effect size variances for
teacher outcomes and featured study characteristics as covariates, including whether effect sizes
were adjusted for covariates and whether interventions focused on mathematics or science.*

As in other studies that have examined the link between intervention impacts on teacher-
level and student-level outcomes (e.g., Egert et al. 2018; Kraft et al. 2018), the data we compiled
from primary studies allow us to examine whether interventions that supported teacher
knowledge and classroom instruction also tended to have larger impacts on student achievement.
However, this analysis does not allow us to determine whether this association is causal in nature
— that is, that improvements in teacher knowledge and instruction caused an improvement in
student achievement — or because such interventions impacted other, unobserved mediators that
supported student achievement and are correlated with knowledge or practice.

Results
Study Characteristics

Table 1 provides descriptive information about the study designs and interventions in the
sample. The sample included 46 studies with 57 treatment-control contrasts, yielding a total of
203 teacher outcomes effect sizes. Of the included studies, 25 (54 percent) featured both PD and

new curriculum materials; 21 studies (46 percent) featured PD only. A majority focused on

4 As in our models examining impacts on teacher outcomes, we included the study-level mean value of covariates in
cases where there was within-study variability in the values of covariates.
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mathematics (28 studies; 61 percent) and roughly one third focused on science (16 studies; 35
percent); two studies focused on both mathematics and science (4 percent). Studies included a
mix of grade levels, ranging from preschool through high school. Interventions included an
average of 57 PD contact hours; in a majority of studies, intervention activities took place over
two or more semesters (32 studies; 74 percent). All studies were randomized controlled trials.

Table 1 also shows the foci of included interventions. A majority of studies included
professional development focused on at least one aspect of teacher knowledge, including
improving teacher content knowledge or pedagogical content knowledge, or knowledge of how
students learn (32 studies; 70 percent). The majority of studies also focused on at least one aspect
of classroom instruction. Nearly all focused on content-specific instructional strategies (45
studies; 98 percent); therefore, we were unable to examine this feature as a moderator. A smaller
proportion of studies included a focus on content-specific formative assessment (8 studies; 17
percent) and on generic instructional strategies (7 studies; 15 percent).

Table 1 also describes the contexts in which studies were conducted. On average, 62
percent of students were identified as free- or reduced-price lunch eligible or low-income, 16
percent were emergent bilingual students/students learning English as a new language, and 60
percent were students of color, among studies that reported this information. We did not screen
studies based on the country in which they were conducted. However, 45 of the 46 studies that
met the review’s inclusion criteria were conducted in the U.S; one study was conducted in the
Philippines (San Antonio et al., 2011).

The studies in our sample reported on a mix of teacher knowledge and classroom
instruction outcomes. As shown in Table 1, 55 effect sizes (28 percent) captured impacts on

some aspect of teacher knowledge in science or mathematics. The other 145 effect sizes (73
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percent) captured impacts on instructional practice. These included impacts on both
observational and self-report measures of instructional practice. Most effect sizes were based on
intervenor-developed measures (150 effect sizes; 75 percent), although some were based on
standardized (41 effect sizes; 21 percent) or other (9 effect sizes; 5 percent) measures.

Overall Average Impacts on Teacher Outcomes

Table 2 presents the results of estimating unconditional CHE models examining study
impacts on teacher knowledge and instructional practice. Across all studies, we found an average
weighted impact on all teacher outcomes of 0.53 SD (p <.001). The prediction interval based on
the estimated between-study variance in impacts indicates that true effect sizes would be
expected to range from 0.14 SD to 0.92 SD, leading to questions about the factors that may
explain the observed variability.

When we considered teacher knowledge and classroom instruction separately, we found
studies yielded positive, similarly sized mean impacts on each group of outcomes. We found an
average weighted impact on teacher knowledge of 0.54 SD (p < .001) among the 22 studies that
reported this information. Among the 36 studies with information on classroom instruction, we
found an average weighted impact of 0.49 SD (p < .001) on these outcomes. Prediction intervals
also indicated substantial between-study heterogeneity in impacts.

Our primary analysis also included evaluations of both mathematics and science
interventions. As an exploratory analysis, we also examined overall impacts on teacher outcomes
for mathematics and science studies separately, and found impacts were generally similar for
studies in both groups (Table S1; online only). Among studies focused on interventions in
mathematics, we found a mean pooled effect size of 0.45 SD (p <.001) on teacher knowledge,

and a mean pooled effect size of 0.52 SD (p <.001) on instruction. Among science-focused
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studies, we found an average weighted impact estimate of 0.70 SD (p < .001) on teacher
knowledge, and an average weighted impact estimate of 0.47 SD (p < .01) on instruction.
Intervention Characteristics and Contextual Factors that Moderate Program Impacts on
Teacher Outcomes

Next, we turn to programmatic and contextual factors that moderated impacts on teacher
outcomes. We first examined intervention features, including whether the program combined
professional development with new curriculum materials (intervention type) and teachers’ time
investments (PD duration). We did not find a significant difference in impacts on teacher
outcomes between studies that provided both PD and new curriculum materials, as compared to
PD only, regardless of whether we considered teacher knowledge and classroom instruction
simultaneously or separately (see Table 3). We did not observe a statistically significant
association between the number of PD contact hours and teacher outcomes, nor did we observe a
significant association when we replaced the continuous measure of PD contact hours with an
indicator for whether the number of PD contact hours was above the sample median.

Second, we examined PD focus on different aspects of teacher knowledge and classroom
instruction (see Table 4). Studies that included a focus on improving teachers’ knowledge had
somewhat larger mean impacts on classroom instruction than interventions that lacked this focus
(a difference of 0.23 SD; p < .10). We also found that interventions that included a focus on
content-specific formative assessment had larger impacts on classroom instruction than
interventions that lacked this focus (a difference of 0.32 SD; p < 0.05). However, programmatic
focus on generic instructional strategies did not significantly moderate impacts on instruction.
None of the programmatic foci we examined significantly moderated impacts on teacher

knowledge; however, caution is warranted in interpretation of the knowledge outcome models as
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both the study sample size and variation in the incidence of the moderators were limited (k = 22
studies; of which 82% included a knowledge focus; 14% included a focus on content-specific
formative assessment; and 23% included a focus on generic instructional strategies).

Finally, we examined whether study contexts moderated intervention impacts on teacher
outcomes. We did not observe significant relationships between intervention impacts and any of
the measured contextual features, including teacher sample size, demographic and
socioeconomic characteristics of the student sample, whether studies were implemented in urban
as compared to rural or suburban districts, and grade level (see Tables S2-S4; online only).
Linking Impacts on Teacher and Student Outcomes

Table 5 presents the results of estimating weighted regressions that tested the associations
between intervention impacts on teacher knowledge and instruction, and improvements in
student achievement. When we considered teacher knowledge and classroom instruction
together, we observed a positive, statistically significant association between treatment-level
mean impacts on teacher outcomes and treatment-level mean impacts on student achievement
outcomes. Specifically, we found that a 1 SD increase in teacher knowledge and instruction
outcomes is associated with a 0.18 SD improvement in student achievement (see Table 5).

This association is primarily driven by a positive, statistically significant association
between mean impacts on classroom instruction and mean impacts on student achievement.
Specifically, a 1 SD improvement in classroom instruction is associated with a 0.24 SD increase
in student achievement. This positive association suggests that interventions that improved
instructional practice also tended to promote student achievement. However, we note that this is
a correlational association, and not a causal link. This positive association may be because

improvements in teacher practice led to improvements in student achievement; alternatively,
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interventions that supported instruction may have also affected other, unobserved mediators that
promoted student achievement. In contrast, the association between mean impacts on teacher
knowledge and mean impacts on student achievement is positive, but smaller in magnitude and
not statistically significant (with a 1 SD increase in teacher knowledge associated with a non-
significant 0.08 SD increase in student achievement).
Publication Bias

In all systematic reviews there exists the possibility of publication bias among available
studies. We took three approaches to examine this issue in the present sample of studies.
Following conventional practices in meta-analysis we first inspected funnel plots (showing effect
sizes against their standard errors) to explore whether there is visual evidence of publication bias.
The rationale for this approach is that smaller studies (with larger standard errors) have less
precision, therefore less likely to yield statistically significant results, and therefore more likely
to be affected by publication bias. Asymmetrical patterns in the funnel plots indicate potential
publication bias. We examined three funnel plots, including plots for all teacher outcomes,
teacher knowledge only, and instructional practice only. We observed asymmetry in all three
funnel plots, providing visual evidence of possible publication bias (see Figures S1 to S3; online
only). This pattern appears somewhat more pronounced for teacher knowledge relative to
instructional practice.

Then, we conducted statistical tests for publication bias using Egger’s regression test.
This method is widely used in meta-analysis to assess potential publication bias by statistically
testing for asymmetry in the funnel plot. This method performs a linear regression of the
standardized effect sizes on their standard errors, weighted by precision (the inverse of the effect

size variance), and tests the null hypothesis that the intercept is zero (i.e., that there is not
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publication bias). If the null hypothesis is rejected this indicates evidence of publication bias
(e.g., Egger et al., 1997). Given the structure of our data which includes multiple effect sizes per
study, we performed two versions of Egger’s test. First, we aggregated effect sizes and effect
size standard errors to the study level by calculating the average effect size and average effect
size standard error across all effect sizes in each study. We then regressed the standard normal
deviation (the effect size divided by its standard error) on the inverse of the effect size standard
error. Second, we used a modified approach that regresses the effect sizes on their standard
errors, weighted by precision, which yields equivalent results as the traditional Egger’s test
(Rothstein et al., 2005), but allows us to retain multiple effect sizes per study. Specifically, we
added the effect size standard error as a moderator to the unconditional CHE model. If the
standard errors of the effect sizes predict the magnitude of the effect sizes, this similarly
indicates evidence of publication bias. We conducted both tests for all teacher outcomes, teacher
knowledge only, and classroom instruction only. Results are consistent with the presence of
publication bias, and suggest that this may be more pronounced among studies that examined
teacher knowledge (see Tables S5 and S6; online only).

Finally, we compared mean impacts on knowledge and instructional outcomes for peer-
reviewed versus non-peer-reviewed studies (see Table S7; online only). For this test, we
estimated conditional CHE models that included an indicator for whether the study was peer-
reviewed (including IES-approved publications and NCEE reports) as a moderator. We did not
observe a statistically significant difference in mean impacts between peer-reviewed and non-
peer reviewed studies. However, the direction of results suggests that peer-reviewed studies had
more positive impacts, consistent with the results described above suggesting the presence of

publication bias in our sample.



META-ANALYSIS OF PD INTERVENTIONS IN STEM 38

Results of the three approaches described above are not entirely consistent but suggest
that there may be publication bias in our sample. Findings are consistent with a recent meta-
analysis examining the impact of professional development on instructional practice which also
found evidence of publication bias (Garrett et al., 2019). This points to the importance of
searching the grey literature when capturing research in this domain and, as a field, encouraging
the publication of null findings.

Sensitivity Checks
Overall Average Impacts on Teacher Outcomes

We conducted several sensitivity checks to test the robustness of our findings to different
sample and model specifications. First, we examined whether study quality issues could bias the
results. As we include only RCTs, the main threat is attrition. Teachers frequently exit studies
due to moving between schools, grade levels, and other reasons—particularly for multi-year
studies which comprise a substantial proportion of our sample. A high degree of attrition and/or
differential attrition between treatment and control groups could lead to bias in estimates of
intervention impacts, even in the context of an RCT. We coded for attrition in our sample in two
ways: overall attrition at the cluster or student level (defined as attrition of 20% or more) and
differential attrition between treatment and control groups (defined as differential attrition of
10% or more). We estimated our unconditional CHE model after restricting the sample in two
ways: excluding studies with high overall attrition or high differential attrition, and excluding
studies with high overall attrition and high differential attrition. For both, results were similar to
our main results with the full sample (see Table S8; online only).

Additionally, effect sizes for impacts on classroom instruction represented a combination

of self-report and observational measures of instructional practice. To determine whether this



META-ANALYSIS OF PD INTERVENTIONS IN STEM 39

mix of self-report and observational outcomes could influence our estimate of the overall
average impact on classroom instruction, we first replicated our unconditional CHE model after
restricting the sample first to effect sizes based on self-report measures of instructional practice,
and then to effect sizes based on observational measures of classroom instruction. Results
indicate that the overall average impacts were somewhat larger for observational compared to
self-reported measures of instructional practice (see Table S9; online only).

Effect sizes also represent a mix of standardized, intervenor-developed, and other types
of outcome measures. Therefore, we also replicated our unconditional model after restricting the
sample to effect sizes based on standardized or intervenor-developed outcome measures, and
after restricting the sample to effect sizes based on intervenor-developed outcome measures. We
could not examine impacts on standardized or other outcome measures separately due to the
small number of effect sizes in each category. Results indicate that excluding these different
groups of outcome measures did not substantially affect the magnitude of estimated impacts on
classroom instruction or teacher knowledge (see Table S10; online only).

Linking Impacts on Teacher and Student Outcomes

We also examined the sensitivity of our findings regarding the links between impacts on
teacher and student outcomes to model specification. We confirmed that we received similar
results when we examined unweighted associations between intervention impacts on teacher and
student outcomes (see Table S11; online only), and when we examined weighted associations
between impacts on teacher and student outcomes that used mean effect sizes aggregated to the
study level rather than to the treatment-contrast level (see Table S12; online only).

Discussion

In this study, we meta-analyzed contemporary experimental research on the impacts of
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mathematics and science teacher professional development programs on teachers’ knowledge
and instructional practice, examined whether programmatic and contextual moderators explained
variation in programs’ impacts on teacher-level outcomes, and probed the extent to which
improvements to teachers’ knowledge and practices ultimately predicted students’ mathematics
and science achievement. This analysis represents a fuller test of recent policy initiatives’ theory
of action than has occurred to date.

To summarize the primary findings, we found that in-service mathematics and science
teacher PD interventions of the types examined in the experimental literature base had mean
positive impacts on teachers’ knowledge and classroom instruction. Moderator analyses
suggested that PD programs with a focus on improving teachers’ knowledge, and those that
included a focus on content-specific formative assessment, appeared to be more effective at
improving classroom instruction, compared to programs that did not include these foci.
Improvements in classroom instructional practice, in turn, were associated with improvements in
student achievement. We discuss the findings in more detail below.

Overall Impacts on Teachers’ Knowledge and Instruction

As estimated from the available random assignment research, mathematics and science
PD interventions had mean positive impacts on teacher knowledge, a key component of recent
mathematics and science education policy initiatives’ theory of action (e.g., NRC, 2007; 2013).
The average weighted impact on teacher knowledge was 0.54 SD. Using a calculation converting
standard deviations to percentile ranks, following the approach described in Lipsey et al. (2012)
to translate effect sizes to more readily interpretable forms, an average teacher who was in the
treatment group would be expected to rank approximately 21 percentile points higher than an

average teacher in the control group on mean indicators of teacher knowledge.
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Mathematics and science PD interventions also had positive mean effects on classroom
instruction, with a pooled mean weighted impact estimate of 0.49 SD. Expressed in terms of
percentiles, an average teacher in the treatment group would be expected to rank approximately
19 percentile points higher on measures of classroom instruction than an average teacher in the
control group. The magnitudes of the pooled impacts on instruction are in the same range as
those detected in recent syntheses of the impacts of instructional interventions on observer-rated
teaching practice (e.g., 0.42 SD in Garrett et al. 2019; 0.49 SD in Kraft et al. 2018). Overall, the
magnitudes of these estimates imply that classroom interventions of the types evaluated cause
notable improvements to both teachers’ knowledge and classroom instruction in mathematics
and science.

Associations of Program Features and Foci with Teachers’ Knowledge and Practice

Programs have finite time to spend with teachers, meaning that evidence regarding the
specific program features and foci associated with impacts on teacher knowledge and practice
can help guide program design. We thus sought to quantitatively test potential mechanisms that
may explain heterogeneity in programs’ efficacy. Unlike prior reviews, we were able to examine
potential moderators of PD programs’ impacts on knowledge and classroom instruction
specifically for in-service mathematics and science teachers. We point out that caution is
necessary in the interpretation of moderator tests due to their correlational nature, as well as the
power constraints inherent in the small sample sizes available for moderator analyses.

With respect to impacts on classroom instruction, the domain for which we observed a
significant and positive association with student learning, moderator analyses suggested that
interventions that included a focus on strengthening teacher knowledge tended to have stronger

impacts on classroom instruction outcomes, on average, as compared to interventions that lacked
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this focus. This difference was marginally significant (p <.10). As nearly all of the interventions
in the sample also included a focus on strengthening content-specific instructional practices, it
may be the case that this dual focus on knowledge-building and content-specific instructional
practices is especially supportive of teachers’ pedagogical skill growth, as knowledge gains
gleaned from the content-deepening portion of the PD feed into practice development (e.g.,
Clarke & Hollingsworth, 2002), although we do not find consistent evidence for this in the
teacher knowledge models. Alternatively, programs with this combined focus may simply be
stronger programs taking a more comprehensive approach to teacher learning, and hence more
efficacious at improving practice. However, the moderator analysis does suggest a positive role
for a PD focus on content knowledge as a mechanism linked to better than typical impacts on
instruction. This points to the value of future research parsing the level and type of content
knowledge focus in PD that may be especially generative to teachers’ practice development.

The moderator analyses also indicated that interventions that included a focus on content-
specific formative assessment were significantly more effective at improving teachers’ practice
outcomes, on average, than interventions that lacked this feature (p < .05). Teachers’
instructional decision-making and practices could potentially have benefitted from formative
assessment programs’ explicit focus on instructional adjustments based on evidence of students’
learning needs (Palm et al., 2017). Again, given the number of interventions that included this
focus was small, we consider this finding suggestive of a relationship worth noting, and one
worthy of future research.

Turning to teacher knowledge, we found that effect size magnitudes were not
significantly predicted by the key intervention features that we analyzed, including intervention

type, duration of the PD, or PD programmatic focus. Rather, it appears to be the case that a
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variety of kinds of PD programs can effectively increase facets of teachers’ knowledge,
including those that operate through less direct channels than an explicit knowledge development
focus. Once more primary experimental studies on this topic are conducted, attempting to parse
at a finer grain size how a PD focus on deepening specific facets of teachers’ knowledge may
foster changes in classrooms and student learning would be a useful next step for future
syntheses.

Meanwhile, the variables that we examined relating to intervention type and dosage were
not significantly related to effect size magnitudes for either teacher knowledge nor classroom
instruction. An absence of a statistically significant association between PD duration and teacher
knowledge and practice outcomes, which was retained after parsing the data for potential
nonlinear relationships, hearkens to the findings of Kennedy (2016) and Lynch et al. (2019),
which did not find a clear link between longer-duration PD experiences and student learning, as
well as Garrett et al. (2019), who did not find a significant relationship between classroom
observation indicators and the duration of teacher PD in studies pooled across different content
areas. Consistent with conclusions drawn in Kennedy (2016) and Lynch et al. (2019), PD content
and quality appeared to matter more than contact hours between teachers and PD leaders. It is
also possible that, as Garrett et al. (2019) suggested, shorter-duration PD programs tend to focus
on more discrete teacher skills, which are easier to improve than more complex pedagogies, but
can nonetheless be valuable for incrementally strengthening teachers’ instructional expertise
(e.g., Caietal., 2017). We also did not observe a significant relationship between PD programs’
inclusion of a focus on new curriculum materials and teacher outcomes. This is perhaps
surprising, given that curriculum materials are generally hypothesized to be educative for

teachers (e.g., Davis et al., 2017), and Lynch et al. (2019) found a significant relationship
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between teacher PD’s inclusion of a focus on curriculum materials and student achievement
outcomes. Lack of significant associations could be due to power constraints in the moderator
analysis. Speculatively, it is also conceivable that students may be learning more in interventions
that include new curriculum materials directly as a result of their own interactions with the new
curricular content, in ways not captured by teacher knowledge or practice measures, or that
curriculum-focused interventions are bolstering facets of teachers’ instruction not typically
captured in knowledge and practice assessments, like amount of classroom time dedicated to the
content.

We note that although the current review quantitatively modeled a set of theory-driven
predictors in the meta-analytic moderator analysis, we could not test everything. For some
features that we originally hoped to examine, such as a focus on content-specific pedagogical
strategies or the degree of coherence between the PD intervention and schools’ existing
instructional policies, the data were either too sparsely reported or contained too little variation
to permit moderator analysis. The research base also points toward the value of a range of
further intervention features, such as an explicit PD focus on building on students’ home and
community funds of knowledge (e.g., McWayne et al., 2020). Meta-analytic testing of these
additional features would be a generative step for future research once a larger pool of primary
studies has been conducted.

We also found that program impacts did not differ significantly based on the contextual
moderators we examined, including intervention scale, setting type, and characteristics of the
student sample. Most of the PD studies identified were conducted in relatively high-poverty
settings, as evidenced by the fact that three-quarters of the studies with non-missing data on this

variable were conducted in settings in which a majority of students were low income or eligible
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for a free or reduced-price school lunch. The observation that PD interventions did not appear to
be less effective in high-poverty settings is encouraging, given that high-poverty schools facing
resource constraints are often those that PD interventions most aim to support (e.g., Ladson-
Billings, 2005). We note that although the studies in our sample included students in grade levels
ranging from prekindergarten to secondary school, we did not find evidence that intervention
impacts on teacher outcomes differed by grade level. This is consistent with findings from prior
meta-analyses examining the impacts of mathematics and science instructional interventions on
student achievement, which generally yield similar patterns of positive impacts for students in
elementary and secondary grades (e.g., Lynch et al. 2019; Slavin et al., 2009).
Links to Student Achievement

Bearing in mind that our meta-analytic data and design do not support causal inferences
about the impacts of teachers’ knowledge and instructional practices on student achievement, the
data nonetheless allowed us to estimate the magnitude of relationships between interventions’
impacts on proximal teacher outcomes and distal student learning. The evidence from our
analyses connecting teacher and student impacts is partially consonant with policy initiatives’
theory of action regarding the links between teacher knowledge improvements, instructional
practice improvements, and student outcomes. We found supportive evidence consistent with the
notion that classroom interventions that have stronger mean causal impacts on instruction tend to
have stronger impacts on students’ mathematics and science achievement. On average, a 1 SD
improvement in classroom instruction predicted a positive 0.24 SD difference in student test
scores — the equivalent of an improvement in student achievement from the 50 to the 59"
percentile. Meanwhile, the association between improved teacher knowledge and improved

student outcomes was positive in sign, but not statistically significant.
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The more general pattern of findings we observed — student impacts that significantly
correlate to changes in instruction but not teacher knowledge — may imply one of two
possibilities. On the one hand, because our analysis is not causal, this finding could be due to
other features of instructional programs that measured knowledge impacts that made them less
effective. It may also be the case that despite moderately sized impacts, classroom interventions
failed to improve teacher knowledge enough to move the needle substantially on student
achievement. On the other hand, the pattern of findings is consistent with a scenario in which
teacher knowledge improvements are less strongly associated with strengthening student
achievement as compared with improvements in teacher practice (for a parallel pattern of
findings seen in mediation analyses within a science PD RCT, see Roth et al., 2019). We note
that some of the primary studies aimed at improving content knowledge argued that
strengthening knowledge alone is not sufficient to improve student outcomes (e.g., Garet et al.,
2010). For example, Garet et al. (2010, 2016) conducted two large-scale federally funded RCTs
examining the impacts of PD interventions whose major aim was to improve teachers’
mathematics content knowledge. Despite improving teacher content knowledge and some
aspects of instructional quality, these studies returned null or negative results on student
achievement (see also, e.g., Dash et al., 2012). Albeit not causal, the current results add another
data point consistent with the theory that improvements in instructional practices are predictive
of improvements in student achievement.

As a practical matter, we note that many contemporary mathematics and science PD
programs reject an “either/or” approach to improving knowledge and instructional practice, and
instead emphasize both of these levers, providing teachers opportunities to deepen their learning

of the content to be taught while also attending to pedagogical practices that teachers will use to
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portray the content. For instance, when teachers learn to use new curriculum materials, they may
also be learning the specific subject-matter knowledge embedded in those materials (Remillard
& Kim, 2017). However, how, to what degree, and under what conditions teacher PD programs
should focus teachers’ attention on subject matter knowledge compared with centering
instructional practices remains an important unsettled question in mathematics and science
education research. Nevertheless, the observed pattern of findings is consistent with the
important role for influencing practice alongside knowledge in teacher PD interventions.
Conclusions and Future Research Directions

Our findings move the field forward by providing empirical information about whether
facets of the logic model implied in recent policy investments into classroom interventions in
mathematics and science are supported by the most rigorous research available in the evidence
base. First, we show that efforts to improve mathematics and science instruction through teacher
PD have, on average, been successful in improving teacher outcomes. In contrast to earlier
reviews that examined only classroom instruction (e.g., Egert et al., 2018; Kraft et al., 2018), we
also document that classroom interventions of the types examined in RCTs also tend to improve
the knowledge of in-service mathematics and science teachers. Third, in contrast to prior reviews
that considered impacts on student outcomes (e.g., Lynch et al., 2019) or teacher outcomes (e.g.,
Garrett et al., 2019) alone, we provide empirical evidence that connects the dots between how
instructional interventions influence teachers and how they influence students.

The current findings, and evidence gaps identified in the literature, point toward useful
pathways for future research. First, as is generally the case in meta-analyses, which rely on study
report information, we faced the challenge of missing data. Empirical studies often reported

impacts on teachers’ knowledge or classroom instruction, but not both. We urge future research
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studies to report both types of outcomes, to enable future synthesists to empirically test
hypothesized logic models of instructional interventions with larger data pools. Additionally,
information was often missing from primary studies on teachers’ personal beliefs, attitudes, and
values, precluding us from analyzing how these factors related to interventions’ impacts despite
their theoretical importance for shaping teachers’ implementation of innovations (Pajares, 1992).
We urge primary study authors to collect and report information on these factors as they are an
important topic for future research syntheses.

Another form of missing data pertained to the kinds of interventions that were studied.
The studies included in our meta-analysis tended to examine relatively time-intensive
interventions compared with practices that are likely to be typically occurring in schools, and
nearly all studies were conducted in the United States. We concur with arguments for more
rigorous studies of interventions that are similar to common practices in school districts (e.g.,
Hill, 2004). Additionally, given the differences in educational systems across varied country
contexts and the clear potential to learn from international settings, more future experimental
research on the efficacy of instructional interventions in non-U.S. contexts would advance the
field.

Finally, other constructs of theoretical interest, such as the level of school leadership
support allocated to the intervention, the degree of alignment between each intervention and the
existing curriculum in study schools, and the financial resources expended (e.g., Penuel et al.,
2010; Scher & O’Reilly, 2009; Wilson, 2013), could not be modeled due to minimal information
reported in the primary studies. Reporting consistent data on students’ baseline knowledge and
attitudes towards mathematics and science could also aid future research in understanding

potential variations in interventions’ impacts, for example by identifying programmatic features
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that may be especially beneficial in classrooms serving students who began the intervention with
less exposure to or knowledge of the content area (e.g., McCabe et al., 2020; Warne et al., 2019).
Building a set of standardized reporting recommendations for primary experimental studies on
professional development interventions that cover these substantive issues would be a productive
step for the field, to enrich the ability of future syntheses to analyze how contextual factors relate
to the efficacy of educational interventions.

Our findings contain information relevant to both policymakers and designers of
classroom interventions. First, the current findings are consistent with a conclusion that even
programs that can successfully move the needle on teacher knowledge will not necessarily result
in improvements in student outcomes. This suggests that a renewed focus from researchers and
policymakers on programs that primarily target teacher knowledge may not be the most
promising path forward; instructional practice outcomes also warrant central attention. Given the
projected expansions in the classroom intervention market in the U.S. over the next five years
(Technavio, 2022), incrementally advancing the field’s understanding of how and under what
conditions instructional interventions in mathematics and science yield stronger teacher and
student impacts can help districts and schools improve their odds of seeing meaningful changes

in students’ ultimate learning and attainment.
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Tables and Figures
Table 1

Sample Sizes and Study Characteristics

66

Sample sizes
Total number of studies (treatment-control contrasts) 46 (57)
Total number of teacher outcomes effect sizes 203
Number of  Percent of studies
Study characteristics studies or mean (SD)
Intervention type?
Professional development only 21 45.7%
Professional development + New curriculum materials 25 54.3%
Subject matter focus
Mathematics only 28 60.9%
Science only 16 34.8%
Mathematics + Science 2 4.3%
Grade levelP
Preschool 7 15.2%
Kindergarten 2 4.3%
Early Elementary 8 17.4%
Upper Elementary 22 47.8%
Middle School 15 32.6%
High School 3 6.5%
Professional development hours® 56.5 (48.2)
Professional development timespan®
One month or less 5 11.6%
One semester 6 14.0%
Two semesters 20 46.5%
More than one year 12 27.9%
Professional development focus: Teacher knowledge
Improve content knowledge/pedagogical content
knowledge or knowledge of how students learn 32 69.6%
Professional development focus: Instructional practice
Content-specific instructional strategies 45 97.8%
Generic instructional strategies 7 15.2%
Content-specific formative assessment 8 17.4%
Professional development focus: Teacher knowledge and
instructional practice together 32 69.6%
Contextual factors
Average percent of low income or free or reduced-price
lunch-eligible students 61.8 (23.6)¢
Majority of students are low income or free or reduced-
price lunch-eligible 27" 75.0%
Average percent of emergent bilingual students/students 15.9 (13.8)9
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learning English as a new language

Average percent of students of color 59.6 (26.6)"
Study conducted in the US 45 97.8%
Number of  Percent of effect
Effect size characteristics effect sizes sizes
Outcome type
Teacher content knowledge or pedagogical content
knowledge 55 27.5%
Instructional practice 145 72.5%
Observational 58 29.0%
Self-reported 87 43.5%
Effect size adjusted for covariates 137 68.5%
Outcome measure type
Standardized 41 20.5%
Intervenor-developed 150 75.0%
Other 9 4.5%

aStudies with at least one treatment arm that provided new curriculum materials and professional
development were included in “Professional development + New curriculum materials.”

b Studies may have included multiple grade levels.

¢ If professional development hours varied across treatment arms, we calculated the study
average.

d Out of 43 studies with non-missing information on this variable. If professional development
timespan varied across treatment arms, we used the maximum.

€ Out of 29 studies with non-missing information on this variable.

f Out of 36 studies with non-missing information on this variable. Studies conducted in Head
Start programs were included in the “Majority of students are low income or free or reduced-
price lunch-eligible” category.

9 Out of 24 studies with non-missing information on this variable.

" Includes the average percent of students who are not white. Out of 32 studies with non-missing

information on this variable.
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Table 2

Results of Estimating CHE Models Examining the Impacts of PD Interventions on Teacher

Knowledge and Instructional Practice

1) (2) @)
All teacher outcomes  Teacher knowledge  Instructional practice
outcomes outcomes
Intercept 0.528*** 0.540*** 0.488***
(0.055) (0.080) (0.063)
N effect sizes 200 55 145
N studies 46 22 36
722 0.039 0.025 0.036
.95 prediction
interval® [0.141, 0.915] [0.230, 0.850] [0.116, 0.860]

Notes: Standard errors in parentheses. All models were estimated using the metafor
(Viechtbauer, 2010) and clubSandwich (Pustejovsky, 2018) packages in R.
+p<.10*p<.05**p<.01***p<.001.

bThe prediction interval was calculated as: (i+1.96 = £, where f is the estimated average effect

size and 7 is the square root of the estimate of the between-study variance component.
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Table 3

Results of Estimating CHE Models Examining the Impacts of PD Interventions on Teacher Knowledge and Instructional Practice,

including Intervention Type and Dosage as Moderators

(1) (2) 3) (4) (5) (6) (7) (8) 9)
All teacher outcomes Teacher knowledge outcomes Instructional practice
outcomes
Intervention type:
Both PD + curriculum 0.013 -0.351 0.158
(0.116) (0.225) (0.100)
PD contact hours? 0.005 -0.014 0.005
(0.011) (0.020) (0.013)
PD contact hours:
Above sample median
(>49 hours) -0.001 -0.088 -0.003
(0.116) (0.146) (0.137)
N effect sizes 200 195 195 55 55 55 145 140 140
N studies 46 44 44 22 22 22 36 34 34
Controls for
study covariates Yes Yes Yes Yes Yes Yes Yes Yes Yes

Notes: Standard errors in parentheses. All models were estimated using the metafor (Viechtbauer, 2010) and clubSandwich
(Pustejovsky, 2018) packages in R.
+p<.10*p<.05**p<.01***p<.001.

aPD contact hours measured as PD contact hours/10. PD contact hours was missing for one study in our sample.
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Table 4
Results of Estimating CHE Models Examining the Impacts of PD Interventions on Teacher

Knowledge and Instructional Practice, including Professional Development Focus as

Moderators
1) ) ©)
All teacher Teacher knowledge Instructional
outcomes outcomes practice outcomes
PD focus: Teacher
knowledge
Improve content
knowledge/PCK and/or
knowledge of how
students learn 0.203+ -0.029 0.231+
(0.097) (0.174) (0.119)
PD focus: Instructional
practice
Generic instructional
strategies -0.026 -0.189 0.134
(0.148) (0.265) (0.141)
Content-specific
formative assessment 0.216+ 0.139 0.317*
(0.098) (0.204) (0.1112)
N effect sizes 200 55 145
N studies 46 22 36
Controls for
study covariates Yes Yes Yes

Notes: Standard errors in parentheses. All models were estimated using the metafor
(Viechtbauer, 2010) and clubSandwich (Pustejovsky, 2018) packages in R.

Study covariates include whether intervention focused on math or math/science (vs. science
only) and whether effect sizes were adjusted for covariates. Study-level mean values of all
covariates were included in the model. Information on PD contact hours was missing for one
study.

+p<.10*p<.05**p<.01***p<.001.
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Table 5
Results of Estimating Weighted Regression Models Examining the Associations Between

Treatment Impacts on Teacher Outcomes and Student Outcomes

(1) () ©)

Student achievement

All teacher outcomes 0.179*
(0.089)
Teacher knowledge 0.084
(0.134)
Instructional practice 0.236**
(0.083)
Controls for
study covariates Yes Yes Yes
N treatment arms 57 28 44
N studies 46 23 36

Notes: Standard errors in parentheses. Table presents results of estimating regression models
predicting intervention (treatment arm) mean impacts on student outcomes as a function of
intervention (treatment arm) mean impacts on teacher outcomes, weighted by the average inverse
effect size effect for teacher outcomes. Study covariates include whether intervention focused on
math or math/science (vs. science only) and whether effect sizes were adjusted for covariates.
Study-level mean values of all covariates were included in the model.

+p<.10*p<.05**p<.01***p< 001
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Figure 1

Logic Model for Teacher Knowledge and Instructional Practice
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Note: Figure provides an illustration of potential mechanisms by which PD interventions are

hypothesized to lead to changes in student learning. (Adapted from Garrett et al., 2019)
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Figure 2

PRISMA Study Screening Flowchart
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Source: Moher, Liberati, Tetzlaff, Altman, and The PRISMA Group (2009)
Note: PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analyses.



