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The purpose of this study was to measure and describe students’ learning 

development in mental computation of mixed addition and subtraction tasks 

up to 100. We  used a learning progress monitoring (LPM) approach with 

multiple repeated measurements to examine the learning curves of second-

and third-grade primary school students in mental computation over a 

period of 17 biweekly measurement intervals in the school year 2020/2021. 

Moreover, we investigated how homogeneous students’ learning curves were 

and how sociodemographic variables (gender, grade level, the assignment 

of special educational needs) affected students’ learning growth. Therefore, 

348 German students from six schools and 20 classes (10.9% students with 

special educational needs) worked on systematically, but randomly mixed 

addition and subtraction tasks at regular intervals with an online LPM tool. 

We  collected learning progress data for 12 measurement intervals during 

the survey period that was impacted by the COVID-19 pandemic. Technical 

results show that the employed LPM tool for mental computation met the 

criteria of LPM research stages 1 and 2. Focusing on the learning curves, 

results from latent growth curve modeling showed significant differences in 

the intercept and in the slope based on the background variables. The results 

illustrate that one-size-fits-all instruction is not appropriate, thus highlighting 

the value of LPM or other means that allow individualized, adaptive teaching. 

The study provides a first quantitative overview over the learning curves 

for mental computation in second and third grade. Furthermore, it offers a 

validated tool for the empirical analysis of learning curves regarding mental 

computation and strong reference data against which individual learning 

growth can be compared to identify students with unfavorable learning curves 

and provide targeted support as part of an adaptive, evidence-based teaching 

approach. Implications for further research and school practice are discussed.
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Introduction

Mental computation can be defined as a person’s ability to 
perform basic arithmetic operations correctly and quickly in their 
mind by using adequate solution strategies without resorting to 
external resources such as paper and pencil or a calculator (e.g., 
Maclellan, 2001; Varol and Farran, 2007). Focusing on current 
curricula, mental computation has an essential place in primary 
school mathematics education (e.g., the Standing Conference of 
the Ministers of Education and Cultural Affairs of the Länder in 
the Federal Republic of Germany (KMK), 2005; Seeley, 2005; 
National Council of Teachers of Mathematics (NCTM), 2022). 
This importance can be  explained by the fact that mental 
computation has a high value in everyday life (e.g., Reys, 1984). 
Moreover, previous research has pointed to the great influence of 
mental computation for higher-order mathematical thinking (e.g., 
Blöte et  al., 2000; Hickendorff et  al., 2019; Pourdavood et  al., 
2020). In particular, mental computation can support students in 
understanding the concept of numbers, in discovering 
computational strategies, in making reasonable estimates and in 
developing a flexible and adaptive handling of these when solving 
mathematical problems. Furthermore, mental computation is a 
basis for written computation and its mastery.

Research findings indicate that most students improve their 
mental computation skills during primary school years and are 
able to solve multi-digit addition and subtraction tasks adequately 
in grades 3 or higher (e.g., Heirdsfield and Cooper, 2004; 
Karantzis, 2011). However, empirical research also shows that a 
large number of students struggle with mental computation 
throughout and beyond primary school (e.g., Reys et al., 1993; 
Miller et  al., 2011; Hickendorff et  al., 2019). Recent research 
findings (e.g., Peltenburg et al., 2012; Gebhardt et al., 2015; Rojo 
and Wakim, 2022) suggests, that the acquisition of multi-digit 
mental computation is particularly challenging for students with 
special educational needs (SEN). For example, students with SEN 
in the area of learning (SEN-L) mostly exhibit a lack of solid basic 
arithmetic skills, which is often responsible for difficulties and 
missing learning success in secondary school mathematics (e.g., 
Gebhardt et al., 2014; Rojo and Wakim, 2022). Studies focusing on 
the mathematical learning development of students with and 
without SEN conclude that students with SEN not only show a 
lower mathematical achievement, but also have a slower learning 
growth than their peers without SEN (e.g., Wei et  al., 2013; 
Gebhardt et al., 2015).

In light of the importance of mental computation for further 
mathematical achievement and the high number of students who 
have difficulties developing adequate mental computation skills, 
there is great need for providing information about students’ 
learning growth in educational research and practice (e.g., 
Salaschek et  al., 2014). For teachers in particular, summative 
assessments at the beginning or end of the school year are often 
insufficient in identifying struggling students at an early stage. An 
alternative are formative assessments, which provide diagnostic 
information during the learning process and allows for 

instructional adjustment (e.g., Cisterna and Gotwals, 2018). One 
formative approach is learning progress monitoring (LPM) which 
is discussed as an appropriate method to provide teachers with 
ongoing feedback on students’ learning development (e.g., Deno 
et al., 2009). To evaluate learning growth with LPM tools, teachers 
regularly administer short parallel tests and assess students’ 
individual learning curves using LPM graphs. The evaluation of 
these individual learning curves is the basis for decisions about 
maintaining or adjusting educational instructions. For example, 
within the Response to Intervention (RTI) approach, LPM tools 
are used to identify struggling students who would benefit from 
additive educational instruction or to evaluate the effectiveness of 
learning offers (e.g., Stecker et al., 2008).

In order to address the need for information on student 
learning development and learning growth in mental computation 
in educational research and practice, the purpose of the present 
study was to examine the latent learning curves as mean learning 
growth of the individual learning curves of second and third grade 
students in mental computation of mixed addition and subtraction 
tasks. Therefore, we used a recently developed computation test 
(Anderson et al., 2022). The present study first investigated the 
psychometric quality of this test for LPM. This included how the 
measures are related to student performance on standardized 
arithmetic tests and whether the LPM tool can sensitively measure 
student’s learning and progress at different ability levels. 
Subsequently, we used the data to describe students’ latent learning 
curves regarding mental computation skills in addition and 
subtraction over a period of 17 biweekly measurement intervals. 
Based on this, we  examine differential developments using 
sociodemographic characteristics such as gender and grade level 
as well as the assignment of SEN.

Mental addition and subtraction 
and its differential development

Mental computation skills regarding basic arithmetic are an 
important prerequisite for the acquisition of mathematical literacy 
as measured in international school performance studies such as 
the Programme for International Student Assessment (PISA; 
Organisation for Economic Co-operation and Development 
(OECD), 2018). Moreover, these competencies are inherent to the 
primary school mathematics curricula. In particular, mastering 
mental computation of multi-digit addition and subtraction tasks 
is an important learning goal in primary school all over the world. 
According to primary school mathematics curricula of all federal 
states in Germany or in the United  States (e.g., KMK, 2005; 
NCTM, 2022), students should have developed profound mental 
addition and subtraction skills in the number range up to 100 by 
the end of grade 2. Based on a spiral approach, mental addition 
and subtraction skills are extended to three-digit numbers at the 
beginning of grade 3. By the end of primary school, students 
should be able to transfer these skills to higher number ranges. 
Subsequently, in the second half of grade 3, students learn the 
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written algorithms for addition and subtraction of three-digit 
numbers (Selter, 2001). Considering the curricular requirements, 
third graders should therefore be  able to routinely carry out 
two-digit mental addition and subtraction tasks whereas this may 
be more challenging for second graders.

The results of previous studies (e.g., Bryant et  al., 2008; 
Karantzis, 2011) indicate that some students’ performance in 
mental addition and subtraction is at a low level even at higher 
grades, implying urgent need for educational means to address 
this issue. Weak performance in in this area in primary school is 
attributed to different task characteristics that contribute to task 
difficulty (e.g., Benz, 2003, 2005) and the use of inefficient solving 
strategies (e.g., Beishuizen, 1993; Cooper et al., 1996; Beishuizen 
et al., 1997; Heirdsfield and Cooper, 2004; Varol and Farran, 2007).

Regarding the task characteristics, the construction of the 
numbers, whose sum value or difference value needs to 
be calculated, plays an important role. Research has shown that 
multi-digit addition and subtraction tasks vary in their difficulty 
and probability of solving them correctly (e.g., Benz, 2003, 2005). 
This is explained by the fact that there are multiple difficulty-
generating item characteristics (DGICs) that have an influence on 
task difficulty (e.g., the number of digits of a term or the necessity 
of crossing ten). Knowledge about the influence of different 
DGICs is particularly important for rule-based item design of 
school achievement tests (e.g., for statistical word problems see 
Holling et al., 2009). For mathematical word problems, Daroczy 
et al. (2015) provide a review of DGICs that contribute to the 
difficulty of such tasks. Anderson et  al. (2022) discuss the 
advantages of rule-based item design and the identification of 
DGICs for constructing a pool of items for a mixed addition and 
subtraction test for LPM.

Besides that, the flexible and adequate use of different solution 
strategies for solving multi-digit addition and subtraction tasks is 
relevant (for an overview, e.g., Torbeyns et al., 2009; Hickendorff 
et al., 2019). While solving single-digit addition and subtraction 
tasks is based on the retrieval of the solution from long-term 
memory as an arithmetic fact, the outcome of multi-digit addition 
and subtraction tasks must be computed based on the adaptive 
application of known solution strategies. With the use of inefficient 
solution strategies such as counting strategies, multi-digit addition 
and subtraction tasks are solved slowly and often incorrectly. In 
addition to the flexibility in choosing appropriate solution 
strategies in correspondence with the requirement of a specific 
task, hurdles for struggling students include a lack of the 
conceptual understanding of numbers and a lack of fluency in 
using computation procedures (e.g., Verschaffel et al., 2007).

With regard to students’ solving strategies of multi-digit 
addition and subtraction tasks, two complementary dimensions 
can be  distinguished respecting number-based strategies: the 
operation that is necessary for the solution process and the way 
the numbers are used in the solution process (Hickendorff et al., 
2019). Concerning the first dimension, multi-digit addition only 
allows direct addition, while multi-digit subtraction allows several 
options (direct subtraction, indirect addition, indirect 

subtraction). Concerning the second dimension, there are 
different strategies to manipulate numbers to successfully master 
the computation process. In sequencing strategies, numbers are 
interpreted as objects on a mental number line and addition is 
seen as moving forward and subtraction as moving backward on 
it. For example, the addition task 44 + 38 is given. The direct 
addition with the sequencing strategy would be  computed as 
44 + 30 = 74; 74 + 8 = 82. In decomposition strategies, numbers are 
interpreted as objects with a decimal structure and the operations 
require splitting or portioning the numbers. With the 
decomposition strategy it would be  computed as 40 + 30 = 70; 
4 + 8 = 12; 70 + 12 = 82. In varying situations, different strategies are 
used that adaptively consider both the numbers and the operations 
in the solution process. These two complementary dimensions can 
be  used to categorize students’ problem-solving strategies. 
Students with mathematical difficulties often have problems 
acquiring the different strategies and using them in an adaptive 
and flexible way. These students use inefficient solution strategies 
(e.g., counting strategies) and are often unable to accurately solve 
single-digit addition and subtraction, which is a prerequisite for 
successful acquisition of multi-digit strategy skills (e.g., Varol and 
Farran, 2007; Verschaffel et al., 2007).

Despite the high curricular importance, previous qualitative 
studies already indicate a large heterogeneity in the development 
of two-digit addition and subtraction computation skills during 
the second school year (e.g., Benz, 2003, 2007). Previous research 
has also shown that students with SEN have difficulty acquiring 
adequate computation skills (Gersten et al., 2005; Evans, 2007; 
Bryant et  al., 2008; Wei et  al., 2013; Soares et  al., 2018). For 
example, at the end of primary school, many students with SEN-L 
have acquired lower competencies in the development in 
mathemtics in general (e.g., Gebhardt et al., 2014, 2015) and in the 
development of mental arithmetic computation for numbers up 
to 100 compared to their peers without SEN-L (Peltenburg et al., 
2012; Rojo and Wakim, 2022).

While research findings on the difficulties for students with 
SEN-L are consistent, this is not the case for gender-based 
performance differences in mental computation (e.g., 
Winkelmann et al., 2008; Wei et al., 2013; Pina et al., 2021). Wei 
et  al. (2013) reported significant and persistent gender 
performance differences in favor of boys among students with 
different SEN that persisted from primary to secondary school. 
For regular primary education, Pina et  al. (2021) found no 
significant gender differences in mathematics achievement in 
computation. Results from international large-scale assessments 
such as the Trends in International Mathematics and Science 
Study (TIMSS) indicated gender-based differences in average 
mathematics achievement between girls and boys at the end of 
primary school. In TIMSS 2019, fourth grade boys showed a 
higher average performance than girls in almost half of the 58 
participating countries. In four countries, girls had a higher 
average achievement than boys. In 27 countries, gender equity of 
average performance in mathematics was reported. For the 
arithmetic domain, boys achieved higher test scores than girls in 
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almost all countries and for more than half of the countries’ 
differences are even significant (Mullis et al., 2020). In Germany, 
the differences in this domain are significant (Nonte et al., 2020).

In contrast, in a study of third-through eighth-graders with 
and without SEN, Yarbrough et  al. (2017) found statistically 
significant differences between boys and girls in favor of girls in 
grades 5, 7, and 8 for learning growth in mental computation. The 
tests included mathematical computation tasks on the four basic 
arithmetic operations. The difficulty of the tasks varied according 
to the respective curricular requirements of the respective grade. 
However, the knowledge about students’ differential latent 
learning curves when acquiring mental computation skills is 
limited. For example, the results on learning growth by Yarbrough 
et al. (2017) were based on only three measurement time points. 
As noted above, there is only a small number of longitudinal 
surveys, including a large number of measures for the valid 
assessment of latent learning curves.

Learning progress monitoring

Due to heterogeneous student learning, there is an increasing 
need for teachers to use data about individual student’s learning 
development for their instructional decision-making (e.g., Espin 
et  al., 2017). In this regard, LPM is a promising method that 
provides data on individual students’ learning development and 
assists teachers identifying learning problems in early stages as 
well as in evaluating the achievement of learning goals. One 
approach of LPM is curriculum-based measurement (CBM; e.g., 
Deno, 1985; Stecker et  al., 2005): a set of procedures that can 
be used frequently and quickly to assess student learning progress 
and the effectiveness of instruction in academic domains such as 
reading, spelling, writing, or computation (e.g., Hosp et al., 2016). 
CBM procedures consist of short parallel tests that require only a 
few minutes (e.g., 1–5 min) and items are typically based on the 
identification of robust indicators or on curriculum sampling 
(Fuchs, 2004). Finding robust indicators includes identifying tasks 
that best represent the various subskills of a specific domain or 
that correlate strongly with them. For reading, oral reading fluency 
is regarded as a robust indicator of general reading competence 
and comprehension (Deno et  al., 1982). In the domain of 
mathematics, number sense is considered a robust indicator for 
mathematics performance in kindergarten and first grade primary 
school (e.g., Lembke and Foegen, 2009). Curriculum sampling 
involves selecting exemplary tasks that asses curricular learning 
goals. Each CBM test is then aligned with curricular objectives 
that are relevant to the entire assessment period (e.g., Fuchs, 
2004). With regard to highly heterogeneous learning groups, for 
example in inclusive classrooms, strictly curriculum-based LPM 
are of limited use because students with SEN (e.g., SEN-L) are 
often not taught according to the regular class curriculum 
(Gebhardt et al., 2016).

Results of LPM usually output a sum score (e.g., number of 
correctly solved tasks) and the learning development is 

represented in a graph. To represent individual learning 
development, linear trends at the student level are often estimated. 
Therefore, the parameters intercept and slope are relevant. The 
slope represents the mean learning growth of a student (e.g., the 
proportion of additional tasks that were solved correctly in the 
comparison of the measurement points). The intercept contains 
information about the approximated individual learning level at 
the beginning of LPM. For reliable and valid conclusions about 
learning development, Christ et al. (2013) recommend using data 
from at least six measurements. Based on these data, teachers can 
then decide whether the instruction used promotes learning 
success as intended (individual learning curve is as expected), 
whether the instruction used should be  adjusted (individual 
learning curve is lower than expected), or whether the learning 
goal can be  adjusted because the individual learning curve is 
higher than initially expected (e.g., Espin et al., 2017).

Since the 1970s, a large body of LPM research has focused on 
the development and application of instruments for different 
domains with a focus on reading (for an overview see Tindal, 
2013). Until 2008, LPM research mostly focused on the domain of 
reading and not mathematics (e.g., Van Der Heyden and Burns, 
2005; Foegen et  al., 2007). In a review of the literature 
concentrating on the development of LPM in mathematics, 
Foegen et al. (2007) found that only a small part of the studies 
focused on mathematics and here primarily on preschool and 
elementary mathematics. In German-speaking countries, LPM 
research has advanced in recent years, especially in educational 
psychology and special education, addressing several academic 
domains, including reading and math (for an overview see 
Breitenbach, 2020; Gebhardt et al., 2021).

Learning progress monitoring of 
mathematics computation

Regarding different types of LPM in mathematics, Hosp et al. 
(2016) differentiate between tests for number sense (early 
numeracy), for computational skills (computation), and for the 
application of mathematical skills such as interpreting 
measurements, tables, or graphs (concepts and applications). For 
LPM in the area of computational skills, there are differences in 
how the tasks are intended to be solved (e.g., in a mental or written 
way) and how large the assessment domain is in each case 
(assessment of a single skill or multiple skills). According to Christ 
et al. (2008), the domain of mathematics computation is especially 
suitable for a frequently used LPM tool that can be  used in 
research as well as data-based instructional decision-making. 
Instruments for this domain are usually constructed to provide 
very brief measurements of a relatively narrow arithmetic 
performance range and LPM tasks corresponding to the curricular 
level or individual learning objectives. There is also evidence that 
teachers can use the data of computation LPM to improve the 
performance of students with SEN (for an overview see Foegen 
et al., 2007).
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LPM of (mental) computational skills does not aim to 
measure mathematical literacy as in PISA (OECD, 2018), and it 
does not address the language requirements of number word 
problems, which can also play a role in understanding 
mathematics. In contrast, it focuses on (mental) computation 
skills as an important prerequisite for solving word problems as 
well as mathematical literacy in general (e.g., Varol and Farran, 
2007). Still, this narrow focus must be  considered when 
selecting potential criterion measures for the evaluation of 
criterion validity. According to Christ et  al. (2008), the 
coefficients of criterion validity between LPM tools and 
standardized mathematical achievement tests that measure 
overall performance in mathematics can therefore only 
be interpreted to a limited extent, whereas criterion validity is 
understandably much higher for procedures that relate 
exclusively to arithmetic tasks or include subtests in the domain 
of computation.

A variety of LPM tools for computation and mental 
computation have been developed in the past decades, especially 
in the United  States (for an overview, e.g., Christ et  al., 2008; 
Tindal, 2013). In German-speaking countries, some tools have 
been established for LPM (mental) computation. For example, 
Sikora and Voß (2017) have developed and empirically validated 
a curriculum-based LPM tool for the four basic arithmetic skills 
for grades 3 and 4. In composing the LPM tests, they considered 
item characteristics that may influence item difficulty (e.g., 
number range, arithmetic operation, digits to be computed in item 
solution, place value, and standard form tasks). The LPM tests of 
Strathmann and Klauer (2012) or Salaschek and Souvignier (2014) 
have integrated mental computation tasks as part of a broader 
curriculum-based LPM tool. These are usually a subset of a few 
items, each testing one of the four basic arithmetic competencies 
at the respective curricular level. Anderson et al. (2022) developed 
a test based on an item-generating system for mixed addition and 
subtraction tasks for numbers up to 100. This test is built on 
multiple difficulty-generating item characteristics (DGICs). First, 
three DGICs were deduced from prior mathematics education 
research (arithmetic operation, necessity of crossing ten, the 
number of second term digits) and varied within the item design 
process so that all possible combinations were adequately 
represented in an item pool. Subsequently the Rasch model (RM) 
and the Linear Logistic Test Model (LLTM) were used to estimate 
and predict the influence of the DGICs. The results of the LLTM 
approach indicate that all three suspected difficulty-generating 
characteristics were significant predictors of item difficulty and 
explain about 20% of the variance in the item difficulty parameters 
of the RM. Results suggest that DGICs can influence item 
difficulty across grade levels and ensure long-term use across 
multiple grade levels. Thus, identified curriculum-independent 
DGICs have the potential to be used to construct LPM tests for 
classes with curriculum-independent learners. In test 
development, the present study follows the item generation system 
reported by Anderson et al. (2022) and extends it to include an 
additional DGIC.

Requirements for learning progress 
monitoring

In order to validly assess learning progress, frequent and 
regular use of LPM requires a large number of parallel tests that 
should be mostly consistent in difficulty and are sufficiently 
sensitive to measure learning. Therefore, LPM tools have to 
address a variety of psychometric properties. This includes 
classical test quality criteria (e.g., validity, reliability) as well as 
psychometric criteria such as one-dimensionality, 
homogeneous test difficulty, sensitivity to change, and test 
fairness (e.g., Wilbert and Linnemann, 2011; Schurig et  al., 
2021). For example, identifying characteristics that have an 
influence on task difficulty can support the development of 
parallel tests with homogeneous test difficulty (e.g., Wilbert, 
2014; Anderson et al., 2022). In this regard, LPM tests should 
be constructed under the assumptions of item response theory 
(IRT), which features sample independence, non-linear 
dependencies between trait and response, and the ability to test 
multiple parameters of response behavior (e.g., Schurig et al., 
2021). For the practical purpose of data-based decision-
making, the results should also be  as easy as possible for 
teachers to interpret and use to choose or adapt instruction 
(e.g., Espin et al., 2017). In particular, computer-or web-based 
LPM tools can contribute to improving the usability in schools 
through a high degree of automation of test generation and 
evaluation (e.g., Mühling et al., 2019).

As evidence for its use in progress measurement, Fuchs (2004) 
proposed a three-stage systematization of LPM research. Research 
at stage 1 includes studies that aim to test the psychometric 
adequacy of the tool as a status diagnostic. Stage 2 includes all 
research that provides evidence that a LPM tool can sensitively 
and validly represent learning growth over time. Research at stage 
3 involves studies that examine whether the use of LPM data for 
instructional decisions improves student performance. For all 
academic domains, a large part of the prior research has focused 
on stage 1 and adressed the psychometric adequacy of LPM tool 
as a status diagnostic (Fuchs, 2017).

Purpose of the study

The purpose of the present study was to examine the latent 
learning curves of second and third grade primary school students 
in mental addition and subtraction with a newly developed 
web-based LPM tool. Our study thus addresses stages 1 and 2 
outlined by Fuchs (2004). Therefore, we  examined the 
psychometrical adequacy of the LPM tool at an individual 
measurement point as well as its sensitivity to learning growth 
over time by addressing the following research questions:

Research question 1.1: How do the LPM test scores at different 
measurement time points relate to standardized school achievement 
test results at the beginning and the end of the survey period?
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Research question 1.2: How reliable are the results of our LPM 
tool in terms of correlations between different measurement 
time points?

Research question 1.3: Is the LPM tool sensitive to student 
learning at different ability levels?

Building on these analyses, we  subsequently examined 
students’ latent learning curves regarding mental addition and 
subtraction in second and third grade over a period of 17 biweekly 
measurement intervals, focusing on the overall learning 
development over time as well as interindividual heterogeneity 
therein. As prior results have highlighted that sociodemographic 
characteristics can influence learning and learning development, 
we  additionally examined, if gender and grade level as central 
sociodemographic characteristics as well as the assignment of SEN 
lead to empirically distinguishable learning curves. Research 
questions are as follows:

Research question 2.1: How homogeneous are students’ latent 
learning curves over a period of 17 biweekly measurement intervals?

Research question 2.2: Do students’ latent learning curves 
differ between groups with different sociodemographic 
characteristics such as gender and grade level?

Research question 2.3: What influence does the assignment of 
SEN have on students’ latent learning curves in mental computation?

Materials and methods

Participants and setting

A total of 348 students from nine second-grade and nine 
third-grade inclusive education classes and two third-grade special 
education classes1 of six schools participated in the study. The 
schools were located in urban as well as rural areas of North 
Rhine-Westphalia as state of the Federal Republic of Germany. The 
six schools were recruited by convenience sampling. Therefore, it 
was taken into account that a similar number of second and third 
graders participated in the survey, as well as students in a special 
school and students in inclusive schools. Of the participating 
students, 162 (46.55%) were in the second grade, 186 (53.45%) in 
the third grade. The average age of students at the start of the study 
was 8.43 years (SD = 0.80). Further sociodemographic 
characteristics of the participating students at the start of the study 
are reported in Table 1. A number of 38 students (10.92%) had the 
assignment of SEN, most of them in the area of learning (SEN-L: 

1 In inclusive education classes in Germany, students with and without 

SEN are taught together. Students with SEN sometimes have individual 

learning goals that do not have to correspond to the curricular goals of 

classmates without SEN. In special education classes, only students with 

SEN are taught. The learning goals can follow curricular or individual 

learning objectives, depending on the type of SEN.

19; 50.00% of the SEN students) or in the area of communication 
and interaction (SEN-CI: 17; 44.74% of the SEN students).

Measures and procedure

The study was conducted from November 2020 to July 2021 
and covered a period of 17 biweekly measurement intervals. At the 
beginning and at the end of the survey period, arithmetic subscales 
of the standardized German paper-pencil test DEMAT 2+ (German 
Mathematics Test for Second Grade and for the beginning of Third 
Grade; Krajewski et al., 2020) were administered. The DEMAT 2+ 
is representative of all German regular second-grade mathematics 
curricula and is suitable as a norm-based test for the last months of 
the second and the first months of the third school year. The test 
contains tasks for numbers up to 100. For this study, we selected 
subscales of the DEMAT 2+ that included computation tasks 
without mathematics word problems. These included tasks for 
number properties, addition and subtraction place values tasks, 
tasks for doubling and halving numbers, and tasks for calculating 
with money (see Table 2). The use of DEMAT 2+ subscales at the 
beginning were followed by LPM every 2 weeks. At the end of the 
survey period, DEMAT 2+ subscales were administered a second 
time. Credit was given only for completely correct answers.

The used LPM tool included mixed addition and subtraction 
tasks for numbers up to 100, which required students to enter the 
correct solution (for addition tasks the sum value; for subtraction 
tasks the difference value) into a blank field. We designed the 
items using a rule-based approach that considered several DGICs 
derived in advance from mathematics education research and 
evaluated in Anderson et  al. (2022). Extending the results of 
Anderson et  al. (2022) four DGICs were used to model the 
difficulty of the items: the arithmetic operation (addition versus 
subtraction; DGIC 1), the necessity of crossing ten (no crossing 
versus with crossing; DGIC 2), the number of second term digits 
(one-digit numbers versus two-digit numbers; DGIC 3), and the 
necessity to add up to the next full ten (not necessary versus 
necessary; DGIC 4). Based on these four DGICs, we created a pool 
of 3,027 items. The four DGICs were varied within the item design 

TABLE 1 Sociodemographic of students at the start of the study.

Personal 
characteristics

Full sample Grade 2 Grade 3

n % n % n %

Gender

Female 176 50.57 85 52.47 91 48.92

Male 172 49.43 77 47.53 95 51.08

SEN

Yes 38 10.92 2 1.23 36 19.35

No 310 89.08 160 98.77 150 80.65

Migration background

Yes 96 27.59 46 71.60 50 26.88

No 252 72.41 116 28.40 136 73.12
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process so that all possible combinations were adequately 
represented in the item pool (see Table 3).

The item pool was implemented on an online platform2 
(Gebhardt et al., 2016; Mühling et al., 2019). Based on an equal 
distribution of the 10 possible item categories in the item 
selection, a fixed order was established for the baseline test. 
Starting at the second measurement, items were drawn from 
the total item pool in a randomized, however equally 
distributed manner according to the 10 item categories. 
Students could not skip any drawn items during the test time. 
We  assume that an equal distribution of the items on the 
described item categories causes a harmonization of the 
difficulties of the tests. Based on this, an individual test was 
created for each student by the online platform for each 
additional measurement. Accordingly, from the second 
measurement on, we assume missing completely at random 
(MCAR) for all non-drawn items.

Trained administrators tested students in their classrooms in 
groups of 5–10 during class time. To perform the test, each 
participating student used a tablet device. Testing time was 5 min. 
The students had to mentally compute the tasks without external 
support. At the beginning of each measurement, students received 
a short technical briefing, sample tasks were solved, and students 
had the opportunity to ask the test administrator questions. 
Students could then start the test themselves by clicking on a start 
button. Tests ended automatically after 5 min testing time. In the 
time allotted, students were instructed to answer as many 
mathematics computation tasks as possible. Each probe contains 
a substantial number of tasks, making it unlikely that a student 
could finish within the time limit. No partial credit was given for 
partially correct answers.

All students who participated in at least one LPM test were 
included in the following analyses. Not all students participated 
in LPM at each measurement. The main reasons for this were 
home schooling periods during the survey due to the COVID-19 
pandemic, a staggered start to the surveys within the participating 
schools, individual absence of students, or technical problems. In 
order to compute the latent mean-growth and comparable, time-
dependent norms across the survey time, 17 equidistant 
measurement intervals were derived from the raw data. In order 

2 www.levumi.de

to establish reasonable distance interval lengths to observe 
change, 2 weeks were chosen as the length of the interval. Due to 
practical reasons within the schools, some children were tested 
twice within one interval and not within another. When students 
were tested twice, only the first observation within a measurement 
interval was used. Data are available for 12 of the 17 biweekly 
measurement intervals, the other intervals are missing due to 
homeschooling and holidays.

Statistical analyses

Participation
The individual number of participation related to the LPM 

measurement intervals in this study varied (M = 5.98; SD = 2.20). 
The range of participation is 10, with 24 students (6.90%) of the 
total sample participating in the surveys only once and 5 students 
(1.44%) participating 11 times. 282 students (81.03%) participated 
in at least five, 222 students (63.79%) in at least six LPM 
measurement intervals.

Analyses
The presentation of descriptive statistics is followed by the 

results on the research questions. To address research question 1.1, 
criterion and predictive validity were analyzed by examining how 

TABLE 2 Subscales of the DEMAT 2+ (Krajewski et al., 2020) used for this study.

Subscale DEMAT 2+ Requirement Example No. of items

Number properties Identification of even and odd two-digit numbers Identify the even numbers! 25|44|8|19|8|38|17 2

Addition place value Identification of the correct first/second summand Calculate! … + 15 = 34 4

Subtraction place value Identification of the correct subtrahend/minuend Calculate! 56 - … = 36 4

Doubling numbers Doubling of a two-digit number (with and without crossing ten) Take the double! 70 ➔ … 3

Halving numbers Halving of a two-digit number (with and without crossing ten) Take the half! 24 ➔ … 3

Calculating with money Calculation of a two-digit cent amount to get  

1 € (1 € = 100 cents)

How many cents are missing if you want 1€? At 45 

cents missing …

4

TABLE 3 Sample items illustrating different types of items based on 
the four DGICs.

Category Example DGIC 1 DGIC 2 DGIC 3 DGIC 4

1 27 + 2 Addition No One No

2 23 + 13 Addition No Two No

3 21 + 9 Addition No One Yes

4 52 + 38 Addition No Two Yes

5 78 + 9 Addition Yes One No

6 67 + 27 Addition Yes Two No

7 48–3 Subtraction No One No

8 98–24 Subtraction No Two No

9 65–7 Subtraction Yes One No

10 91–16 Subtraction Yes Two No

DGIC 1: Arithmetic operation; DGIC 2: Crossing ten; DGIC 3: No. of 2nd term digits; 
DGIC 4: Add up to the next full ten.
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FIGURE 1

Graphical representation of a LGCM for 17 measurement intervals without covariates. The three dots represent the intervals 3–15, which were not 
included in this representation for greater clarity. The graphical representation of the growth model was created with Ωnyx (von Oertzen et al., 
2015).

LPM scores relate to the employed arithmetic subscale scores of 
the standardized paper-pencil mathematics test DEMAT 2+. To 
answer research question 1.2, a RM was fitted for every single 
LPM test. Due to the high number of missing data by design, the 
item fit was evaluated using a conditional pairwise item category 
comparison implemented in the R package pairwise (Heine and 
Tarnai, 2015). The pairwise approach is able to handle (completely) 
random missing data by design. Subsequently, alternate form test–
retest reliability for adjacent and more distant tests was calculated. 
Regarding research question 1.3, performance is assessed by the 
continuous norming method using the R package cNorm (Lenhard 
et al., 2018) to evaluate how sensitive the test measures at different 
ability levels at different measurement intervals. In cNorm, norm 
values and percentiles are estimated as a function of time and 
possibly covariates using Taylor polynomials. To identify adequate 
test norms, a polynomial regression model needs to be found that 
describes the norming sample as accurately as possible with the 
minimum number of predictors. Lenhard and Lenhard (2021) 
emphasized that higher numbers of terms do often lead to overfit. 
Therefore, cNorm used 𝑘 = 4 terms by default. In the modeling 
process the stopping criterion is 𝑅2 = 0.99.

In our case, the explanatory variable represents the different 
measurement intervals over the LPM survey period of 17 biweekly 
measurement intervals Thus, the cNorm approach addresses some 
disadvantages of traditional norming methods such as a high 
sample size, the consideration of sampling errors or any 
distributional assumptions. Moreover, gaps between discrete levels 
of the explanatory variable can be closed (Gary et al., 2021). This 
can be particularly advantageous for LPM, since norm tables can 
be generated not only for the discrete measurement point of the 

survey, but also for each subsequent measurement point, even if 
no measurement has occurred. In our case, this means that norm 
values could also be derived for the measurement intervals where 
no LPM tests were conducted due to homeschooling.

In order to address research questions 2.1–2.3, latent learning 
curves and the modeling of individual differences in learning 
growth over time including sociodemographic characteristics 
such as gender or grade and assignment of SEN are examined via 
latent growth curve modeling (LGCM; e.g., Muthen and Khoo, 
1998). In educational and psychological contexts, this approach is 
often used to determine learning growth and the influence of 
background variables in LPM longitudinal data (e.g., Salaschek 
and Souvignier, 2014; Johnson et al., 2020). The lavaan package 
(Rosseel, 2012) in was used to estimate latent growth curve models.

The LGCM illustrates the use of slope and intercept as two latent 
variables to model differences over time. The student’s initial 
performance in solving mixed addition and subtraction tasks for 
numbers up to 100 is represented as a scale score (intercept). 
Similarly, the rate of linear growth in the student’s competences 
across all measurement intervals is represented as a scale score 
(slope). The initial LGCM (Model 1) represented in Figure  1, 
includes each biweekly administration of LPM, except for 
measurement intervals 4–7 and 11 when no measurements could 
be taken in schools due to the COVID-19 pandemic and the switch 
to home schooling. Furthermore, it was analyzed if sociodemographic 
variables such as gender or grade level or the assignment of SEN 
influence learning growth. For this, the LGCM was extended to 
include group differences (Model 2). We used gender (0 = male, 
1 = female), grade level (0 = grade 2, 1 = grade 3), and special 
educational need (0 = no, 1 = yes) as dummy coded variables across 
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the 12 measurement intervals. In Model 2, the intercept and slope 
variables are predicted while considering these background variables.

Results

Descriptive statistics for the LPM tests at each of the 12 
measurement intervals are presented in Table 4 for the full sample 
and separately for both grade levels. With regard to the 
measurement intervals 1–3 and 14–17, regular mathematics 
instruction took place at school. In contrast, the measurement 
intervals in between were often characterized by home schooling 
due to the COVID-19 pandemic when mathematical instruction 
often took place via distance learning and not all students were 
able to regularly participate in LPM testing.

Research question 1.1: Criterion validity

For reliability analysis, Cronbach’s alpha and Mc Donald’s 
omega were calculated to assess the internal consistency of the 

subscales of the selected DEMAT 2+ at the first and last 
measurement time point separately for grades 2 and 3 and the full 
sample. The internal consistency of the subscales of the DEMAT 
2+ are satisfactory (see Tables 5, 6). Correlations of LPM sum 
scores with the overall sum scores of the subscales of the DEMAT 
2+ at the first measurement time point were strong with a mean 
correlation of r = 0.73 (95%CI [0.68; 0.78]). For the full sample, the 
correlations of the various subscales of the DEMAT 2+ ranged 
from 0.39 (subscale number properties) to 0.67 (subscale 
calculating with money) with M = 0.57 and SD = 0.10.

At the last measurement time point, correlations of LPM sum 
scores with the overall sum scores of the DEMAT 2+ subscales 
were moderate with a mean correlation of r = 0.57 (95%CI [0.49; 
0.64]). For the full sample, the correlations of the various DEMAT 
2+ subscales ranged from 0.22 (subscale number properties) to 
0.57 (subscale addition place value) with M = 0.42 and SD = 0.12 
(for further information separately by grade level see Table 7).

To test the predictive validity of LPM measures, the correlation 
of the LPM sum scores at the first measurement time point with 
the overall sum scores of the DEMAT 2+ subscales at the last 
measurement time point were calculated. Correlations were 

TABLE 4 Descriptive statistics of LPM scores for each measurement interval.

Time of measurement
Full sample Grade 2 Grade 3

n M (SD) n M (SD) n M (SD)

Measurement interval 1 194 11.01 (7.80) 85 5.62 (4.00) 109 15.20 (7.46)

Measurement interval 2 256 10.24 (8.09) 131 6.00 (5.28) 125 14.69 (8.15)

Measurement interval 3 108 13.46 (9.46) 43 7.79 (6.59) 65 17.22 (9.23)

[…] […] […] […] […] […] […]

Measurement interval 8 150 12.21 (9.30) 89 9.47 (8.01) 61 16.20 (9.66)

Measurement interval 9 225 13.30 (10.02) 109 9.03 (7.91) 116 17.32 (10.17)

Measurement interval 10 152 15.11 (10.38) 81 11.27 (8.20) 71 19.49 (10.92)

[…] […] […] […] […] […] […]

Measurement interval 12 43 16.16 (11.27) 31 13.52 (10.33) 12 23.00 (11.10)

Measurement interval 13 46 16.91 (11.96) 34 13.56 (10.16) 12 26.42 (11.91)

Measurement interval 14 232 15.44 (9.46) 88 11.19 (7.90) 144 18.04 (9.41)

Measurement interval 15 291 15.65 (9.99) 133 11.97 (8.42) 158 18.75 (10.18)

Measurement interval 16 275 15.65 (10.26) 108 10.68 (6.65) 167 18.87 (10.90)

Measurement interval 17 107 17.42 (10.26) 59 14.59 (7.65) 48 20.90 (11.95)

LPM tests were canceled due to the COVID-19 pandemic in measurement intervals 4–7 and 11. Square brackets with three dots represent the canceled measurement intervals.

TABLE 5 Cronbach’s Alpha and Mc Donald’s Omega coefficients at first measurement time point.

DEMAT 2+ subscale
Full sample Grade 2 Grade 3

α ω α ω α ω

Number properties (2 items) 0.78 0.78 0.78 0.78 0.77 0.77

Addition place value (4 items) 0.80 0.80 0.71 0.73 0.76 0.77

Subtraction place value (4 items) 0.73 0.74 0.70 0.71 0.69 0.70

Doubling numbers (3 items) 0.88 0.89 0.81 0.83 0.90 0.91

Halving numbers (3 items) 0.72 0.73 0.62 0.65 0.72 0.73

Calculating w. money (4 items) 0.90 0.90 0.86 0.87 0.89 0.89

α = Cronbach’s Alpha; ω = Mc Donald’s Omega; Full sample = 328 students (grade 2 = 155; grade 3 = 173).

https://doi.org/10.3389/fpsyg.2022.944702
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Anderson et al. 10.3389/fpsyg.2022.944702

Frontiers in Psychology 10 frontiersin.org

TABLE 6 Cronbach’s Alpha and Mc Donald’s Omega coefficients at last measurement time point.

DEMAT 2+ subscale
Full sample Grade 2 Grade 3

α ω α ω α ω

Number properties (2 items) 0.76 0.76 0.66 0.66 0.82 0.82

Addition place value (4 items) 0.80 0.80 0.73 0.74 0.78 0.78

Subtraction place value (4 items) 0.61 0.62 0.57 0.58 0.58 0.63

Doubling numbers (3 items) 0.84 0.86 0.82 0.85 0.86 0.88

Halving numbers (3 items) 0.78 0.80 0.74 0.75 0.80 0.83

Calculating w. money (4 items) 0.89 0.89 0.86 0.86 0.89 0.89

α = Cronbach’s Alpha; ω = Mc Donald’s Omega; Full sample = 302 students (grade 2 = 130; grade 3 = 172).

moderate to strong with a mean correlation of r = 0.63 (95%CI 
[0.56; 0.70]; for grade 2: r = 0.40, for grade 3: r = 0.66). Correlations 
of DEMAT 2+ sum scores at the first and at the last measurement 
time point were strong with a mean correlation of r = 0.80 (95%CI 
[0.75; 0.84]; for grade 2: r = 0.61, for grade 3: r = 0.86).

Research question 1.2: Reliability

The reliability of the resulting Weighted Maximum Likelihood 
Estimation (WLE) person parameters ranged from 0.80 to 0.85 
(M = 0.82; SD = 0.02) for the measurement intervals. Furthermore, 
the alternate form test–retest reliability was calculated for each 
pair of adjacent and more distant tests (e.g., LPM interval 1 scores 
to LPM interval 2 scores, LPM interval 1 scores to LPM interval 
17 scores, …, LPM interval scores 16 to LPM interval scores 17; 
see Table 8). Correlation indices between scores from adjacent 
measurement intervals ranged from 0.73 to 0.93. With reference 
to the COTAN review system for evaluating test quality (Evers 

et al., 2015), we interpret this as sufficient alternate form test–
retest reliability.

Research question 1.3: Generating 
continuous tests norms

As mentioned above, the procedure is robust to different or 
small sample sizes. The modeling procedure of the LPM scores 
from interval 1 to interval 17 reached an adjusted R2 = 0.98 with 5 
terms and an intercept. It must be taken into account that at five 
measurement intervals no data collection could be conducted due 
to homeschooling and therefore R2 = 0.99 was not reached. To 
achieve this value, the number of terms would have to be increased 
further, which we have refrained to avoid an overfit. The norms in 
the upper range vary strongly. Figure 2 shows the assignment of 
the raw test values at the various levels to a specific percentile. 
Students with high raw scores at the beginning also have a higher 
slope over the survey period. The clustering of percentiles in the 

TABLE 7 Correlations of LPM scores at the beginning and end of the survey with subscales of the DEMAT 2+.

Variables of DEMAT 2+
Full sample Grade 2 Grade 3

LPM Begin. LPM End LPM Begin. LPM End LPM Begin. LPM End

Beginning of survey

  Number properties 0.39** 0.23** 0.27** 0.10 0.41** 0.22**

  Addition place value 0.63** 0.47** 0.49** 0.28** 0.53** 0.43**

  Subtraction place value 0.57** 0.52** 0.38** 0.37** 0.56** 0.51**

  Doubling numbers 0.54** 0.42** 0.37** 0.40** 0.54** 0.34**

  Halving numbers 0.63** 0.45** 0.44** 0.34** 0.62** 0.41**

  Calculation w. money 0.67** 0.53** 0.46** 0.40** 0.63** 0.48**

  Overall sum score subscales 0.73** 0.56** 0.55** 0.44** 0.70** 0.53**

End of survey

  Number properties 0.36** 0.22** 0.22* 0.10 0.41** 0.24**

  Addition place value 0.58** 0.57** 0.22* 0.38** 0.60** 0.60**

  Subtraction place valuea 0.47** 0.45** 0.28** 0.39** 0.47** 0.43**

  Doubling numbers 0.36** 0.33** 0.28** 0.33** 0.39** 0.31**

  Halving numbers 0.52** 0.47** 0.30** 0.32** 0.61** 0.51**

  Calculation w. money 0.52** 0.47** 0.35** 0.44** 0.52** 0.42**

  Overall sum score subscales 0.63** 0.57** 0.40** 0.49** 0.66** 0.55**

* indicates p < 0.5. ** indicates p < 0.01. aThe subscale did not reach an acceptable internal consistency (see Table 6).
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TABLE 8 Correlations of LPM sum scores.

MI 1 MI 2 MI 3 […] MI 8 MI 9 MI 10 […] MI 12 MI 13 MI 14 MI 15 MI 16

MI 1

MI 2 0.80***

[0.73, 0.86]

MI 3 0.83*** 0.86***

[0.71, 0.90] [0.79, 0.91]

[…]

MI 8 0.83*** 0.85*** 0.89***

[0.67, 0.91] [0.79, 0.89] [0.82, 0.93]

MI 9 0.77*** 0.78*** 0.79*** 0.84*** .

[0.67, 0.84] [0.72, 0.83] [0.68, 0.86] [0.79, 0.89]

MI 10 0.89*** 0.85*** 0.86*** 0.87*** 0.83***

[0.78, 0.94] [0.79, 0.89] [0.77, 0.91] [0.82,0.91] [0.76, 0.87]

[…]

MI 12 0.87*** 0.89*** 0.93*** 0.95*** 0.90***

[0.77, 0.93] [0.77, 0.95] [87, 0.96] [0.90, 0.97] [0.82, 0.95]

MI 13 0.86*** 0.88*** 0.86*** 0.90*** 0.88*** 0.87***

[0.74, 0.92] [0.75, 0.94] [0.75,0.92] [0.82, 0.94] [0.79, 93] [0.77, 0.93]

MI 14 0.76*** 0.80*** 0.79*** 0.84*** 0.86*** 0.90*** 0.86*** 0.87***

[0.68, 0.82] [0.73, 0.85] [0.70, 0.86] [0.76, 0.89] [0.81, 0.89] [0.84,0.93] [0.76, 0.93] [0.77,0.93]

MI 15 0.66*** 0.74*** 0.72*** 0.82*** 0.78*** 0.86*** 0.91*** 0.87*** 0.86***

[0.56, 0.74] [0.68, 0.79] [0.60, 0.80] [0.76, 87] [0.72, 0.83] [0.81, 0.90] [0.83, 0.95] [0.78, 0.93] [0.82, 0.89]

MI 16 0.70*** 0.70*** 0.76*** 0.74*** 0.71*** 0.76*** 0.94*** 0.88*** 0.77*** 0.81***

[0.61, 0.77] [0.63, 0.76] [0.65, 0.84] [0.64, 0.81] [0.63, 0.78] [0.67, 0.83] [0.75, 0.99] [0.60, 0.97] [0.70, 0.82] [0.76, 0.85]

MI 17 0.64** 0.79*** 0.74*** 0.74*** 0.70*** 0.85*** 0.91*** 0.85*** 0.81*** 0.85*** 0.81***

[0.29, 0.84] [0.71, 0.86] [0.49, 0.87] [0.64, 0.82] [0.59, 79] [0.79, 0.90] [0.67, 0.98] [0.54, 0.96] [0.67, 0.90] [0.78, 0.89] [0.73, 0.87]

MI is the acronym for the term measurement interval. LPM tests were canceled due to the COVID-19 pandemic in measurement intervals 4–7 and 11. Values in square brackets indicate the 95% confidence interval for each correlation. Square brackets with 
three dots represent the canceled measurement intervals.*indicates p < 0.05; **indicates p < 0.01; ***indicates p < 0.001. The correlation of MI 1 to M 12 and MI 1 to MI 13 cannot be reliably calculated due to a low sample size.
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lower ranges (roughly up to the 25th percentile) do indicate a low 
separability. In other words: the test is probably still too difficult 
for as many as 25% of the students.

Research questions 2.1–2.3: Sensitivity to 
learning

The investigation of students’ latent learning curves in mental 
addition and subtraction is presented in two steps. In a first step, 
we report the model fit of Model 1 (model without covariates) and 
Model 2. In a second step, we evaluate the latent learning curves 
regarding each of the research questions 2.1–2.3.

To estimate the model fit, we used the chi-square test, the root 
mean square error of approximation (RMSEA), the Tucker-Lewis 
Index (TLI), the Comparative fit index (CFI), and the standardized 
root mean square residual (SRMR). TLI and CFI values close to 
0.95 indicate an adequate fit to the data. RMSEA values close to 
0.06 and SRMR values close to 0.08 generally are recommended 
(Hu and Bentler, 1999).

A first LGCM was estimated (Model 1) to investigate the 
changes in the means of the test scores over the measurement 
intervals. Model estimation terminated successfully for Model 1, 
χ2 (73) = 195.116. The RMSEA for model 1 is 0.069, 90%CI [0.058, 
0.081] which implies an adequate fit. The TLI for Model 1 is 0.953 
and above the value for determining a good fit for model 
acceptability. The Comparative fit index (CFI) for Model 1 is 
0.949. The standardized root mean square residual (SRMR) 
is 0.068.

The slope, as a measure of linear growth in mental addition 
and subtraction competence over time, is positive for Model 1 

(estimate = 0.342; SE = 0.024; p < 0.001), indicating that mental 
computation skills have improved over the survey period (see also 
Figure 3). On average, the students solved roughly one more task 
correctly every three measurement intervals. Considering the 
grade level, second grade students solved roughly one more task 
correctly every two measurement intervals (estimate = 0.439; 
SE = 0.030; p < 0.001), for third grade students this was about every 
four measurement intervals (estimate = 0.249; SE = 0.033; 
p < 0.001). Data thus suggest a slightly steeper learning curve for 
second graders, implying faster learning.

The variance of the slope is also statistically significant for 
Model 1 (p < 0.001), indicating that learning growth did not 
change at the same rate for all students (see also Figure 3). Of the 
222 students who completed the minimum six measurement time 
points required by Christ et al. (2013), 213 students (95.95%) had 
an individual positive slope, indicating that they exhibited 
learning growth over time. Positive slope values ranged from 0.001 
to 1.176, indicating that some students were able to solve up to one 
more task per interval on average.

In the previous LGCM model (Model 1), individual change 
over time was indicated by intercept and slope, including only 
grade as covariate. In a further step, we extend the LGCM model 
to include group differences according to the research questions 
2.2 and 2.3.

Model estimation terminated successfully for Model 2, χ2 
(113) = 236.477. The RMSEA for model 2 is 0.056, 90% CI [0.046, 
0.066] which implies a close to adequate fit. The TLI for model 2 
is 0.952 and is also above the value for determining a good fit for 
the model acceptability. For Model 2, CFI is 0.952 and the SRMR 
is 0.057. In comparison to Model 1, the indices suggest a slightly 
better fit of Model 2.

FIGURE 2

Percentile curves based on the sample of the mixed addition and subtraction LPM test. The curves show, which raw score (y-axis) is assigned to a 
specific ability level (each represented by a percentile curve) at a certain LPM measurement interval (x-axis).
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The intercept of the latent learning curves in model 2 differed 
based on gender (estimate gender = −3.313, p < 0.001). Data 
revealed a higher intercept for males in comparison to females at 
the beginning of the measurement, that is male participants were 
able to solve approximately three tasks more correctly than 
females. The intercept also differed based on grade level (estimate 
grade level = 10.311, p < 0.001), indicating that third graders solved 
~10 tasks more than second graders at the beginning of the 
measurement. Furthermore, the intercept differed based on the 
assignment of SEN (estimate SEN-L = −9.385, p < 0.001; estimate 
SEN-CI = −4.015, p = 0.009). This indicates that students with 
special educational needs in the area of learning solved ~9 tasks 
less than students without such special need, whereas students 
with a special need in the area of communication and interaction 
solved ~4 tasks less. All results are reported in Table 9.

Focusing on the impact of the factors on the learning slope, 
only grade level led to a significantly differing learning slope 
(estimate = −0.178, p < 0.001), indicating that third graders 
learning was slightly slower than second graders learning. The 
learning slope did not significantly differ for males versus females 
(estimate = −0.073, p = 0.105) or for students with and without 
SEN-L (estimate = −0.150, p = 0.139) or with and without SEN-CI 
(estimate = −0.017, p = 0.868).

Discussion

The present study used a newly developed LPM tool to 
investigate the latent learning growth curves in mental addition and 
subtraction of second and third graders and the influence of 
sociodemographic characteristics such as grade level, gender, and 
the assignment of SEN on these curves. Thus, this study addressed 

the research stages 1 and 2 outlined by Fuchs (2004) to classify LPM 
research, both of which are prerequisites for the valid interpretation 
of the gathered data regarding individual learning curves.

LPM research at stage 1

In order to address research stage 1, we used a number of 
reliability and validity tests to examine the psychometric quality 

FIGURE 3

Jitter plot with the distribution of scores in the 12 LPM measurement intervals. The red line illustrates the general learning growth. The light dashed 
lines illustrate the growth for grade 2 and grade 3. The blue dots show the mean value as well as the confidence intervals of the respective 
measurement intervals for the overall sample.

TABLE 9 Parameter estimates for linear latent growth model  
(Model 2).

Estimate Estimate 
(Std. all) p

Mean

Intercept 3.644 0.478 0.187

Slope 1.077 3.503 ≤0.001

Variance

Intercept 29.758 0.512 ≤0.001

Slope 0.083 0.879 ≤0.001

Covariances

Intercept–slope 0.531 0.338 ≤0.001

Regressions

Intercept SEN-L −9.385 −0.280 ≤0.001

SEN-CI −4.015 −0.114 0.009

Grade level 10.311 0.675 ≤0.001

Gender −3.313 −0.217 ≤0.001

Slope SEN-L −0.150 −0.111 0.139

SEN-CI −0.017 −0.012 0.868

Grade level −0.178 −0.289 ≤0.001

Gender −0.073 −0.119 0.105
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of the LPM tool as a static score. Correlations between sum 
scores of adjacent measurement intervals were strong, while sum 
scores of measurement intervals more distant in time showed the 
expected, somewhat lower correlations. As measured criterion 
validity, correlations between the LPM sum scores at the first and 
last measurement point with the arithmetic subscales of the 
DEMAT 2+ were moderate to strong. As expected, the 
correlations were lower at the last measurement time point. In 
this regard, it should be kept in consideration that the DEMAT 
2+ reflects requirements of the mathematics curriculum of the 
second grade (Krajewski et al., 2020). By the end of grade 3, most 
students without SEN should be able to solve the items of the 
DEMAT 2+. Furthermore, as a measure of predictive validity, the 
association between the LPM sum scores at the first measurement 
and sum scores of the DEMAT 2+ arithmetic subscales were 
moderate to strong and are an indication of the important role of 
a mental computation in the solution of further arithmetic 
problems. Thus, even a single measurement in winter with the 
LPM tool can be a solid predictor of arithmetic performance at 
the end of the school year.

LPM research at stage 2

Over and above the psychometric characteristics at stage 1, 
significant positive linear growth in LGCM analyses indicates 
that the LPM tool is sensitive to students learning (Stage 2). 
Both, the slopes and the variance in slopes were significant, 
showing that meaningful learning has occurred over the 17 
measurement intervals and that students significantly differ in 
their learning growth. This is also reflected in the broad range of 
individual slope values. These findings are consistent with the 
results of the study by Salaschek and Souvignier (2014). In their 
study, they reported significant differences in learning growth in 
second grade students’ computation skills. In their study, second 
graders on average solved just under one more item per 3-week 
measurement interval, whereas in our study students solved one 
more item correctly every 4 weeks. Nevertheless, the results are 
only comparable to a limited extent as the LPM computation 
tests by Salaschek and Souvignier (2014) included tasks with all 
four basic arithmetic operations and reflected second-grade 
curriculum goals. In contrast, the LPM test employed in this 
study included mixed addition and subtraction tasks with varing 
difficulty based on the underlying DGICs. Moreover, the LPM 
test in this study required students to write the correct solution 
in a blank field, which allows a qualitative analysis of errors and 
eliminates guessing, the LPM computation tests by Salaschek 
and Souvignier (2014) were presented in a multiple-
choice format.

Regarding the comparison of learning growth for weaker and 
stronger students, based on the continous norming approach, 
we observed that students in the upper percentiles have higher 
learning growth than students in the lower percentiles, who 
barely improved over the measurement intervals. This highlights 

prior longitudinal or crossed-lagged findings regarding the high 
impact of prior knowledge on future learning in mathematics 
(e.g., Star et  al., 2009) and underlines the relevance of this 
research. However, analyses also highlight a positive result: 
Almost 96% of the students achieved an individual positive slope 
even though the positive slope values were relatively 
heterogeneous ranging from 0.001 to 1.176 (i.e., an average 
improvement between 0.001 and 1.176 items over the whole 
measurement period of 17 biweekly measurement intervals). 
Nonetheless, the results for the growth curves show a significant 
floor effect for students at the lower end of the distribution. These 
findings are of particular practical relevance, as it highlights the 
benefit of close use of LPM tools to identify learners with small or 
no learning growth at an early stage and provide appropriate 
learning support to prevent learning stagnation and ongoing 
mathematical difficulties. Therefore, heterogeneity in classes 
should be increasingly reflected in instructional decisions (e.g., 
Stecker et al., 2008).

In addition to these results, our study also provides 
information on the influence of sociodemographic characteristics 
such as gender and grade or the assignment of SEN on learning 
growth in mental computation. In our study, we found significant 
differences in participants’ prior achievement in favor of students 
in higher grades and students without SEN. Moreover, there are 
also differences in students learning growth development. In 
particular, the higher learning growth for second graders is 
consistent with curricular expectations and results of previous 
research (e.g., Selter, 2001; Benz, 2005; Karantzis, 2011). In the 
second grade, mental addition and subtraction with one-and 
two-digit numbers is curricular established and taught, whereas 
in the third grade, there is already an emphasis on the written 
computational algorithm and some students already have a fairly 
high level of mental computational skills. We  found gender 
differences for the intercept, but not for the slope. Students with 
SEN had a significantly lower intercept value. This result is 
consistent with the findings that especially students with SEN-L 
often do not master the basic arithmetic operations taught in 
primary school even in secondary school (e.g., Peltenburg et al., 
2012; Gebhardt et al., 2014; Rojo and Wakim, 2022).

Limitations

There are some limitations to consider in our study. First, the 
COVID-19 pandemic played an important role even before the 
survey began (e.g., home schooling as early as the 2019/2020 
school year), which implies that the results should not 
be  interpreted free of these home schooling influences. The 
COVID-19 pandemic also resulted in the cancelation of scheduled 
measurements due to homeschooling during this survey. As a 
result, it was not possible to carry out all the planned 
measurements at all six participating schools. This resulted in a 
smaller than expected amount of data being available for some 
measurement intervals. Moreover, the observed latent learning 
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curves may be somewhat less steep than expected with regular 
teaching. Thus, future longitudinal surveys will need to confirm 
our findings.

Second, only few students with the assignment of SEN 
participated in the study and they were unevenly distributed 
across the grades. This is mainly due to the fact that in Germany, 
SEN, especially SEN-L, is often not allocated until the 
third grade.

Third, while mental computation is an important domain of 
overall mathematics competence, it is also a relatively narrow 
focus in regard of mathematics skills. Therefore, it is not 
appropriate to interpret the results in such a way that they provide 
valid information about the overall performance in mathematics 
(e.g., see Christ et al., 2008).

Fourth, the influence of other important individual 
characteristics on mathematics performance such as working 
memory or language skills were not addressed in our study, 
although these could have an influence on task processing (e.g., 
Purpura and Ganley, 2014).

Fifth, our mental computation test consisted of visually 
administered items. Previous research (e.g., Reys et  al., 1995) 
suggests that students’ mental computation performance may 
be influenced by the mode of task presentation (e.g., visually or 
orally). This cannot be investigated in our study as the test did not 
contain orally administered items.

Sixth, the results show that the tasks are suitable for measuring 
learning development, but do not yet cover all performance 
domains. In particular, more simple computation tasks are needed 
to more accurately measure learning development in the lower 
skill range in the future. For this purpose, the used DGICs can 
provide valuable information about the obstacles to solving tasks 
correctly and for the construction of easier tests that can more 
sensitively measure mental computation skills at the lower 
performance levels.

Seventh, our study does not provide information about 
solution strategies that students used when completing the multi-
digit addition and subtraction tasks. Accordingly, no statements 
can be made about the adequacy and flexibility of the students’ use 
of solution strategies. Nevertheless, we assume that a higher sum 
value of correct items over time implies a more elaborate use of 
solution strategies.

Future research

Future studies need to further investigate how LPM tests can 
be  systematically used by teachers to improve the mental 
computation skills of their students. Identifying where differences 
in mental computation occur can support teachers develop 
appropriate educational instruction to meet the needs of 
individual students (e.g., Yarbrough et al., 2017). Our item design 
based on four DGICs will allow us to make statements that are 
even more concrete about areas that were specifically challenging 
for students, possibly pointing to student misconceptions and thus 

area that need specific teacher attention and support. In this 
regard, we will be able to offer not only a general performance 
score, but also differentiated scores according to the four DGICs. 
This allows us to provide teachers with more specific qualitative 
feedback on students’ mental computational performance. In the 
context of DGIC-focused analyses, there are several questions of 
relevance: A first important question would be  whether the 
influence of DGICs changes over time (e.g., whether the DGIC 
necessity of crossing ten loses influence over time). For example, 
in order to provide tailored math instruction, for teachers it would 
be useful to know which hurdles in the learning process students 
have already successfully mastered and which they have not. 
Following on from this, a second important question is which 
students have longer-term difficulties in mastering specific 
hurdles. Our results show that in particular students with SEN 
have lower skills and less learning growth over time. A further 
investigation could be  to examine the reasons for these 
performance differences and apparent stagnation of some 
low-achieving students, which for example might be related to 
insufficient knowledge or ineffective use of specific 
computation strategies.

Furthermore, future studies should examine trajectories in 
mental computation to describe how students differ in their skills 
and what characterizes different groups of learners. This 
information can both help identify students with learning 
difficulties in mental computation and provide trajectory-specific 
instructions (e.g., Salaschek et al., 2014).

Another issue arises from the construction of the parallelized 
tests that we used. While they were parallel in item selection based 
on the DGICs and should thus be comparable regarding their 
difficulty, there is no specific way to test this hypotheses. However, 
we assume, that the randomization by item category harmonize 
the difficulties enough to observe substantial inference.

In conclusion, we  developed an LPM tool for mental 
computation that meets the criteria of LPM research stages 1 and 
2. This lays important foundations for its future use as an LPM 
instrument in general as well as in regard of its use in 
computerized adaptive testing approaches (e.g., Frey and Seitz, 
2009). However, to normalize scores that address a broader 
proficiency range by computerized adaptive testing, the scoring 
mechanism (e.g., sum scores) has to be modified and the item 
parameters have to be fixed. We believe that the current study is 
a step in this direction.

The results of our study underline the high variability of 
mental computation skills and illustrate that one-size-fits-all 
instruction is not appropriate. Instead, teachers need to obtain 
insight into the different learning growth curves based on LPM 
data and provide individualized learning offers (e.g., Hickendorff 
et al., 2019). Otherwise, a lack of mental computation skills can 
be a hurdle for future learning success in mathematics. The study 
provides a strong reference against which individual growth can 
be  compared to identify struggling students in mental 
computation and provide targeted support based on qualitative 
error analysis.

https://doi.org/10.3389/fpsyg.2022.944702
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Anderson et al. 10.3389/fpsyg.2022.944702

Frontiers in Psychology 16 frontiersin.org

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

Ethical review and approval was not required for the study on 
human participants in accordance with the local legislation and 
institutional requirements. Written informed consent to participate 
in this study was provided by the participants’ legal guardian/
next of kin.

Author contributions

SA is the primary author, conducted data collection, data 
preparation and analysis, created the initial version of the 
manuscript, and guided the further writing process. MS supported 
data collection, data preparation and analysis, and provided feedback 
in the writing process. DS provided theoretical expertise and 
feedback in the writing process. MG provided writing oversight and 
feedback in the writing process. All authors contributed to the article 
and approved the submitted version.

Funding

The current research is part of the project Dortmund Profile for 
Inclusion-Oriented Learning and Teacher Training 

– DoProfiL. DoProfiL is part of the ‘Qualitätsoffensive Lehrerbildung’, 
a joint initiative of the Federal Government and the Länder, which 
aims to improve the quality of teacher training. The programme is 
funded by the Federal Ministry of Education and Research 
(Bundesministerium für Forschung und Bildung; Förderkennzeichen 
01JA1930). The authors are responsible for the content of 
this publication.

Acknowledgments

We acknowledge financial support by Deutsche 
Forschungsgemeinschaft and Technische Universität Dortmund/
TU Dortmund University within the funding programme Open 
Access Costs.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
Anderson, S., Sommerhoff, D., Schurig, M., Ufer, S., and Gebhardt, M. (2022). 

Developing learning progress monitoring tests using difficulty-generating item 
characteristics: an example for basic arithmetic operations in primary schools. J. 
Educ. Res. Online 14, 122–146. doi: 10.31244/jero.2022.01.06

Beishuizen, M. (1993). Mental strategies and materials or models for addition and 
subtraction up to 100 in Dutch second grades. J. Res. Math. Educ. 24, 294–323. doi: 
10.2307/749464

Beishuizen, M., van Putten, C. M., and van Mulken, F. (1997). Mental arithmetic 
and strategy use with indirect number problems up to one hundred. Learn. Instr. 7, 
87–106. doi: 10.1016/S0959-4752(96)00012-6

Benz, C. (2003). “Irgendwie habe ich mir das aus dem Kopf geholt: Vorgehensweise 
von Zweitklässlern bei Additions-und Subtraktionsaufgaben im Hunderterraum 
am Schuljahresbeginn[“"Somehow I got it out of my head." Second graders' approach 
to addition and subtraction tasks for numbers upt to hundred at the beginning of 
the school year”]” in Beiträge zum Mathematikunterricht 2003. ed. H. W. Henn 
(Franzbecker: Hildesheim), 101–104.

Benz, C. (2005). Erfolgsquoten, Rechenmethoden, Lösungswege und Fehler von 
Schülerinnen und Schülern bei Aufgaben zur Addition und Subtraktion im 
Zahlenraum bis 100 [Students’ success rates, calculation methods, solutions and 
mistakes in addition and subtraction tasks in the range up to 100]. Hildesheim: 
Franzbecker.

Benz, C. (2007). Die Entwicklung der Rechenstrategien bei Aufgaben des Typs 
ZE±ZE im Verlauf des zweiten Schuljahres [The development of computational 
strategies in ZE±ZE type tasks in the second year of primary school]. J. Math. 
Didakt. 28, 49–73. doi: 10.1007/BF03339333

Blöte, A. W., Klein, A. S., and Beishuizen, M. (2000). Mental computation and 
conceptual understanding. Learn. Instr. 10, 221–247. doi: 10.1016/
S0959-4752(99)00028-6

Breitenbach, E. (2020). Diagnostik. Eine Einführung [Diagnostics. An introduction]. 
Wiesbaden: Springer.

Bryant, D. P., Bryant, B. R., Gersten, R., Scammacca, N., and Chavez, M. M. 
(2008). Mathematics intervention for first-and second-grade students with 
mathematics difficulties. Remedial Spec. Educ. 29, 20–32. doi: 10.1177/ 
0741932507309712

Christ, T. J., Scullin, S., Tolbize, A., and Jiban, C. L. (2008). Implications of recent 
research: curriculum-based measurement of math computation. Assess. Eff. Interv. 
33, 198–205. doi: 10.1177/1534508407313480

Christ, T. J., Zopluoglu, C., Monaghen, B. D., and van Norman, E. R. (2013). 
Curriculum-based measurement of oral reading: multi-study evaluation of schedule, 
duration, and dataset quality on progress monitoring outcomes. J. Sch. Psychol. 51, 
19–57. doi: 10.1016/j.jsp.2012.11.001

Cisterna, D., and Gotwals, A. W. (2018). Enactment of ongoing formative 
assessment: challenges and opportunities for professional development and practice. 
J. Sci. Teach. Educ. 29, 200–222. doi: 10.1080/1046560X.2018.1432227

Cooper, T. J., Heirdsfield, A., and Irons, C. J. (1996). “Children’s mental strategies 
for addition and subtraction word problems,” in Children’s Number Learning. eds. J. 
T. Mulligan and M. C. Mitchelmore (Adelaide: Australian Association of Mathematics 
Teachers and Mathematics Education Research Group of Australasia), 147–162.

Daroczy, G., Wolska, M., Meurers, W. D., and Nuerk, H.-C. (2015). Word 
problems: a review of linguistic and numerical factors contributing to their difficulty. 
Front. Psychol. 6:348. doi: 10.3389/fpsyg.2015.00348

Deno, S. L. (1985). Curriculum-based measurement: the emerging alternative. 
Except. Child. 52, 219–232. doi: 10.1177/001440298505200303

Deno, S. L., Mirkin, P. K., and Chiang, B. (1982). Identifiying valid measures of 
reading. Except. Child. 49, 36–45. doi: 10.1177/001440298204900105

https://doi.org/10.3389/fpsyg.2022.944702
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.31244/jero.2022.01.06
https://doi.org/10.2307/749464
https://doi.org/10.1016/S0959-4752(96)00012-6
https://doi.org/10.1007/BF03339333
https://doi.org/10.1016/S0959-4752(99)00028-6
https://doi.org/10.1016/S0959-4752(99)00028-6
https://doi.org/10.1177/0741932507309712
https://doi.org/10.1177/0741932507309712
https://doi.org/10.1177/1534508407313480
https://doi.org/10.1016/j.jsp.2012.11.001
https://doi.org/10.1080/1046560X.2018.1432227
https://doi.org/10.3389/fpsyg.2015.00348
https://doi.org/10.1177/001440298505200303
https://doi.org/10.1177/001440298204900105


Anderson et al. 10.3389/fpsyg.2022.944702

Frontiers in Psychology 17 frontiersin.org

Deno, S. L., Reschly, A. L., Lembke, E. S., Magnusson, D., Callender, S. A., 
Windram, H., et al. (2009). Developing a school-wide progress-monitoring system. 
Psychol. Schs. 46, 44–55. doi: 10.1002/pits.20353

Espin, C. A., Wayman, M. M., Deno, S. L., McMaster, K. L., and de Rooij, M. 
(2017). Data-based decision-making: developing a method for capturing teachers’ 
understanding of CBM graphs. Learn. Disabil. Res. Pract. 32, 8–21. doi: 10.1111/
ldrp.12123

Evans, D. (2007). Developing mathematical proficiency in the Australian context: 
implications for students with learning difficulties. J. Learn. Disabil. 40, 420–426. 
doi: 10.1177/00222194070400050501

Evers, A., Lucassen, W., Meijer, R., and Sijtsma, K. (2015). COTAN review system 
for evaluating test quality. Available at: https://www.psynip.nl/wp-content/uplo-
ads/2019/05/NIP-Brochure-Cotan-2018-correctie-1.pdf (Accessed August 11, 
2022).

Foegen, A., Jiban, C. L., and Deno, S. L. (2007). Progress monitoring measures in 
mathematics. J. Spec. Educ. 41, 121–139. doi: 10.1177/00224669070410020101

Frey, A., and Seitz, N.-N. (2009). Multidimensional adaptive testing in educational 
and psychological measurement: current state and future challenges. Stud. Educ. 
Eval. 35, 89–94. doi: 10.1016/j.stueduc.2009.10.007

Fuchs, L. S. (2004). The past, present and future of curriculum-based measurement 
research. Sch. Psychol. Rev. 33, 188–192. doi: 10.1080/02796015.2004.12086241

Fuchs, L. S. (2017). Curriculum-based measurement as the emerging alternative: 
three decades later. Learn. Disabil. Res. Pract. 32, 5–7. doi: 10.1111/ldrp.12127

Gary, S., Lenhard, W., and Lenhard, A. (2021). Modelling norm scores with the 
cNORM package in R. Psych 3, 501–521. doi: 10.3390/psych3030033

Gebhardt, M., Diehl, K., and Mühling, A. (2016). Online Lernverlaufsmessung für 
alle SchülerInnen in inklusiven Klassen [Online learning progress monitoring for 
all students in inclusive classes. www.LEVUMI.de]. Zeitschrift für Heilpädagogik 67, 
444–453.

Gebhardt, M., Jungjohann, J., and Schurig, M. (2021). Lernverlaufsdiagnostik im 
förderorientierten Unterricht: Testkonstruktionen, Instrumente, Praxis [Learning 
progress monitoring in remedial education: test construction, instruments, practice]. 
München: Ernst Reinhardt.

Gebhardt, M., Sälzer, C., Mang, J., Müller, K., and Prenzel, M. (2015). Performance 
of students with special educational needs in Germany: findings from programme 
for international student assessment 2012. J. Cogn. Educ. Psych. 14, 343–356. doi: 
10.1891/1945-8959.14.3.343

Gebhardt, M., Zehner, F., and Hessels, M. (2014). Basic arithmetical skills of 
students with learning disabilities in the secondary special schools: an exploratory 
study covering fifth to ninth grade. FLR 2, 50–63. doi: 10.14786/flr.v2i1.73

Gersten, R., Jordan, N., and Flojo, J. R. (2005). Early identification and 
intervention for students with mathematics difficulties. J. Learn. Disabil. 38, 
293–304. doi: 10.1177/00222194050380040301

Heine, J.-H., and Tarnai, C. (2015). Pairwise Rasch model item parameter 
recovery under sparse data conditions. Psychol. Test Assess. Model. 57, 3–36.

Heirdsfield, A. M., and Cooper, T. J. (2004). Factors affecting the process of 
proficient mental addition and subtraction: case studies of flexible and inflexible 
computers. J. Math. Behav. 23, 443–463. doi: 10.1016/j.jmathb.2004.09.005

Hickendorff, M., Torbeyns, J., and Verschaffel, L. (2019). “Multi-digit addition, 
subtraction, multiplication, and division strategies,” in International Handbook of 
Mathematical Learning Difficulties. eds. A. Fritz, V. G. Haase and P. Räsänen (Cham: 
Springer International Publishing), 543–560.

Holling, H., Bertling, J. P., and Zeuch, N. (2009). Automatic item generation of 
probability word problems. Stud. Educ. Eval. 35, 71–76. doi: 10.1016/j.
stueduc.2009.10.004

Hosp, M. K., Hosp, J. L., and Howell, K. W. (2016). The ABC’s of CBM: A Practical 
Guide to Curriculum-Based Measurement. 2nd ed. New York: The Guilford Press.

Hu, L., and Bentler, P. M. (1999). Cutoff criteria for fit indexes in covariance 
structure analysis: conventional criteria versus new alternatives. Struct. Equ. Model. 
Multidiscip. J. 6, 1–55. doi: 10.1080/10705519909540118

Johnson, K. N., Thompson, K. L., and Farmer, R. L. (2020). Determining growth 
sensitivity of Star math with a latent growth curve model. Can. J. Sch. Psychol. 35, 
197–209. doi: 10.1177/0829573520922678

Karantzis, I. (2011). Mental arithmetic calculation in the addition and subtraction 
of two-digit numbers. The case of third and fourth grade elementary school pupils. 
Int. J. Math. Educ. 3, 3–24. Available at: https://eclass.upatras.gr/modules/document/
file.php/PDE1308/3%CE%BF%20%CE%86%CF%81%CE%B8%CF%81%CE%BF.
pdf (Accessed August 11, 2022).

KMK (2005). Bildungsstandards im Fach Mathematik für den Primarbereich: 
Beschluss der Kultusministerkonferenz der Länder der Bundesrepublik Deutschland 
vom 15.10.2004 [Educational standards in mathematics for primary education: 
resolution of the conference of the ministers of education and cultural affairs of the 
Länder in the federal republic of Germany from 15.10.2004]. Neuwied: Luchterhand.

Krajewski, K., Dix, S., and Schneider, W. (2020). DEMAT 2+: Deutscher 
Mathematiktest für zweite Klassen [DEMAT 2+: German mathematics test for second 
grade and for the beginning of third grade]. 2nd ed. Göttingen: Hogrefe.

Lembke, E. S., and Foegen, A. (2009). Identifying early numeracy indicators for 
kindergarten and first-grade students. Learn. Disabil. Res. Pract. 24, 12–20. doi: 
10.1111/j.1540-5826.2008.01273.x

Lenhard, W., and Lenhard, A. (2021). Improvement of norm score quality via 
regression-based continuous norming. Educ. Psychol. Meas. 81, 229–261. doi: 
10.1177/0013164420928457

Lenhard, W., Lenhard, A., and Gary, S. (2018). cNorm: Continuous norming [R 
package]. Available at: https://cran.r-project.org/web/packages/cNORM/ (Accessed 
April 26, 2022).

Maclellan, E. (2001). Mental calculation: its place in the development of numeracy. 
Westminst. Stud. Educ. 24, 145–154. doi: 10.1080/0140672010240205

Miller, S. P., Stringfellow, J. L., Kaffar, B. J., Ferreira, D., and Mancl, D. B. (2011). 
Developing computation competence among students who struggle with 
mathematics. Teach. Except. Child. 44, 38–46. doi: 10.1177/004005991104400204

Mühling, A., Jungjohann, J., and Gebhardt, M. (2019). “Progress monitoring in 
primary education using Levumi: a case study,” in CSEDU 2019. Proceedings of the 
11th International Conference on Computer Supported Education, 2–4 May, 2019, 
Heraklion, Greece, Eds. H. Lane, S. Zvacek, and J. Uhomoibhi (SCITEPRESS-Science 
and Technology Publications), 137–144.

Mullis, I. V., Martin, M. O., Foy, P., Kelly, D. L., and Fishbein, B. (2020). TIMSS 
2019: International Results in Mathematics and Science. Chestnut Hill: International 
Study Center, Lynch School of Education, Boston College.

Muthen, B. O., and Khoo, S.-T. (1998). Longitudinal studies of achievement 
growth using latent variable modeling. Learn. Individ. Differ. 10, 73–101. doi: 
10.1016/S1041-6080(99)80135-6

NCTM (2022). Principles and standards: Number and operations, national 
council of teachers of mathematics. Available at: https://www.nctm.org/Standards-
and-Positions/Principles-and-Standards/Number-and-Operations/ (Accessed April 
26, 2022).

Nonte, S., Steinmayr, R., and Scholz, L. A. (2020). “Geschlechterunterschiede in 
mathematischen und naturwissenschaftlichen Kompetenzen [Gender differences in 
mathematics and science competencies]” in TIMSS 2019. Mathematische und 
naturwissenschaftliche Kompetenzen von Grundschulkindern in Deutschland im 
internationalen Vergleich [Mathematical and Scientific Competences of Primary 
School Students in Germany in International Comparison]. eds. K. Schwippert, D. 
Kasper, O. Köller, N. McElvany, C. Selter and M. Steffenskyet al. (Waxmann: 
Münster), 223.

OECD (2018). PISA for Development Assessment and Analytical Framework. Paris: 
OECD.

Peltenburg, M., van den Heuvel-Panhuizen, M., and Robitzsch, A. (2012). Special 
education students’ use of indirect addition in solving subtraction problems up to 
100 – a proof of the didactical potential of an ignored procedure. Educ. Stud. Math. 
79, 351–369. doi: 10.1007/s10649-011-9351-0

Pina, V., Martella, D., Chacón-Moscoso, S., Saracostti, M., and Fenollar-Cortés, J. 
(2021). Gender-based performance in mathematical facts and calculations in two 
elementary school samples from Chile and Spain: an exploratory study. Front. 
Psychol. 12:703580. doi: 10.3389/fpsyg.2021.703580

Pourdavood, R., McCarthy, K., and Mc Cafferty, T. (2020). The impact of mental 
computation on children’s mathematical communication, problem solving, 
reasoning, and algebraic thinking. Athens J. Educ. 7, 241–254. doi: 10.30958/
aje.7-3-1

Purpura, D. J., and Ganley, C. M. (2014). Working memory and language: skill-
specific or domain-general relations to mathematics? J. Exp. Child Psychol. 122, 
104–121. doi: 10.1016/j.jecp.2013.12.009

Reys, R. E. (1984). Mental computation and estimation: past, present, and future. 
Elem. Sch. J. 84, 547–557. doi: 10.1086/461383

Reys, B. J., Reys, R. E., and Hope, J. A. (1993). Mental computation: a snapshot of 
second, fifth and seventh grade student performance. Sch. Sci. Math. 93, 306–315. 
doi: 10.1111/j.1949-8594.1993.tb12251.x

Reys, R. E., Reys, B. J., Nohda, N., and Emori, H. (1995). Mental computation 
performance and strategy use of Japanese students in grades 2, 4, 6, and 8. J. Res. 
Math. Educ. 26, 304–326. doi: 10.2307/749477

Rojo, M., and Wakim, N. (2022). Teaching whole number addition and 
subtraction to students with learning disabilities. Interv. Sch. Clin. 
10534512221081240. doi: 10.1177/10534512221081240

Rosseel, Y. (2012). Lavaan: an R package for structural equation modeling. J. Stat. 
Soft. 48, 1–36. doi: 10.18637/jss.v048.i02

Salaschek, M., and Souvignier, E. (2014). Web-based mathematics progress 
monitoring in second grade. J. Psychoeduc. Assess. 32, 710–724. doi: 
10.1177/0734282914535719

https://doi.org/10.3389/fpsyg.2022.944702
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1002/pits.20353
https://doi.org/10.1111/ldrp.12123
https://doi.org/10.1111/ldrp.12123
https://doi.org/10.1177/00222194070400050501
https://www.psynip.nl/wp-content/uplo-ads/2019/05/NIP-Brochure-Cotan-2018-correctie-1.pdf
https://www.psynip.nl/wp-content/uplo-ads/2019/05/NIP-Brochure-Cotan-2018-correctie-1.pdf
https://doi.org/10.1177/00224669070410020101
https://doi.org/10.1016/j.stueduc.2009.10.007
https://doi.org/10.1080/02796015.2004.12086241
https://doi.org/10.1111/ldrp.12127
https://doi.org/10.3390/psych3030033
http://www.LEVUMI.de
https://doi.org/10.1891/1945-8959.14.3.343
https://doi.org/10.14786/flr.v2i1.73
https://doi.org/10.1177/00222194050380040301
https://doi.org/10.1016/j.jmathb.2004.09.005
https://doi.org/10.1016/j.stueduc.2009.10.004
https://doi.org/10.1016/j.stueduc.2009.10.004
https://doi.org/10.1080/10705519909540118
https://doi.org/10.1177/0829573520922678
https://eclass.upatras.gr/modules/document/file.php/PDE1308/3%CE%BF%20%CE%86%CF%81%CE%B8%CF%81%CE%BF.pdf
https://eclass.upatras.gr/modules/document/file.php/PDE1308/3%CE%BF%20%CE%86%CF%81%CE%B8%CF%81%CE%BF.pdf
https://eclass.upatras.gr/modules/document/file.php/PDE1308/3%CE%BF%20%CE%86%CF%81%CE%B8%CF%81%CE%BF.pdf
https://doi.org/10.1111/j.1540-5826.2008.01273.x
https://doi.org/10.1177/0013164420928457
https://cran.r-project.org/web/packages/cNORM/
https://doi.org/10.1080/0140672010240205
https://doi.org/10.1177/004005991104400204
https://doi.org/10.1016/S1041-6080(99)80135-6
https://www.nctm.org/Standards-and-Positions/Principles-and-Standards/Number-and-Operations/
https://www.nctm.org/Standards-and-Positions/Principles-and-Standards/Number-and-Operations/
https://doi.org/10.1007/s10649-011-9351-0
https://doi.org/10.3389/fpsyg.2021.703580
https://doi.org/10.30958/aje.7-3-1
https://doi.org/10.30958/aje.7-3-1
https://doi.org/10.1016/j.jecp.2013.12.009
https://doi.org/10.1086/461383
https://doi.org/10.1111/j.1949-8594.1993.tb12251.x
https://doi.org/10.2307/749477
https://doi.org/10.1177/10534512221081240
https://doi.org/10.18637/jss.v048.i02
https://doi.org/10.1177/0734282914535719


Anderson et al. 10.3389/fpsyg.2022.944702

Frontiers in Psychology 18 frontiersin.org

Salaschek, M., Zeuch, N., and Souvignier, E. (2014). Mathematics growth 
trajectories in first grade: cumulative vs. compensatory patterns and the role of 
number sense. Learn. Individ. Differ. 35, 103–112. doi: 10.1016/j.lindif.2014.06.009

Schurig, M., Jungjohann, J., and Gebhardt, M. (2021). Minimization of a short 
computer-based test in reading. Front. Educ. 6:684595. doi: 10.3389/
feduc.2021.684595

Seeley, C. L. (2005). “Do the math in your head!” President’s message. Available 
at: https://www.nctm.org/uploadedFiles/News_and_Calendar/Messages_from_the_
President/Archive/Cathy_Seeley/2005_12_mathhead.pdf (Accessed April 26, 2022).

Selter, C. (2001). Addition and subtraction of three-digit numbers. German 
elementary children’s success, methods and strategies. Educ. Stud. Math. 47, 
145–173. doi: 10.1023/A:1014521221809

Sikora, S., and Voß, S. (2017). Konzeption und Güte curriculumbasierter 
Messverfahren zur Erfassung der arithmetischen Leistungsentwicklung in den 
Klassenstufen 3 und 4 [Conception and quality of curriculum-based measurements 
for the computation performance of primary school students in grade 3 and 4]. 
Empirische Sonderpädagogik 9, 236–257. doi: 10.25656/01:15163

Soares, N., Evans, T., and Patel, D. R. (2018). Specific learning disability in 
mathematics: a comprehensive review. Translational Pediatrics 7, 48–62. doi: 
10.21037/tp.2017.08.03

Star, J. R., Rittle-Johnson, B., Lynch, K., and Perova, N. (2009). The role of prior 
knowledge in the development of strategy flexibility: the case of computational 
estimation. ZDM 41, 569–579. doi: 10.1007/s11858-009-0181-9

Stecker, P. M., Fuchs, L. S., and Fuchs, D. (2005). Using curriculum-based 
measurement to improve student achievement: review of research. Psychol. Schs. 42, 
795–819. doi: 10.1002/pits.20113

Stecker, P. M., Fuchs, D., and Fuchs, L. S. (2008). Progress monitoring as essential 
practice within response to intervention. Rural Spec. Educ. Q. 27, 10–17. doi: 
10.1177/875687050802700403

Strathmann, A. M., and Klauer, K. J. (2012). LVD-M 2–4. Lernverlaufsdiagnostik 
Mathematik für zweite bis vierte Klassen [Learning Progress Monitoring Mathematics 
for Second to Fourth Grades]. Göttingen: Hogrefe.

Tindal, G. (2013). Curriculum-based measurement: a brief history of nearly 
everything from the 1970s to the present. ISRN Educ. 2013, 1–29. doi: 
10.1155/2013/958530

Torbeyns, J., Ghesquière, P., and Verschaffel, L. (2009). Efficiency and flexibility 
of indirect addition in the domain of multi-digit subtraction. Learn. Instr. 19, 1–12. 
doi: 10.1016/j.learninstruc.2007.12.002

Van Der Heyden, A. M., and Burns, M. K. (2005). Using curriculum-based 
assessment and curriculum-based measurement to guide elementary mathematics 
instruction: effect on individual and group accountability scores. Assess. Eff. Interv. 
30, 15–31. doi: 10.1177/073724770503000302

Varol, F., and Farran, D. (2007). Elementary school students’ mental 
computation proficiencies. Early Childhood Educ. J. 35, 89–94. doi: 10.1007/
s10643-007-0173-8

Verschaffel, L., and Greer, B., and Corte, E. de (2007). “Whole number 
concepts and operations,” in Second Handbook of Research on Mathematics 
Teaching and Learning., ed. F. K. Lester (Charlotte, NC: Information Age 
Publishing), 557–628.

von Oertzen, T., Brandmaier, A. M., and Tsang, S. (2015). Structural equation 
modeling with Ωnyx. Struct. Equ. Model. Multidiscip. J. 22, 148–161. doi: 
10.1080/10705511.2014.935842

Wei, X., Lenz, K. B., and Blackorby, J. (2013). Math growth trajectories of 
students with disabilities. Remedial Spec. Educ. 34, 154–165. doi: 10.1177/ 
0741932512448253

Wilbert, J. (2014). “‘Instrumente zur Lernverlaufsdiagnostik: Gütekriterien und 
Auswertungsherausforderungen’ [Tools for learning progress monitoring: quality 
criteria and challenges with regard to interpretation],” in Lernverlaufsdiagnostik 
[Learning progress monitoring]. eds. M. Hasselhorn, W. Schneider and U. Trautwein. 
1st ed (Göttingen: Hogrefe), 281–308.

Wilbert, J., and Linnemann, M. (2011). Kriterien zur Analyse eines Tests zur 
Lernverlaufsdiagnostik [Criteria for analyzing a test measuring learning progress]. 
Empirische Sonderpädagogik 3, 225–242. doi: 10.25656/01:9325

Winkelmann, H., Heuvel-Panhuizen, M., and Robitzsch, A. (2008). Gender 
differences in the mathematics achievements of German primary school students: results 
from a German large-scale study. ZDM 40, 601–616. doi: 10.1007/s11858-008-0124-x

Yarbrough, J. L., Cannon, L., Bergman, S., Kidder-Ashley, P., and 
McCane-Bowling, S. (2017). Let the data speak: gender differences in math 
curriculum–based measurement. J. Psychoeduc. Assess. 35, 568–580. doi: 
10.1177/0734282916649122

https://doi.org/10.3389/fpsyg.2022.944702
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1016/j.lindif.2014.06.009
https://doi.org/10.3389/feduc.2021.684595
https://doi.org/10.3389/feduc.2021.684595
https://www.nctm.org/uploadedFiles/News_and_Calendar/Messages_from_the_President/Archive/Cathy_Seeley/2005_12_mathhead.pdf
https://www.nctm.org/uploadedFiles/News_and_Calendar/Messages_from_the_President/Archive/Cathy_Seeley/2005_12_mathhead.pdf
https://doi.org/10.1023/A:1014521221809
https://doi.org/10.25656/01:15163
https://doi.org/10.21037/tp.2017.08.03
https://doi.org/10.1007/s11858-009-0181-9
https://doi.org/10.1002/pits.20113
https://doi.org/10.1177/875687050802700403
https://doi.org/10.1155/2013/958530
https://doi.org/10.1016/j.learninstruc.2007.12.002
https://doi.org/10.1177/073724770503000302
https://doi.org/10.1007/s10643-007-0173-8
https://doi.org/10.1007/s10643-007-0173-8
https://doi.org/10.1080/10705511.2014.935842
https://doi.org/10.1177/0741932512448253
https://doi.org/10.1177/0741932512448253
https://doi.org/10.25656/01:9325
https://doi.org/10.1007/s11858-008-0124-x
https://doi.org/10.1177/0734282916649122

	Students’ learning growth in mental addition and subtraction: Results from a learning progress monitoring approach
	Introduction
	Mental addition and subtraction and its differential development
	Learning progress monitoring
	Learning progress monitoring of mathematics computation
	Requirements for learning progress monitoring

	Purpose of the study
	Materials and methods
	Participants and setting
	Measures and procedure
	Statistical analyses
	Participation
	Analyses

	Results
	Research question 1.1: Criterion validity
	Research question 1.2: Reliability
	Research question 1.3: Generating continuous tests norms
	Research questions 2.1–2.3: Sensitivity to learning

	Discussion
	LPM research at stage 1
	LPM research at stage 2
	Limitations
	Future research

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

