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Abstract

There are several specific digital tools now that have transformed the way science is taught. Correspondingly, teacher educa-
tion programs have changed, and now they increasingly address the development of technology-related professional content
knowledge (TPACK). Owing to the use of technology in specific domains of science teaching, there is an emergent need for
domain-specific TPACK questionnaires. The present study investigates the development and application of a domain-specific
TPACK questionnaire for teaching human biology using digital tools in a university-based teacher education program. A
quasi-experimental between-subject design was applied for 13 weeks in the four study groups (n=155). The intervention
groups worked with digital tools in human biology, while the control groups participated without specific consideration of
digital tools throughout the program. We succeeded in developing a questionnaire comprising seven reliable scales. The
questionnaire development procedure described herein may be applicable to other science education disciplines. By the means
of linear mixed modeling, we found that all students gained professional knowledge; however, treatment X time interactions
revealed that belonging to the intervention group was the main driver of TPACK progression. Comparing the treatments,
we found that at post-test, the intervention group reported higher levels of TPCK, TPK, and TCK, but not CK, PK, TK, and
PCK. Sequential analyses of the longitudinal data highlighted that working with digital tools on a regular basis constitutes
a TPACK boost effect. This study contributes to the literature on technology integration from the perspective of biology
education, where specific tools that can be assessed using a domain-specific questionnaire are used.
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Introduction

The constant development of educational technologies offers
new approaches to accessing scientific phenomena using
digital tools (Rosenberg & Koehler, 2015; Tan et al., 2022).
In science teaching, digital technologies such as augmented
and virtual reality (Cheng & Tsai, 2013; Lindgren et al.,
2016), tools for digital data acquisition and processing, and
3D modeling (i.e., Thoms et al., 2022) are widely avail-
able and accessible. The potential of these technologies and
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tools to transform science education is certainly not in doubt
(European Commission, 2020). Consequently, integrating
them into science teaching sets new demands for science
teachers’ professional knowledge and skills (von Kotzebue,
2022a, b).

In science teacher education, theoretical frameworks
on teachers’ professional knowledge (Blomeke et al.,
2015; Hume et al., 2019; Shulman, 1986) have been modi-
fied to include technology-related aspects. For example,
the TPACK' framework by Mishra and Koehler (2006)
expanded Shulman’s (1986) PCK model by a knowledge
domain that explicitly addresses technological knowl-
edge. Such frameworks provide a theoretical basis for the

! Please note that we are using the acronym TPACK to refer to the
complete framework of technology-related pedagogical content
knowledge as conceptualized by Koehler and Mishra (2009) and the
acronym TPCK to refer to the singular construct or scale.
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Fig. 1 Integrative and trans-
formative view of TPACK
components (figure adapted;
based on an idea by Schmid
et al., 2020)

development of questionnaires designed to measure teach-
ers’ knowledge and skills at a general level. As a prominent
example, Schmidt et al. (2009) developed a TPACK ques-
tionnaire that has been applied in numerous studies (Chai
et al., 2013). It is primarily of use for studies investigating
teachers’ TPACK and TPACK-related outcomes in teacher
education (i.e., cross-sectional studies). Less often, TPACK
questionnaires are used to investigate teachers’ professional
development (i.e., longitudinal studies; Wang et al., 2018).
However, this would be important to better understand how
teacher education programs contribute to TPACK develop-
ment and how teachers can be better prepared to integrate
technology into their teaching.

A prerequisite for the accurate measurement of TPACK
professional development is the availability of question-
naires that allow for reliable and valid inferences to be
drawn in the specific domain under investigation (Taber,
2018). Compared to research on PCK, where the devel-
opment of domain-specific questionnaires has a long his-
tory (i.e., GroBschedl et al., 2019), there are relatively
few instruments available for assessing domain-specific
TPACK (Tan et al., 2022). However, given the trend of
technology becoming more prevalent in teacher education,
the accurate measurement of TPACK and its development
becomes an ever more important part of science education
research (von Kotzebue, 2022b).

In the present study, we intend to combine the perspec-
tives of developing a domain-specific TPACK questionnaire
and survey longitudinal TPACK development throughout
a university-based teacher education program. The contex-
tual background of this study is biology education, and the
domain under investigation is human biology. We focused on
this domain because it is obligatory for science teaching and
(biology) teacher education in most countries. Moreover,
there is a wide availability of digital technology and tools
that transform the way human biology is taught in schools
(Chakraborty & Cooperstein, 2018; Lewis et al., 2014; Moro
et al., 2017). The study is of interest to science education
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researchers interested in TPACK research, the development
of domain-specific TPACK questionnaires, and the longitu-
dinal development of TPACK.

Theoretical Background
The TPACK Framework and Teachers' Professional Development

The TPACK framework has repeatably been used to concep-
tualize the professional knowledge of teachers who research
science teacher education and technology (Angeli &
Valanides, 2015; Herring et al., 2016; Tan et al., 2022). The
consideration of technology-related knowledge added new
types of knowledge to the discourse on PCK (Rosenberg &
Koehler, 2015; Schmid et al., 2020). In addition to pedagogical
knowledge (PK), content knowledge (CK), and pedagogical
content knowledge (PCK) (Hume et al., 2019), Mishra
and Koehler’s (2006) TPACK framework complements
four technology-related types of knowledge: technological
knowledge (TK), technology-related pedagogical knowledge
(TPK), technology-related content knowledge (TCK), and
technology-related pedagogical content knowledge (TPCK).
Following an integrative view (see the left side of Fig. 1), the
different knowledge types (PK, CK, TK, TPK, TCK, and PCK)
are combined to TPCK (Schmid et al., 2020). That is, high
levels of knowledge in PK, CK, TK, TPK, TCK, and PCK
should correspond to high levels of TPCK (von Kotzebue,
2022b). In contrast, following a transformative view of TPACK
(see the right side of Fig. 1), knowledge at the intersections of
PK, CK, and TK is transformed to new knowledge constructs—
namely, TPK, TCK, and PCK—which consecutively form
TPCK as a unique type of knowledge (Schmid et al., 2020;
von Kotzebue, 2022b). Still, there is an ongoing debate about
the factorial structure of TPCK. Empirical support exists for
integrative and transformative views (Scherer et al., 2017; von
Kotzebue, 2022a).

In response to the technological transformation of sci-
ence teaching, professional development of teachers’ TPCK
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constitutes an emerging theme in science education research
(Chai, 2019; Huang et al., 2022). In their systematic review
of teachers’ professional development in STEM, Huang et al.
(2022) illustrated that teachers’ technology-related (TK,
TPK, TCK, TPCK) and non-technology-related knowledge
(PK, CK, PCK) are commonly addressed during professional
development. Combinations of TCK and TPCK as well as
PCK and CK were the most frequent outcome variables.
Moreover, Tan et al. (2022) emphasized that studies on the
use of specific technology should be considered for TPACK
development since specific technology is often applied in
specific subject-matter contexts. Typically, specific courses
or short online programs have been designed to foster teach-
ers’ knowledge gains (i.e., Doering et al., 2009; Niess et al.,
2014; Rienties et al., 2013). However, studies that analyze
TPACK development during regular domain-specific teacher
education programs, e.g., at teacher college or university, are
scarce (Lachner et al., 2021; Thoms et al., 2022).

Measuring Teachers’ Professional Knowledge Regarding
Technology Use

Several attempts have been made to assess teachers’
professional knowledge and teachers’ competencies in
empirical science education research (Angeli & Valanides,
2009; Herring et al., 2016), with seminal frameworks that
outline the competencies that teachers need to integrate
digital technologies being available through the TPACK
framework (Mishra & Koehler, 2006) and the UNESCO
ICT competency framework for teachers (UNESCO, 2018).

Review studies (i.e., Abbitt, 2014; Chai et al., 2013;
Rosenberg & Koehler, 2015; Wang et al., 2018) showed that
most attempts to measure teachers’ knowledge regarding
technology use and integration follow the framework by
Mishra and Koehler (2006). One of the most commonly used
instruments measuring TPACK in this regard stems from
Schmidt et al. (2009). The questionnaire was developed in a
survey with primary school teachers during a 15-week course
that addressed how to apply technology in mathematics,
social studies, science, and literacy content areas in PK-6
classrooms. The instrument encompasses seven scales for the
seven TPACK constructs with robust psychometric properties
(i.e., 47 items in total, internal consistency range, a=.75-.92).
Similar to Schmidt et al. (2009), many fellow researchers
have implemented Likert-type items that assess TPCK
through self-reported data. This methodological approach is
often criticized for solely measuring subjectively perceived
knowledge and not representing a test-based approach to
TPCK (i.e., Krauskopf & Forssell, 2018). However, a recent
study by Schmid et al. (2021) on the relationship between
self-reported TPACK and using technology in class revealed
that self-reported data have some predictive validity for
actual behavior, thus justifying its use. Since the original

questionnaire emerged in 2009, adapted versions are available,
which reduce the number of items and administration time
while maintaining psychometric quality (Angeli & Valanides,
2015; Schmid et al., 2020).

Domain-specific adaptations of the TPACK questionnaire
to general contexts indicate that TPACK surveys can be suc-
cessfully implemented in subject-specific contexts (Rosenberg
& Koehler, 2015; Wang et al., 2018). In a study with pre-
service teachers from five different subjects (i.e., mathemat-
ics and biology), Lachner et al. (2021) showed that TPACK
questionnaires can be built using a combination of items that
assess generic technological pedagogical knowledge (TPK)
and items that assess subject-specific TPCK aspects. Further-
more, a group of science education researchers have devel-
oped a self-assessment tool based on the TPACK framework
(DiKoLAN-Grid; von Kotzebue et al., 2021). It aims to meas-
ure subject-specific aspects of TPACK, namely, knowledge
about special tools, content-specific contexts, methods and
digitality, and teaching. For biology education, Mahler and
Arnold (2022) developed a questionnaire that comprises all
seven TPACK constructs. In their study of 403 student teach-
ers, the authors showed the usability of the TPACK framework
for German-speaking countries while taking biology-specific
requirements into account.

Despite the promising developments of subject-specific
TPACK questionnaires, there is still a research gap on TPACK
questionnaires facilitated for use in domain-specific areas
within subject contexts (Rosenberg & Koehler, 2015; Wang
et al., 2018). What is missing is adaptation beyond the sub-
ject level to the level of specific domains, considering the
role of contextual knowledge (Mishra, 2019). In a system-
atic review, Brianza et al. (2022) demonstrated that TPACK
development is embedded into a specific context (micro-,
meso-, and macrolevel) and a social, resource-oriented, or
content-related dimension. The authors argue that taking the
contextual nature into account can shed light on factors that
influence TPACK development. In a similar vein, it is well
known from research on teachers’ PCK that domain-specific
questionnaires are necessary to capture the nature of specific
contextual knowledge (i.e., Grof3schedl et al., 2018, 2019). In
terms of TPACK, specific domains require teachers to acquire
specific knowledge and skills related to the educational tech-
nology used in this area (i.e., anatomy apps in the domain
of human biology; Chakraborty & Cooperstein, 2018; Lewis
et al., 2014; Moro et al., 2017; thermal cameras in the context
of chemistry and physics education; Haglund et al., 2022).

Research Questions
In the present study, we focused on the development of

a TPACK questionnaire for a specific domain of biol-
ogy education, namely, human biology. To ensure broad
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Table 1 Sample characteristics

# Location n PoDC  Study group Mean age (SD)  Teacher Mean semester in Credit Students privately
education study program (SD) points owning a tablet
program awarded

Groupl A 25 3 1G 23.13 (3.76) Bachelor 4.28 (1.40) 3 ECTS 72.0%

Group2 A 23 3 CG 22.09 (3.48) Bachelor 4.48 (1.50) 3 ECTS 82.6%

Group3 B 57 2 CG 21.39 (1.77) Bachelor 3.21 (1.31) 1 ECTS 66.6%

Group4 C 50 2 IG 24.11 2.71) Master 2.70 (2.90) 2 ECTS 58.3%

Total N.A. 155 N.A. NA. 22.77 (3.50) N.A. N.A. N.A. 67.3%

1 ECTS European Credit Transfer System, / ECTS 30 h workload, /G intervention group, CG control group, PoDC points of data collection,

N.A. not applicable

compatibility of the intended questionnaire with interna-
tional research on TPACK, we aim to include all seven con-
structs of the TPACK framework and not just the constructs
related to technology use. Thus, the first research question
is as follows.

RQ1: To what extent does the questionnaire on
TPACK related to teaching human biology with digi-
tal tools allow for the formation of reliable scales and
draw valid inferences related to convergent and discri-
minant validity?

Furthermore, the present study takes TPACK professional
development into consideration. This study stands in to fill
the gap that most studies on TPACK professional develop-
ment have been conducted in settings designed specifically
for this purpose, (i.e., TPACK online programs, Hofer &
Grandgenett, 2014; Wang et al., 2018) and examines how
domain-specific TPCK develops in an authentic teacher edu-
cation situation, that is, in the context of a regular teacher
education program course. Thus, we formulated the second
research question as follows.

RQ2: How does the TPACK develop during a period
of 13 weeks (one semester) of a regular teacher educa-
tion program on teaching human biology?

Methods
Procedures and Sample Description

This study applied a quasi-experimental between-subject
design for a period of 13 weeks in four different study groups
(see Table 1), two of them were intervention groups (group
1, group 4) and two were control groups (group 2, group
4). We did not pool the data of the intervention and control
groups and compared the findings separately. Data were col-
lected during a regular biology teacher education program
dedicated to human biology using an online questionnaire
so that the structural aspects of the contextual nature of
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TPACK development are located at the microlevel and refer
to the social dimension (i.e., pre-service teachers as actors)
according to Brianza et al. (2022). In total, n= 155 biology
teacher students from three different German universities
voluntarily participated in the study. Table 1 presents the
sample characteristics. Answering the questionnaire lasted
approx. 10-15 min and took place between October 2021
and August 2022.

According to the national guidelines for university-based
teacher education in Germany (KMK, 2019), human biology
is a compulsory study content. Typically, student teachers
attend lectures on human anatomy and physiology, followed
by specific teacher-related educational courses that address
how to teach the topic to school students. These courses
focus on hands-on inquiry activities such as dissection of
animal specimens (i.e., mammal eye), using anatomical
models (i.e., skeleton), and conducting experiments related
to human biology (i.e., protein digestion in the stomach).
Based on science education and pedagogical theory, stu-
dents discussed how these inquiry activities foster scientific
literacy. In the present study, the same content was taught to
all study groups. A detailed overview of the study content at
the different locations is available as supplementary material
(see Table S1, supplements). However, due to the different
federal guidelines for teacher education in Germany, some
groups allowed more time so that the content could be dis-
cussed in more detail (i.e., depending on the credit points
awarded, see Table 1).

At the beginning of each course week, the students
held a short stimulus presentation summarizing concepts
relevant to the course theme (i.e., anatomy and physi-
ology of the cardiovascular system). In the intervention
groups (i.e., group 1 and group 4 in Table 1), students
used tablet-based apps showing dynamic 3D models of
human anatomy, physiology, and pathology for their pres-
entation (Chakraborty & Cooperstein, 2018). These types
of apps allow students to dynamically present anatomi-
cal and physiological content, for example, by zooming
in and out to virtual bodies, adding and removing layers
and body parts such as muscular or vascular tissue, skin,
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and bones through live dissection activities, highlight-
ing and annotating these models with 360° rotation, and
using animation and simulation to show physiological
processes (Lewis et al., 2014). In addition, the students
could use the apps during all inquiry activities in class.
For example, when dissecting animal specimens, students
were encouraged to use digital 3D models in addition
to the original specimen to explore the anatomy of the
specimen. In contrast, in the control groups (i.e., group
2 and group 3 in Table 1), the students did not work with
the apps. They used traditional digital presentation soft-
ware (i.e., PowerPoint slides showing 2D pictures of
anatomical models, mostly copied from books or inter-
net resources) and had the opportunity to use analogue
models of anatomical structures during all inquiry activi-
ties in class. In comparison, the digital tools used in the
intervention groups go beyond solely substituting the
traditional digital presentation software used in the con-
trol groups. Moreover, the apps help to augment, modify,
or redefine working with anatomical models in science
teacher education as described by the SAMR model
(Hamilton et al., 2016; Lewis et al., 2014).

In all four groups, the lecturers held the presentations
in the first few weeks of the semester (up to week 4 in
groups | and 2 and up to week 3 in groups 3 and 4). This
procedure was implemented so that the students have time
become familiar with their topic of their presentation,
prepare their presentations accordingly, and see good-
practice examples how the lecturers want them to imple-
ment presentation in class.

The rationale behind the composition of study groups
is threefold. First, we chose groups from three institu-
tions in three federal states of Germany (see Table 1)
to evaluate a diverse range of students and different
federal curricula leading to the same degree (Bachelor
of Education or Master of Education). The instructors
responsible for delivering the courses agreed to follow
the same curriculum on human biology to ensure compa-
rability (Supplementary Table S1). Second, we selected
groups enrolled in bachelor’s and master’s programs to
investigate the teaching of human biology in both study
programs, which is typical for teacher education in Ger-
many. We hypothesized that master’s students would have
higher CK and PCK levels (Kleickmann et al., 2013).
Additionally, we included the intervention and control
groups at each study level. However, due to COVID-19
restrictions, we could not include a second group at the
master’s level so that the study group design has a disbal-
ance here. Finally, we added an extra data collection point
at week five in groups 1 and 2 (see Table 1) to examine
TPACK development in more detail. Due to limitations
in data assessment at locations B and C, we could only
collect data three times at location A.

Part A: Development of the Questionnaire

We sourced items from the short TPACK assessment
instrument (TPACK.xs) by Schmid et al. (2020) and adapted
them to the specific domain of human biology for three
main reasons: First, the instrument by Schmid et al. (2020)
relies on to the original TPACK framework by Mishra and
Koehler (2006) and encompasses all seven components of the
TPACK framework. Hence, the instrument is eligible for the
analysis of the transformative and integrative TPACK view
(Schmid et al., 2020; von Kotzebue, 2022b). Second, TPACK.
xs reduced the number of items from the initial instrument
(Schmidt et al., 2009) from 42 to 28, thus reducing the time
needed for data collection. A short administration time
allowed us to add an intermediate point for data collection
(see Table 1). Third, TPACK.xs has sound psychometric
properties, allowing for a reliable and valid measurement
of TPACK components. The instrument and its predecessor
have proven its suitability for various domains and have
successfully been applied to professional development studies
(Huang et al., 2022; Schmid et al., 2021; Wang et al., 2018).
For item adaptation, we systematically exchanged phrases
referring to general contexts (i.e., “in my field,” “in my
subject”) from the initial items by Schmidt et al. (2009) with
phrases explicitly referring to the domain of human biology.
This applies to all TPACK constructs that require contextual
knowledge (i.e., CK, TCK, PCK, and TPCK). In addition, we
changed phrases broadly referring to “technology” to “digital
tools,” as this suits the intended use of applying tablet-based
anatomy apps better. The term “digital tools” in contrast to
digital technologies or information and communications
technology (ICT) is used to refer to applying digital technolo-
gies and ICT for teaching and learning science, for example,
for problem-solving, data processing, and enabling commu-
nication (Hillmayr et al., 2020).

Table 2 presents an overview of the scales and sample
items used in the present study and contrasts them with the
original items from the TPACK.xs instrument developed by
Schmid et al. (2020). All items were measured on a five-
point rating scale (1-5), with higher numbers representing
stronger agreement with the statement provided (Robitzsch,
2020; Schmidt et al., 2009).

Part B: Data Analysis and Assessment Criteria

Regarding RQ1, we aggregated the items into scales accord-
ing to the seven TPACK constructs described by Schmid
et al. (2020). We calculated Cronbach’s alpha (a) and
McDonald’s omega (w) as measures of internal consist-
ency and checked the item discriminatory power (r;). As
recommended by Zinbarg et al. (2005), we aimed for val-
ues of @ and @ >.70 and r;, > .40 to ensure the reliability
of the scales. To assess the factorial validity of the scales,
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Table2 Overview of the TPACK scales and sample items used in the study and comparison with the original items from the TPACK xs instrument

Scale Sample item Items

TK I keep myself up to date on new developments of digital tools. (TK1) 3
1 keep up with important new technologies. (TPACK.xs—-TK1)

CK I have a sound knowledge in the domain of human biology. (CK1) 4
I have sufficient knowledge about my teaching subject. (TPACK.xs—CK1)

PK I can adapt my teaching style to the individual needs of the learners. (PK2) 4
1 can adapt my teaching style to different learners. (TPACK.xs—PK1)

TPK I can critically reflect on using digital tools during my biology classes. (TPK4) 4
I am thinking critically about how to use technology in my classroom (TPACK.xs—TPK4)

TCK I am familiar with digital tools that can be used in the domain of human biology. (TCK3) 4
I know which new technologies are currently being developed in the field of my subject. (TPACK.xs—TCK3)

PCK I know how to promote learning in the domain of human biology by selecting effective teaching and learning 4
strategies. (PCK1)
I know how to select effective teaching approaches to guide student thinking and learning in my teaching subject.
(TPACK .xs—PCK1)

TPCK I can apply strategies to combine learning about human biology, digital tools, and pedagogical concepts in my biology 4

classes in a meaningful way. (TPCK1)

1 can use strategies that combine content, technologies, and teaching approaches that I learned about in my

coursework in my classroom. (TPACK.xs—TPCK1)

Original items by Schmidt et al. (2009) are in italics

TK technological knowledge, CK content knowledge, PK pedagogical knowledge, PCK pedagogical content knowledge, TCK technological con-
tent knowledge, TPK technological pedagogical knowledge, TPCK technological pedagogical content knowledge

we performed a series of confirmatory factor analyses
(CFA, Kline, 2016) and calculated the factor loadings (1)
and model fit indices (chi-square values (y), root square
mean error of approximation (RMSEA), standardized root
mean square residual (SRMR), Bentler comparative fit
index (CFI), and Tucker-Lewis-index (TLI)). For model
evaluation, values of )(z/dfs 3, RMSEA and SRMR <.08
and CFI and TLI> .90, and 1> .40 were deemed accept-
able based on Schreiber et al. (2006). First, we analyzed
a 7-factorial model with each of the seven TPACK com-
ponents being independent of each other. A 7-factorial
model has been described by Mahler and Arnold (2022)
as the TPACK model that fit best compared to models that
differentiate between technology-related and non-technology-
related aspects of TPACK. In the second step, we fit
models specified as transformative and integrative views of
TPCK (Schmid et al., 2020; von Kotzebue, 2022b). Third,
we applied a chi-square-based model comparison test to
find out which of the three models (independent 7-factorial,
integrative, transformative) fit best to the data. For model
evaluation, Akaike information criteria (AIC) and Bayesian
information criteria (BIC) were computed. Lower informa-
tion criteria indicate better-fitting models (Hoyle, 2012).
We report the latent factor correlations of the best-fitting
model to investigate to what extent convergent or discrimi-
nant valid inferences can be drawn from the data (Hoyle,
2012). According to Cohen (1992), r=1.10l is represented
as small, »=1.30l as medium, and r= 1.50I as large correla-
tion coefficient.
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Regarding RQ2, we applied a series of linear mixed mod-
els (LMM) and specified treatment (intervention vs. control),
time (pre-test, intermediate test, post-test), and group (study
group 1 to 4) as fixed effects. We chose LMM over repeated
measures analysis of variance since the latter cannot han-
dle missing data and LMM takes care of nested data (i.e.,
group is nested in treatment and cohorts, see Table 1). LMM
further allowed adding a random intercept (id) as random
effect and this controls for individual differences regarding
TPACK (Kuznetsova et al., 2017). We investigated the fitted
LMM for main and interaction effects and calculated partial
squared eta as effect size. We evaluated them according to
the benchmarks of np2= .01 representing a small, np2= .06
a medium, and np2= .14 a large effect (Cohen, 1992). For
post hoc tests, we calculated pairwise comparisons based on
the estimated marginal means and used Tukey method for
adjustment. For data analysis, we mainly used R Studio (R
Core Team, 2021) as well as different R packages such as
lavaan (Rosseel, 2012) and LME4 (Kuznetsova et al., 2017).

Results

Part A: Instrument Development

Overall, we succeeded in forming reliable scales as indicated
by the measures of Cronbach’s @ and McDonald’s @ (see

Table 3). Each scale had high item discriminatory power
(r;) showing that the items aggregated in a scale strongly
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Igll.a L?lssczeezzt:l;l:g_gsessures Scales aPTC T it-pre wprc Finterm Titinterm Dinterm apOSt T itpost wpost

intermediate test, and post-test TK .80 60-82 .80 78 53-81 .80 69 53-77 75
PK .80 .58-.86 .83 78 .60-.80 .81 71 42-.84 .79
CK 74 .55-75 77 .76 .54-76 79 .68 37-75 74
TPK .90 .67-.90 93 .87 .68-.85 91 .87 .67-.87 .90
TCK .85 72-.81 90 .85 72-.85 .89 .83 .66-.78 .88
PCK .88 .72-.86 .88 .88 .75-.80 91 .83 .66-.79 .87
TPCK 91 .79-.89 .95 .87 75-.82 91 .90 .79-.84 93

a Cronbach’s alpha, @ McDonald’s omega, r; item discriminatory index, pre pre-test, interm. intermediate

test, post post-test

correlate with each other. There was a decrease of the meas-
ures for a from pre-test to post-test in TK, PK, and CK indi-
cating that the participants in the post-test answered these
items in a different manner. However, we still deemed these
scales to be sufficiently reliable since the corresponding
measures of @ were well above the suggested benchmark.

Regarding factorial validity, the independent model
(y*/df =1.39; CFI=.95; TLI=.94; RMSEA = .05, 90% CI
[.04-.07]; SRMR =.06), the integrative model (;(Z/df =1.42;
CFI1=.95; TLI=.93; RMSEA =.06, 90% CI [.04-.07];
SRMR =.08), and the transformative model (;(Z/df =1.42;
CFI1=.95; TLI=.94; RMSEA =.06, 90% CI [.04-.07],
SRMR =.08) met the benchmarks of acceptable model fit.
All items significantly predicted the latent variables of the
corresponding scales, and the factor loadings were between
A=.56 and .93. Thus, factorial validity can be established.

Regarding model comparison, the independent
model fit significantly better than the integrative model
(Achisq. = 16.74; Ap;=6; p=.01) and the transformative
model (A, =19.37; Ap=9; p=.02). Data from the pre-
sent study favored neither the integrative nor the transforma-
tive model (A ., =2.66; Ap,=3; p=.44).

Findings from the latent correlation analysis (Table 4)
showed that the TPACK constructs are systematically
related to each other. For example, the correlation coeffi-
cients between TK, CK, and PK scales were considerably
low (r=.29 to .32). In a similar vein, scales that share two
constructs but were expected to measure different constructs
only correlated at low to medium magnitude (e.g., TK and

TPCK, r=.46). We considered these findings a suggestion
that discriminant valid inferences can be drawn from the
data. In contrast, the correlation coefficients between scales
that have conceptual similarities (i.e., share two knowledge
aspects) were elevated and of moderate magnitude (e.g.,
TCK and TK, r=.55; CK and PCK, r=.53; TPK and PK,
r=.64). Other correlations (e.g., PCK and PK, r=.79;
TPCK and PCK, r=.79) were of high magnitude, indicat-
ing that these constructs share substantial variance but still
have unique aspects. We considered these findings a sign of
convergent validity.

Part B: Longitudinal Development of TPACK

Figure 2 provides an overview of the TPACK development
for all groups over the 13 weeks of intervention. The figure
highlights variability in the students’ responses in terms of
baseline responses (pre-test) and final responses (post-test).
As a coherent pattern, pairs of study groups 1 (IG) and 2
(CG) as well as study groups 3 (CG) and 4 (IG) show a
rather similar trend. However, the plots suggest that students
in the IG have a stronger TPACK progression over time than
students in the CG. Table 5 summarizes the findings on the
corresponding main and interaction effects for the factors
time, treatment, and group from LMM as well as the cor-
responding effect sizes.

For TK, there was a significant main effect for time,
which revealed an increase of TK for all study groups

Table 4 Correlations between

the latent scales Scales TK CK PK PCK TCK TPK TPCK

TK - 31 29 .33 .55 .68 46
CK - .56 .53 41 51 .59
PK - 79 41 .64 .66
PCK - .50 .63 79
TCK - .64 .63
TPK - 74
TPCK _

All correlations were significant at p <.001 level
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«Fig. 2 Development of TPACK constructs over time in the four study
groups

over time. For TCK, there was a significant main effect
for group and an interaction effect for time X treatment.
The main effect highlights that the groups on average over
the levels of time expressed different TCK, with students
in group 1 having a higher TCK compared to the other
groups. Post hoc analyses for the interaction effect showed
that the IG and CG expressed similar TCK at pre-test,
1(253) = — .47, p=.64, but students in the IG reported
higher TCK at post-test, #(275)=3.37, p <.001.

For all other scales, we found significant interaction
effects for time X treatment and for time X group indicating
that the students’ expression of CK, PK, TPK, PCK, and
TPCK varied over time depending on the type of treatment
and study group (see Table 2).

For CK, post hoc analyses showed that while CK was not
different between treatments at pre-test, #(241) = —.89),
p=.37, students in the IG reported significant higher CK
than students in CG at post-test, #(268) =1.98), p <.05.
Furthermore, post hoc analyses showed that all study
groups significantly increased their CK over time (p <.001
for all comparisons pre—int, int—post, pre—post) except for
group 2, which showed no significant progression between
intermediate test and post-test, #(152) = — 1.68, p=.88.

For PK, post hoc analyses showed that while PK was
significantly higher in the CG than in the IG at pre-test,
1(247)= —2.45 p < .05, there were no significant differ-
ences at post-test #(271) = — .43, p=.67. Furthermore, a
pre-post comparison yielded significant PK progression
for study group 1, #(149) = —7.89, p <.001, and for study
group 3, 1(165)= —3.48, p < .05, but not for study groups
2 and 4.

For TPK, post hoc analyses showed that while TPK was
significantly higher in the CG compared to the IG at pre-test,
#(262)= —2.35 p<.05, TPK turned out to be significantly
lower in the CG at post-test, #(279)=2.2, p <.05. Further-
more, there was a significant increase of TPK from pre-test
to post-test for study groups 1, 3, and 4, but not for study
group 2. In addition, analyzing the intermediate-post-test
development revealed no significant changes of TPK in
study group 1, #(153)= —3.07, p=.10, as well as in study
group 2, t(157)= .91, p=.99.

For PCK, the data revealed an increase in PCK for both
treatments from pre-test to post test, but the post-test dif-
ferences are not statistically significant, #(274)=1.84, p=.
07. Furthermore, post hoc analyses showed that all study
groups significantly increased PCK over time (p <.001 for
all comparisons pre—int, int—post, pre—post) except for group
2, which showed no significant progression between inter-
mediate test and post-test, #(153)=.01, p=1.00, indicating
a medium effect for time X group, nP2 =.09.

For TPCK, students in both treatment groups reported
similar levels of TPCK at pre-test, #(258)=1.91, p=. 06,
but students in the IG expressed significantly higher TPCK
at post-test, #(377)=3.13, p <.01. Furthermore, post hoc
analyses showed that all study groups significantly increased
TPCK over time (p <.001 for all comparisons pre—int,
int—post, pre—post) except for group 2, which showed no
significant progression between intermediate test and post-
test, #(157)=.31, p=1.00.

Summary of the Results
For all TPACK scales, students reported an increase in

their agreement with the statements provided when com-
paring pre-test and post-test findings over the 13 weeks

Table 5 Summary of the main

) . DV in LMM Main and interaction effects F-statistic Effect size 5 2
and interaction effects from the b
LMM TK Time F(153)=23.96, p<.001 20
PK Treatment X time F(150)=11.26, p<.001 .13
Treatment X group F(160)=14.81, p<.001 .16
CK Treatment X time F(154)=15.02, p<.001 .16
Treatment X group F(164)=8.38, p<.001 .09
TPK Treatment X time F(177)=8.71, p<.001 .10
Treatment X group F(172)=3.25,p<.05 .04
TCK Group F(168)=5.22, p< .01 .06
Treatment X time F(150)=7.10, p< .01 .09
PCK Treatment X time F(137)=18.01, p<.001 21
Treatment X group F(149)=5.66, p<.01 .09
TPCK Treatment X time F(153)=19.16, p<.001 .20
Treatment X group F(172)=3.25,p<.05 .06

DV dependent variable, LMM linear mixed model

Only statistically significant effects (p <.05) are shown; for interaction effects, main effects for factors involved

in the interaction are not shown
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of intervention. For five of the seven scales (TPCK, PK,
TPK, PCK, CK), there were significant interaction effects
time X treatment and time X group of mainly moderate to
strong power indicating that the progression of self-reported
TPACK developed differently over time depending on
treatment received and differently between the four study
groups. For most scales, the effect size was stronger for the
time X treatment interaction than for the time X group interac-
tion. That is, the main driver for TPACK progression in this
study is about receiving the treatment and not belonging to
a certain study group. When comparing the two treatments
(IG and CG), we found that for post-tests, students in the IG
significantly reported higher agreement than students in the
CG concerning the statements measuring TPCK, TPK, and
TCK, but not CK, PK, TK, and PCK.

Discussion

Integrating digital tools into science teacher education
presents an emerging field of science education research
(Angeli & Valanides, 2015; Herring et al., 2016; Huang
et al., 2022). The present study adds to the literature the
development and application of a domain-specific question-
naire that allows investigation of how pre-service teach-
ers’ TPACK developed over 13 weeks of a regular teacher
education program. The need for such a domain-specific
questionnaire derives from science education research that
aims to understand how subject-specific university-based
teacher education contributes to professional development.
In this regard, our efforts align with research on PCK, in
which specific instruments have been developed for subject-
specific domains (GroBschedl et al., 2018, 2019). Hence, the
development of longitudinal TPACK in specific domains
can be supported by questionnaires that are specific to that
domain. However, such questionnaires are scarce. The pre-
sent study stands in to fill this gap in the domain of applying
digital tools for teaching human biology in the context of a
biology teacher education program. We discuss the findings
of our empirical study with respect to (1) issues related to
the reliability and validity of the questionnaire, (2) find-
ings on TPACK professional development over the 13 weeks
of intervention, and (3) the advantages of implementing a
sequential application of the questionnaire through inter-
mediate testing.

Issues Related to the Reliability and Validity
of the Questionnaire

For questionnaire development, we sourced items from the
TPACK.xs instrument by Schmid et al. (2020) and sys-
tematically rephrased the items for the domain of human
biology without changing the nature of the original items.

@ Springer

In doing so, we succeeded in forming reliable scales with
strong item-discriminatory power and internal consistency
for all seven TPACK scales (see Table 3; Kline, 2016). The
good psychometric properties of the questionnaire allowed
us to identify differences in the TPACK development (Taber,
2018). Furthermore, we were able to maintain some of the
benefits of the original TPCK.xs questionnaire, such as a
short administration time (Schmid et al., 2020).

However, the procedure of questionnaire development is
not new. It has been successfully applied in other areas of
questionnaire development for science education research
(e.g., Nature of Science, Voitle et al., 2022). In previous
TPACK studies, item adaptation focused on rephrasing gen-
eral contexts (“in my teaching,” “in my subject”; Schmid
et al., 2020) with subject-specific framings (i.e., “deal with
biological issues,” “for learning biology with technology”;
Mahler & Arnold, 2022; von Kotzebue, 2022b). In the pre-
sent study, we went one step further and adapted the items
to be domain specific. This provides a basis for assessing
self-reported knowledge in a specific domain where specific
digital tools are used. Hence, we accounted for the contex-
tual dependence of teachers’ technology use (Mishra, 2019).
That is, teachers may be familiar with digital tools dedicated
to subject-matter learning in one domain but not in another
(contextual knowledge at the microlevel; Brianza et al.,
2022). We suggest that the procedure of item developing can
be transferred to other subject-specific domains of TPCK
research, where researchers are interested in investigating
domain-specific TPCK development (Rosenberg & Koehler,
2015; Wang et al., 2018).

The findings concerning the factorial validity of the
TPACK scales revealed that a 7-factorial model fit better to
the data than models for the transformative and integrative
perspectives of TPCK (Scherer et al., 2017; Schmid et al.,
2020; von Kotzebue, 2022b). While a 7-factorial model has
similarly been described as the best-fitting model in pre-
vious studies with biology student teachers (e.g., Mahler
& Arnold, 2022), findings on the transformative vs. inte-
grative view came to different conclusions. Von Kotzebue
et al. (2022b) found in her study with Austrian university
students that the transformative view tended to fit better to
the data. In contrast to von Kotzebue (2022b), who reports
findings only for the technology-related TPACK constructs
(TK, TCK, TPK, TPCK), we took a broader perspective and
further added the non-technology-related TPACK constructs
to the model (PK, CK, PCK). Based on latent variable mod-
eling, we found that TK was significantly correlated with
TCK and TPK while TK was also significantly correlated
with CK, PK, and PCK, but to a lesser extent (see Table 4).
To us, these findings mean that technology-related knowl-
edge (“T” in TPACK) is not acquired in isolation from
the contextual background (Mishra, 2019). That is, when
TPACK is assessed in the context of a teacher education
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program, a specific domain (e.g., human biology) should
be considered to gain a more comprehensive view of knowl-
edge acquisition and development (Tan et al., 2022). Further
research is needed to address to what extent TPACK should
be viewed as a generic (i.e., knowledge for general context)
and how the generic nature influences the domain-specific
TPACK development (Lachner et al., 2021). Moreover, the
need for reflecting a specific context in which knowledge is
acquired helps to acknowledge that teachers’ professional
knowledge has a strongly contextualized nature (Brianza
et al., 2022; Putnam & Borko, 2000).

Findings on TPCK Professional Development
over the 13 Weeks of Intervention

As a main finding, LMM analyses helped identify the pro-
gression of teachers’ TPACK over the 13 weeks of interven-
tion. The development took place in both non-technology-
related constructs (e.g., PK and CK) and technology-related
constructs (e.g., TCK and TPCK). We expected progres-
sion in the non-technology-related constructs, since the two
treatments were part of a regular teacher education program
that typically aims to convey pedagogical knowledge and
content knowledge (Huang et al., 2022). Progression in
technology-related knowledge was found to be a function
of the treatment received and was stronger in the interven-
tion groups than in the control groups. That is, working with
anatomy apps on a regular basis affects the development of
the TPACK. Students who used the anatomy app during their
studies outperformed students in the control groups regard-
ing TPCK, TPK, and TCK. Thus, this study confirms that
actively working with digital tools in the context of human
biology can make a significant contribution to the profes-
sional knowledge growth of students during teacher educa-
tion programs (Huang et al., 2022; Wang et al., 2018).

As an interesting finding, students enrolled in the mas-
ter’s study program (study group 4) did not perform sig-
nificantly better than students enrolled in the initial study
program (study groups 1 to 3). Based on findings from prior
PCK research, we would expect stronger differences since
a higher number of semesters attended in higher education
correspond with a more developed PCK (Kleickmann et al.,
2013). We considered these differences by applying a linear
mixed model with fixed and random effects and checked
for the effects of the study groups (Kuznetsova et al., 2017).

These results can be interpreted in different ways.
First, when considering the control groups (groups 2 and
3) in comparison to intervention group 4, it appears that
the students in group 4, who had more experience with
educational training in the form of science education
seminars visited and credit points awarded, may have
been more self-critical when assessing their TPACK
development. This led to lower scores (underestimation)

compared to the students in study groups 1 to 3, who had
less experience and, therefore, a possible less critical view
of their TPACK development, potentially resulting in higher
scores (overestimation). This interpretation is consistent
with the findings of Max et al. (2022), who discovered that
low-performing students tend to overestimate their TPACK
more than high-performing students do, as demonstrated
by a comparison of self-assessment questionnaires and
performance-based assessments. In contrast, when analyzing
the findings of two study groups at the same proficiency
level (intervention group 1 and control groups 2 and 3,
bachelor study program), it was discovered that students
in the intervention groups reported stronger development
in TPACK from pre-test to post-test. This leads us to infer
that continuous work with digital anatomy tools leads to
a higher score on the self-assessment of TPACK, thus
providing evidence for the usefulness of digital anatomy
tools to support professional development.

Advantages of Integrating a Sequential Application
of the Questionnaire Through Intermediate Testing

Applying the questionnaire at three time points (pre-test,
intermediate test, and post-test) was characteristic of two
study groups (groups 1 and 2). This was made possible based
on the relatively short time needed to administer the ques-
tionnaire (Schmid et al., 2020). Implementing an interme-
diate test at week five allowed us to investigate sequential
TPACK development in more detail. The analysis uncov-
ered that there was hardly any difference in TPACK between
study group 1 (intervention group) and study group 2 (con-
trol group) between the pre- and intermediate test. That is,
in intervention group 1, we did not measure TPACK devel-
opment beyond the effect of implementing the same ques-
tionnaire twice (test-retest effect; Kline, 2016). In contrast,
when comparing intermediate to post-test development,
solely study group 1 reported a strong increase in TPACK
and there is a lack of further professional development in
study group 2. This “boost effect” for study group 1 follow-
ing the intermediate test can be attributed due to the fact
that the students in study group 1 hold presentations based
on the 3D anatomy apps and digital tools that were used
to support animal specimen dissection whereas students in
study group 2 used traditional digital presentation methods
and accessed traditional anatomical models. These students
took full advantage of the potential of using digital tools in
human anatomy (Chakraborty & Cooperstein, 2018; Lewis
et al., 2014; Moro et al., 2017). By implementing the inter-
mediate test, we were able to shed light on the sequential
TPACK development that occurred. Typically, sequential
developments are hidden when researchers solely focus on
pre-post-comparisons (Hofer & Grandgenett, 2014). Based
on the findings of the present study, we advocate applying
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TPACK questionnaires sequentially, since they allow for a
more fine-grained analysis of TPACK professional develop-
ment. However, implementing three time points may not be
fine-grained enough since we do not know the exact time
points where the boost effect in the intervention groups and
the plateau and decline in the control groups start.

Limitations

In the present study, we relied on students’ self-reported
data, which are typically used when investigating the devel-
opment of TPACK in science education (Schmid et al.,
2021). However, this procedure is often criticized for being
too subjective and not measuring knowledge (Krauskopf &
Forssell, 2018). Thus, the present study is limited, in that
when referring to the development of TPACK, how the stu-
dents themselves perceived their progression of knowledge.
Alternative methods for evaluating TPACK have focused on
performance-based assessments (e.g., observing the teaching
practices of teachers) and assessing the quality of teaching
instruction in relation to the TPACK framework, such as von
Kotzebue (2022b) and Max et al. (2022). However, in the
present study, we did not have the means to apply a perfor-
mance-based assessment of TPACK, potentially resulting
in overestimation and underestimation of students’ TPACK.

Furthermore, due to the federal system of teacher edu-
cation and the involvement of study groups from different
parts of Germany, the time dedicated to teacher education
courses differed (see Table 1). While we acknowledge that
the data analyzed in this study stems from in situ university
courses and not from a laboratory setting, this characteris-
tic also posits a limitation. These findings should be inter-
preted with caution, as different study groups spent different
times in class. We still evaluated the study population as
valuable because two pairs of study groups (groups 1 and
2, as well as groups 3 and 4) had mostly similar settings
regarding course time. This study may have overlooked var-
iables other than those described in the sample description
that could have impacted the data and were not accounted
for in the analysis.

Conclusions and Further Directions

The present study investigated how using digital tools (e.g.,
3D anatomy apps) influenced the development of TPACK
in a biology student teacher population over a course of
13 weeks. This study contributes to technology-related
science education research by developing a domain-specific
TPACK questionnaire. Applying a quasi-experimental study

@ Springer

design and following a systematic approach to rephrase the
existing TPACK.xs questionnaire by Schmid et al. (2020)
enabled us to develop a questionnaire that allows for reliable
measurement and valid interpretation of TPACK. The
integration of intermediate data collection led to a fine-grained
analysis of sequential TPACK development and posited a
huge advantage of the questionnaire. The sequential analyses
highlighted that working with digital tools on a regular basis
in the intervention groups could boost TPACK development.
Going forward, we aim to investigate how TPCK development
corresponds to a specific usage of digital tools (i.e., usage that
facilitates or hinders TPCK development). To gain a more
comprehensive picture of teachers’ professional development,
mixed-method surveys (Tondeur et al., 2020) and studying
teachers’ technology-related beliefs (Ertmer et al., 2015; von
Kotzebue, 2022a) may be a promising approach.
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