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ABSTRACT

Early numerical competencies support subsequent mathematical understanding
and accurately predict later academic achievement (Duncan et al., 2007). However,
wide variation in children’s abilities exists as early as preschool entry (DeFlorio and
Beliakoff, 2015). Early identification of children who may be at-risk for mathematics
difficulties (MD) is crucial. Yet development of early math screening tools has lagged
far behind those developed for early literacy.

The present study investigated the diagnostic accuracy of two forms of the
Screener for Early Number Sense (SENS), a psychometrically sound screening tool for
children in pre-K, kindergarten, and first grade. Construction of both forms of the
SENS was guided by number sense research (National Mathematics Advisory Panel
(NMAP), 2008; National Research Council (NRC), 2009). Children were assessed on
the SENS (N = 450) and given a validated mathematics achievement test one year
later. The longer version of the SENS was statistically compared to the shorter version
at each grade level to determine if one screener produces higher diagnostic accuracy.
Additionally, practical utility of the SENS was evaluated via item analyses, posttest
probabilities, and growth analysis.

Findings showed the SENS short-form to be as accurate as the SENS long-form
at classifying children based on MD risk status (determined as at or below the 25"
percentile in math achievement). ROC curve analyses revealed that the SENS short-
form reached sufficient levels of diagnostic accuracy as measured by the Area Under
the Curve (AUC). The SENS short-form discriminated between a child at-risk for MD
and a child not-at-risk for MD in 90% of cases for pre-K, 76% of cases for

kindergarten, and 86% of cases for first grade.

Xiv



Diagnostic metrics generated by ROC curve statistics (i.e., sensitivity and
specificity) determined posttest probabilities that calculated children’s individual-level
risk for failing the mathematics achievement measure. Posttest probabilities were
calculated for low-income (LI) and middle-income (M) children at each grade level,
based on their screener results and pretest probability for MD. Results showed that a
LI pre-K child with a 36% pretest probability who scored below the cut point on the
SENS has a 69% chance of subsequently failing the mathematics achievement
measure. Student growth analysis by MD risk status showed that at-risk and not-at-
risk children made similar gains in number sense knowledge between the pre-K and
kindergarten. A different pattern emerged for at-risk vs. not-at-risk children between
kindergarten and first grade. During this span not-at-risk children made more gains
than children identified as at-risk for MD.

The present dissertation study provides verification that the SENS can be
effectively shortened while maintaining sufficient diagnostic accuracy. The vertically-
scaled grade-level forms are effective at capturing student growth over time and
demonstrate how student performance can be evaluated for individual-level
information using posttest probabilities. Future work could address existing
limitations by including a nationally representative sample of participants and

empirically validating the posttest probability thresholds used in analyses.

XV



Chapter 1

INTRODUCTION

Flexibility with number knowledge is vital to everyday life. We use this
knowledge for simple tasks such as setting the table for a family of four or estimating
the cost of dining in a restaurant, as well for more consequential purposes like long-
term financial planning. These well-developed number skills promote entry into
higher level mathematics, which leads to opportunities and success in Science,
Technology, Engineering, and Mathematics (STEM) vocations (Glen Commission,
2000; NMAP, 2008; NRC, 2001). Opportunity for entry into the STEM field is of
great importance as these jobs are projected to grow more quickly than other fields in
the United States and are therefore associated with economic opportunities (Noonan,
2017).

Unfortunately, educators face significant obstacles in affording equitable
mathematics learning opportunities to all children. Many children may be at risk for
mathematics learning difficulties (MD) as early as preschool entry, as evidenced by
the persistent SES-related mathematics achievement gap seen in preschool and
kindergarten (DeFlorio & Beliakoff, 2015; Jordan & Levine, 2009; NRC, 2009;
Reardon & Portilla, 2016; Starkey et al., 2004). Children who enter school with lower
levels of numerical competencies experience less growth than their higher-achieving
peers (Aunola et al., 2004). Moreover, children from all social classes may be also at
risk for MD associated with neurological and cognitive deficiencies (Butterworth et

al., 2011; Gersten et al., 2005; Mazzocco & Thompson, 2005). To promote academic



success of all children, educators need to be able first to identify and then to intervene
with children who may be at-risk for MD as early as possible (Gersten et al., 2005).

Screeners are assessment tools that identify children of a particular population,
such as those at-risk for learning difficulties. As such, reliable and valid screeners that
function to identify an individual’s risk level are the first step in addressing learning
gaps in early mathematics (Cummings & Smolkowski, 2015; Penner et al., 2019;
Purpura et al., 2015; Smolkowski & Cummings, 2015). For example, Response-to-
Intervention (RTI) is an academic system designed to deploy universal screening to
identify each student’s specific risk status and subsequently provide follow-up as
appropriate with multi-tiered supports (i.e., general education versus intervention) and
monitoring (Fuchs & Fuchs, 2006). Precise identification is necessary for intervention
to be effective and to conserve valuable school resources such as time and staffing
(Fuchs & Fuchs, 2006; Fuchs et al., 2007; Van Norman et al., 2017). If schools
misidentify children who are truly at risk for learning difficulties these children will
subsequently miss out on necessary supports. Over time, the negative effects of this
accumulate and compound. Thus, accurate screeners set the correct track for
subsequent academic action and outcomes.

Early number competencies, in particular, set the trajectory for later success in
mathematics (Clarke & Shinn, 2004; Duncan et al., 2007; Jordan et al., 2009;
Mazzocco & Thompson, 2005). Number competencies, or number sense, include
inter-related knowledge of number, number relations, and number operations (Gersten
et al., 2005; Jordan et al., 2009; Malofeeva et al., 2004; NRC, 2009). Due to the
cumulative effect of mathematics, the developmental progression of knowledge in

these number-related areas lays a critical foundation for later mathematics



understanding (Frye et al., 2013). Although preschool and early elementary
mathematics have multiple components (NMAP, 2008; Starkey et al., 2004), including
spatial reasoning, patterns, data analysis, measurement, and geometry, number
competencies play a primary role in all these areas (Frye et al., 2013). For example, in
order for a preschooler to learn to identify the attributes of shapes such as squares
having four sides, they must first be able to recite the stable number order (one, two,
three, four, etc.), and identify the total number of sides of a designated shape (e.g.,
“there are four sides”) (Frye et al., 2013).

Knowledge of number in young children includes number recognition,
counting, cardinality, and place value. Number relations involves comparisons
between quantities (e.g., which is more—three apples or five apples?), and number
operations incorporates manipulating quantities through addition and subtraction
(Milburn et al., 2019; Purpura & Lonigan, 2013). Deficits in these three areas of
number sense knowledge are related to many mathematics learning difficulties and
disabilities (Butterworth et al., 2011; Geary et al., 2007; Gersten et al., 2005;
Rousselle & Noél, 2007). Number sense predicts later mathematics success, even
when controlling for general cognitive factors (Geary et al., 2009; Jordan, Glutting, &
Ramineni, 2010; Locuniak & Jordan, 2008; Mazzocco & Thompson, 2005).
Importantly, number sense has been found to be malleable through specialized
instruction (Dyson et al., 2015; Jordan et al., 2012; Starkey et al., 2004). Thus, early
intervention holds promise for helping reduce math learning difficulties in young
children (Clements et al., 2011; Dyson et al., 2015; Starkey et al., 2004).

While targeted intervention is the pathway to addressing MD, there is still a

need for validated screening tools that can accurately identify children who are at-risk



for mathematics problems. Before educators can successfully intervene with young
children, they first must be able to identify children who may need help. Such
decisions are more accurate when based on data, rather than relying on intuition or
opinion alone (Grove et al., 2000; Smolkowski & Cummings, 2015; VanDerHeyden et
al., 2005). Furthermore, in addition to risk status, screener results can provide
guidance to teachers in terms of the mathematics strengths and weaknesses within
their classroom, as well as individualized information about how students are doing
relative to their peers or the probability of their continued learning struggles. An
instrument that can both accurately identify children and provide actionable
information is critical, as it strengthens a teacher’s understanding of specific learning
obstacles faced by individual children and informs their targeted response.

To address this need, a number sense screener (NSS; Jordan et al., 2010) was
originally developed for use with kindergarten children. However, there remained a
need for validated screeners in younger populations and a refinement of the original
kindergarten version to align with current mathematics learning literature and
standards. Furthermore, the effectiveness of original kindergarten version warranted
the extension of the screener into the first grade. The development of a more
comprehensive screener, the Screener for Early Number Sense (SENS; Jordan et al.,
under review), used in the present study, is not only grounded in early number theory,
research in mathematical cognition, and the development of number sense in children,
but also allows for the direct comparison of child performance and growth across
grades.

Considering the concerns related to addressing MD, the present dissertation

study evaluates the diagnostic accuracy of two different versions of SENS for



identifying children at-risk for MD. Diagnostic accuracy broadly refers to an
instrument’s ability to correctly discriminate between a target group and a secondary
group, in this case students with MD and those without (Simundié¢, 2009). It is
quantified by statistical metrics such as the Area Under the Curve (AUC), sensitivity,
and specificity (Simundi¢, 2009). The AUC, for example, is a measurement of the
overall accuracy of a screener and is defined the probability that a screener can
accurately discriminate between a child who is truly at-risk for MD and a child who is
truly not-at-risk for MD independent of a screener cut-point. The cut point, in this
case, is the score on a screener that separates those two target groups—those either at-
risk for MD or not-at-risk for MD. A higher AUC indicates a more accurate screener.
Sensitivity is a measure of the true positive rate, or how well the screener identifies
children at-risk for MD out of the children who are truly at risk. On the other hand,
specificity quantifies a screener’s false positive rate via its ability to correctly
categorize children who are not-at-risk out of a pool of children who are truly not-at-
risk. As part of a larger study designed to develop the final (i.e., short) form of the
number sense screener, two version of the SENS were produced, henceforth identified
as the long-form and the short-form. One version takes approximately 30 minutes per
child to complete and the other version 10-15 minutes. For the present study, these
two versions of the SENS will be evaluated for differences in diagnostic accuracy to
determine if a longer form is necessary to accurately identify young children at-risk
for MD. A final set of analyses pertaining to screener usability will be conducted to
determine the performance characteristics of the at-risk vs. not-at-risk population and
provide information usable by schools and teachers. These crucial data, in turn, will

contribute to the overall utility of the screener by affording MD risk status and



actionable information to teachers and administrators to help address individual and

classroom learning concerns.

Specific Aims

The present dissertation study examines the predictive value and practical
utility of two versions of a new number screener, the SENS, for pre-kindergarten (pre-
K), kindergarten (K), and first grade children. As part of a larger study, the long-form
of the screener was developed, field tested, and subsequently shortened in length to
create the short-form. All short-form items are included in the original long-form,
thereby allowing for the comparison of performance from the two versions taken from
the same timepoint and sample of children. Both versions of each grade-level form of
the SENS focus on a conceptual framework that emphasizes three areas of number
sense: number, number relations and number operation (NMAP, 2008). At each of the
three grade levels, the SENS versions were evaluated for diagnostic accuracy for
predicting MD risk based on a reliable and valid mathematics achievement assessment
a year later.

The specific aims of this dissertation study are threefold: (1) To evaluate the
diagnostic accuracy of the pre-K, kindergarten, and first-grade long-form and short-
form of the SENS for identifying children at-risk, using receiver operating
characteristic (ROC) curve analyses; (2) To compare the diagnostic accuracy of the
long- and short-form of the SENS at each grade level to determine if one version of
emerges as a better predictor of later MD risk status, and to select one version of the
screener for subsequent analyses based on this outcome; (3) To examine the

performance profile of the at-risk population at each grade level from the selected



screener (i.e., short form) and to demonstrate how the SENS can be used to provide

additional practical information to educators. Each specific aim is addressed below:

Aim 1: Evaluate the Diagnostic Accuracy of Pre-K, Kindergarten, and First Grade
Long-Form and Short-Form of the SENS

The SENS is intended to identify young children who may be at risk for MD.
This information will help districts, schools, and teachers allocate resources to support
children who are most in need. Accurate screeners enable teachers to limit the number
of false-positives (i.e., children who are identified as at risk but who go on to do well)
and false negatives (i.e., children are not identified as at risk for MD who go on to
develop difficulties or disabilities). Receiver Operator Characteristic (ROC) curve
analysis is an ideal method for determining the diagnostic accuracy of a screener based
on establishing groupings of children based on learning risk. ROC curve analysis
evaluates how well a screener predicts an outcome, such as belonging to an at-risk
group.

The SENS long-form was administered in the fall of 2017 to pre-K,
kindergarten and first grade children. A mathematics achievement measure (i.e.,
criterion measure) was administered to a subset of the original sample one year later,
in the fall of 2018. The screener results at each grade level were evaluated against this
mathematics achievement measure to determine how well the SENS identifies children
scoring below the 25™ percentile on the mathematics achievement test. Based on
previous research literature (e.g., Barnes et al., 2016; Geary, 2004), the 25" percentile
on the diagnostic math achievement measure was selected as the cut point to group
children as (a) at-risk for MD and (b) not-at-risk for MD. The ROC curve analyses on
the SENS long-form determined the diagnostic accuracy (e.g., AUC) of each grade



level form of the screener based on the mathematics achievement measure risk
groupings.

Time is a valuable commodity for educators. Teachers need not spend time
assessing students on tasks that are not necessary to generate accurate diagnostic
information. One of the roles of researchers should be to balance the accuracy of a
screener with the practical needs for a shorter screener. As part of the larger study,
IRT analyses were used to shorten the long-form administered in fall 2017 from over
40 items per grade level to 30 in order to create the SENS short-form. The SENS
short-form is derived from the fall 2017 long-form scores and will be evaluated using
the same mathematics achievement measure administered in fall 2018. A second
series of ROC curve analyses were run for each grade level of the SENS short-form to

determine the diagnostic accuracy of this version of the screener.

Aim 2: Determine Which SENS Version (Short vs. Long) has the Highest Diagnostic
Accuracy

Several researchers have recently called attention to the need to consider
diagnostic utility of multiple tests when selecting one for educational use (Purpura et
al., 2015; Van Norman et al., 2017; Wilson & Rodrigues, 2020). While a shorter
screener is more desirable in a classroom, one must evaluate whether an alternate
version can maintain its ability to forecast future MD. That is, for this case, can a
screener hold its diagnostic accuracy once it has been shortened in length? In order to
address this question, the AUCs calculated for both the long- and short-form of the
SENS were used in a separate series of analyses. These analyses utilized a method

developed by Hanley and McNeil (1983) and were conducted at pre-K, kindergarten,



and first grade to determine whether there is a significant difference between the two
screener versions.

Finally, one version of the screener at each grade level was selected to be
evaluated in subsequent analyses based on the outcome of the AUC comparisons. The
following a priori guidelines were used: If there was a statistically significant
difference between the two versions of the SENS, the version with the highest
diagnostic accuracy would be retained for subsequent analyses. If there was no
significant difference between the two SENS forms, the SENS short form would be
selected for subsequent analyses based on the significant difference in length of
administration time.

While the comparative ROC analyses considered the diagnostic accuracy of
both forms of the SENS, the next aim addressed the practical application of the SENS
by considering what information is made available about the at-risk populations to
teachers through the selected SENS version. Thus, both the diagnostic accuracy and

practical utility of the screener were considered in the present study.

Aim 3: Determine the Performance Profile of the At-Risk Populations at Each Grade
Level and to Evaluate the Practical Utility of The Selected Screener Version for Each
Grade Level

Close evaluation of the at-risk sample, as defined as those scoring at or below
the determined cut score on the selected SENS version, is warranted to better
understand the characteristics of pre-K, kindergarten, and first grade children at-risk
for MD as well as understand what type of information can be made available from the
screener to inform classroom or school-level practices. This, in turn, will provide
teachers with detailed information about their at-risk children that can inform their

subsequent curriculum planning and intervention decisions. By evaluating the child-



level information that can be provided by final form of the SENS, we may contribute
additional information to consider when selecting a screener, either for research or for
practical use. To achieve this, the at-risk sample determined by the final form of the
SENS at each grade level was examined via a number sense domain area (i.e., number,
number relations, and number operations) and item analysis. Next, posttest
probabilities were calculated overall and by SES-status (low- vs. middle-income) and
presented to enhance the usability of the screener and information for practitioners.
Posttest probabilities enable the use of individual-level information, such as
prevalence rates for MD among low-income students from a specific district, to be
used to generate a probability of a student going on to fail the criterion measure at a
later point in time. For example, a posttest probability allows one to make statements
such as, “This student has 60% chance of going on to fail the math achievement
assessment in the subsequent grade level if they are identified as at-risk by the
screener.” Finally, growth on the vertically-scaled SENS from pre-K to kindergarten
and kindergarten to first grade was examined for the sample deemed at-risk. Growth
information is useful in addition to relative risk status as it clarifies how a specific

child has performed over time.

Educational Significance
Early difficulties in mathematics foreshadow potentially serious long-term
negative consequences. Although early intervention can be highly effective (Clements
etal., 2011; Dyson et al., 2015; Jordan & Dyson, 2016; Starkey et al., 2004), educators
must first reliably identify children who are at-risk for mathematics difficulties. There
is a need for longitudinal number sense screeners that can accurately and efficiently

recognize children at-risk for MD over time to ensure the ability to provide continued
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support to young children. In any early identification and intervention program, there
is a balance between meeting needs of children and managing limited resources (e.g.,
time, money, and staffing). Given the importance of instructional time, educators
stand to benefit from a screener that does more that determine risk status alone. If a
teacher can simultaneously gain detailed information about their students’ relative
strengths and weaknesses in number sense, and their likelihood to experience
longitudinal difficulties, then that teacher is better equipped to maximize their time
and inform educational decision making. Thus, an accurate, efficient, and utilitarian
number screener is a crucial step towards preventing or reducing mathematics learning
difficulties in the early grades.

The present study addresses the need for effective and reliable screening
through the evaluation of the diagnostic accuracy of two forms of the Screener for
Early Number Sense (SENS) for use in pre-K through first grade. Furthermore, the
utility of the SENS is presented through item analyses, posttest probabilities, and
evaluation of student growth. In doing so, this study demonstrates how the SENS can
be used to generate individual level information that enable teachers to better
understand student performance and address mathematics learning difficulties before

they compound.
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Chapter 2

REVIEW OF THE LITERATURE

The development and validation of effective screeners is necessary for accurate
identification of children at-risk for MD. In the absence of such tools, children are
likely to miss out on remedial supports. Number sense is a particularly important facet
of early mathematics that has a demonstrated ability to accurately predict which
children are at-risk for MD and which are not at-risk for MD (Jordan, Glutting, &
Ramineni, 2010; Purpura et al., 2015). The present literature review examines the
research related to early number sense knowledge and diagnostic characteristics of
screeners in three sections: 1) Early mathematical development, including atypical
development related to MD, and the importance of number sense to later success with
mathematics; 2) Existing preschool, kindergarten, and first grade mathematics
screeners; and 3) Use of receiver operating characteristic ROC Curve analysis to

determine diagnostic accuracy of screening measures.

Early Mathematics Understanding and Development: The Importance of
Number Sense and Addressing Mathematics Learning Difficulties

Emerging Mathematical Development.
Individuals begin mathematizing their environment very early in life. There is
a well-established literature base investigating how infants and young children begin
to understand and make sense of the world around them in terms of basic quantity
relations and informal addition and subtraction (e.g., Starkey & Cooper, 1980). Even
very young infants can make some numerical discriminations (Antell & Keating,
1983). By 5-months, infants show awareness of addition and subtraction of small

guantities (Wynn, 1992). By six months, infants can discriminate between small sets
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of moving objects (Wynn et al., 2002) and between larger quantities of objects (Xu &
Spelke, 2000). By at least nine months of age, infants have the ability to detect errors
in large-quantity addition and subtraction paradigms (McCrink & Wynn, 2004). Thus,
informal number knowledge begins to develop very early in life.

Broadly, early mathematics is conceptualized as involving multiple categories,
including geometry/spatial reasoning, measurement and data, pattern understanding,
logic relations, and number knowledge, or number sense (Frye et al., 2013; National
Governors Association Center for Best Practices, 2010; Starkey et al., 2004).
However, number sense is fundamentally important to all aspects of mathematics. As
discussed in further detail below, number knowledge in kindergarten predicts later
mathematics achievement (Jordan et al., 2007), above and beyond reading and
attention skills (Duncan et al., 2007). Early number is highly correlated with
mathematics, reading, and general educational achievement (Duncan et al., 2007;
Mazzocco, Feigenson, & Halberda, 2011; R. S. Siegler et al., 2012). Number sense,
operationalized as number, number relations, and number operations, is therefore
critical to long term academic success (Jordan et al., 2010a; Jordan et al., 2007;
Locuniak & Jordan, 2008).

Children’s mathematical development follows an established developmental
learning progression and is influenced by factors both at home and at school
(Clements & Sarama, 2007; DeFlorio & Beliakoff, 2015; Frye et al., 2013; Geary,
2004; Gersten, Clarke, Haymond, & Jordan, 2011; Sarama & Clements, 2009).
Critically, part of this developmental progression includes understanding of both non-
symbolic and symbolic quantities. Non-symbolic knowledge includes subitizing small

sets of objects, learning the universal verbal count sequence, comparing the relative
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magnitude of small sets of objects, and conducting basic arithmetic transformations
with sets of objects (NRC, 2009). Symbolic understanding, on the other hand,
involves the introduction of formal mathematical symbols such as numerals (e.g., 1
and 10), and notation (e.g., +/-) (NRC, 2009). Primarily through formal instruction
and social interactions, children learn to map their non-symbolic understanding of
numbers to symbolic, formal concepts (Kolkman, Kroesbergen, & Leseman, 2013;
NMAP, 2008). Take for example, a child learning that a set of three cars can be
represented by the numeral 3. The child must learn to match abstract symbols (such as
the numeral 3) with their mental representations of the quantity (a mental image of
three cars). Children come to understand that the word “two” is the same as two toy
balls, and the same as the Arabic symbol 2 (NRC, 2009). This is the developmental
process during which children learn increasingly sophisticated numerical concepts.
Basic non-symbolic understanding of number, number relations, and number
operations with small quantities lays the foundation for learning symbolic
representations of number and more advanced symbolic arithmetic (NRC, 2009).

Development of each area of number sense is discussed in greater detail next.

Number

Subitizing

Subitizing is the perceptual ability to apprehend the total quantity of a set of
objects without counting (Baroody, 1987; Baroody, Lai, & Mix, 2006; Clements,
1999; Fuson, 1992). For example, young children can view a small set of three objects
and, without counting, answer the question “how many are there?” by seeing three

(Gelman & Gallistel, 1978). Subitizing is an ability that for young children, works
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with ranges of numbers of three or four or below, also known as the subitizable range
(Wynn, 1995). Quantities of four or five and more lie beyond this range and require
counting to quantify. Some researchers advance an idea known as conceptual
subitizing (e.g., Clements, 1999). Conceptual subitizing relies on piecing together sets
of numbers that have been perceptually subitized. For example, if a first-grade child is
presented a set of five stars, s/he will not be able to perceptually subitize the total
quantity since it is beyond the subitizable range. Instead, they may be able to “see” a
set of two stars and a set of three stars (both perceptually subitized) and conclude that
a set of two stars and a set of three stars together makes one set of five stars. In other
words, in the case of conceptual subitizing, the children see patterns in the spatial
structure of the display, or sees “units of units” (Clements, 1999, pg. 3; Steffe & Cobb,
1988).

Counting

Counting is a critical component of number knowledge and assists in
developing later arithmetic understanding (Baroody et al., 2009). Many children
initially learn the verbal count sequence by rote, often through their everyday
experiences. However, there are three major guiding principles related to counting:
the one-to-one correspondence principle, the stable order principle, and the cardinality
principle (Gelman & Gallistel, 1978). Imagine a preschool teacher who wishes to
guide a young child on how to correctly count a set of three tokens. The one-to-one
correspondence principle dictates that each of the three tokens must be counted once
and only once. The stable order principle demands that the tokens are counted in the
same universal order each time (e.g., one, two, and three), while the cardinality

principle requires the child to understand that the last number counted in the set
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represents the value for the entire set. For a child to fully understand counting, they
must first master and integrate these three principles with small sets of numbers
(Gelman & Gallistel, 1978). Children who struggle with counting concepts, in
general, tend to experience mathematics learning difficulties (Geary, 2004; Geary,

Hamson, & Hoard, 2000; Geary, Hoard, & Hamson, 1999).

Cardinality

Cardinality, as noted above, is knowledge that the last count word in a set
connotes the number of items in the set. This knowledge is generally measured in one
of two ways. First, it may be measured in terms of a child counting a designated set of
objects presented to them and asked to specify how many objects there are in total.
Alternatively, this ability may be measured via the Give-n task (Le Corre & Carey,
2007; Sarnecka & Carey, 2008; Sarnecka & Lee, 2009). For the Give-n task a child is
asked to give an adult n objects from a source set. This forces the child to create a
physical model of their mental representation of a specified quantity. This type of
cardinality understanding appears to follow a set learning progression. Initially
children are categorized by their knowledge and abilities in terms of “knower levels”
(Sarnecka & Lee, 2009). Children who can create sets ranging from one to four are
subset-knowers. If a child is only able to accurately produce maximum a set of two
objects, they are known as a “2-knower.” Thus, the highest level of set construction
understanding specifies their knower level. Children learn the number name for a set
of objects one at a time and in order (Sarnecka & Lee, 2009), up to a quantity of five.
Before children are able to produce sets of five and more, they first require knowledge
of the cardinality principle of counting. Once children have mastered the cardinality

principle and are able to produce sets of five or more, they are known as cardinality-
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principle knowers, or a “CP knower” (Sarnecka & Lee, 2009). In essence, these
cardinal principle knowers have mastered the cardinality principle associated with

counting, and this in turn enables them to work with larger numbers.

Numeral Recognition

The first introduction to formal mathematics is learning to associate number
words with written Arabic numerals that represent various quantities. Children
generally begin with the smallest numerals and continue to master the written symbols
as they are introduced to a broadening range of numbers at school (NRC, 2009). Next,
children begin to map their understanding of informal number knowledge (e.g., sets of
objects) on to the Arabic numerals thereby expanding their quantitative understanding.
Typically, children learn to map number words onto quantities before they learn the

meaning of numerals (Jiménez Lira et al., 2017).

Place value

Place value understanding becomes important in kindergarten, when children
have developed their numerical understanding beyond single digits (e.g., 11-19;
(National Governors Association Center for Best Practices, 2010). The Common Core
State Standards indicate that by the end of the kindergarten year, children should,
“understand that two-digit numbers are composed of ten ones and one, two, three,
four, five, six, seven, eight, or nine ones” (National Governors Association Center for
Best Practices, 2010, p. 12). At this point, children need to develop their knowledge
of place value, or the knowledge that the location of a single digit of a multi-digit
number matters. For example, a numeral located in the 10s place in a two-digit

number (and eventually three-digit and beyond) represents a multiple of 10. Consider
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the number 14, for example. The “1” in the tens place does not represent one, but one
group of 10. The “4” in the ones place on the other hand, represents four ones. Taken
together, the total value of a number can be determined by place value understanding.
This becomes critical when children begin to work more flexibly with arithmetic of
larger quantities. This in turn supports conceptual understanding of numbers (i.e.,
what the numeral represents instead of just a 1 and a 4 being pushed together).
Although English number words in the teens are not consistent with their meaning
(e.g., fourteen means one ten and four ones), written symbols are highly regular.
Pre-K, Kindergarten, and First Grade Number Learning Sequence.

By pre-K, children generally can expand upon their initial conceptions of
number (small sets, limited count sequence, etc.) to larger numbers and quantities
(NRC, 2009). For example, preschool children can expand their initial knowledge of
perceptual subitizing and conceptually subitize larger quantities, if provided the
opportunities to do so (NRC, 2009). They can also count objects up to 10 and
recognize written numerals up to 10 (Frye et al., 2013). In kindergarten, children can
continue to broaden their number knowledge understanding with larger quantities and
begin understanding basic principles of place value for quantities 11-19. Finally, in
first grade children incorporate all the subareas for numbers up to 100, including an

expansion of place value knowledge (NMAP, 2008; NRC, 2009).

Number Relations.
Understanding of number relations for young children includes conceptual
subareas such as comparing magnitudes of two sets, knowing that the next number in
the count sequence is exactly one more than the previous number, and seeing that

numbers are represented linearly (Frye et al., 2013; National Governors Association
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Center for Best Practices, 2010; NMAP, 2008; NRC, 2009). The evaluation of
numerical magnitudes is dependent on two different mental number systems. These
systems are dependent on the quantities in question. The Approximate Number
System (ANS) is utilized when one needs to discriminate between larger quantities of
numbers. On the other hand, the analog or number file systems depends on precise
representations of number. Critically, between the ages of five and eight years a shift
occurs in children’s mental representations of number (Laski & Siegler, 2007). At
first children organize magnitudes in logarithmic fashion; that is, their mental
representation of the magnitude of different values is highly unorganized and
dependent on their understanding of number. For example, children may be able to
understand that three objects can be represented by number 3, but 100 objects or the
number 1,000 is just “a lot”. As their concepts of number become more refined their
mental representation becomes linear; that is, the unit spacing between numbers is
uniform. This shift is critical as it appears to influence child performance on
magnitude comparison tasks (Laski & Siegler, 2007). Magnitude understanding is
evaluated via magnitude comparisons, number line estimations, and knowledge of the
next and/or previous number in the count sequence. The variations of assessment of

this conceptual subarea are described below.

Magnitude Comparisons

Before formal understanding of number develops, young children understand
the concepts of “more” and “less” via direct object comparison. In this way, even
young children can compare magnitudes (Case & Griffin, 1990; Griffin, 2002, 2004).
Initially, children can be shown small sets of objects and asked, “which has more?”” or

“which has less?” to determine the relative magnitude. As formal mathematics is
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integrated, children are next able to compare number names and then numerals. For
example, many children can successfully answer, “Which is more, two or three?” or,
“Which is less, seven or nine?” (NRC, 2009).

Number line estimation. Children in preschool and early elementary school
are learning to integrate their understanding numerical magnitudes on a mental
number line (NRC, 2009). Frequently, this is evaluated using a number line
estimation task, during which children is presented with a 0-100 number line, for
example, and asked to identify where on the line between 0 and 100 a target number
should be positioned. As knowledge of relative magnitudes increase, so does the
precision of the mental number line organization, and thereby the accuracy of their
responses. For example, Siegler and Booth (Siegler & Booth, 2004) found that
children’s understanding of the 0-100 number line shifted from a logarithmic to linear
model between kindergarten and second grade. In other words, as children progressed
through early elementary school, they began to understand that the distance between
numbers is divided and organized equally. The distance between 99 and 100 is the

same as the distance between five and six on the same number line.

Next/Previous Number in the Count Sequence

Understanding what number precedes or follows a target number is critical for
children to develop their mental number line. Asking children, “What number comes
right after n” is a way to capture this indirect magnitude understanding.
Understanding the next/previous number in a count sequence assists children in
solving problems such as n + 1 and n — 1, where n represents any given number

(Baroody et al., 2009; NRC, 2009).
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Pre-K, Kindergarten, and First Grade Number Relations Learning Sequence.

By pre-K, children generally can compare which is more for numbers less than
or equal to five (NRC, 2009). This continues to develop into kindergarten with larger
magnitudes, less than or equal to 10. Kindergarteners also begin to develop
comparison strategies, such as counting or matching, to discern comparative size
between numerals or quantities. Finally, in first grade children are able to integrate
this skill when solving basic word problems to ascertain how much more of less one

quantity is than another, for numbers less than twenty.

Number Operations
Number operations involves manipulating and transforming quantities through

addition and subtraction.

Composition and Decomposition of Number

Young children’s understanding of composition and decomposition of numbers
is important for learning addition and subtraction combinations and uniquely predicts
later mathematics achievement (e.g., Geary et al., 2009; Geary et al., 2013).
Composition and decomposition of number involves breaking a target number down
into component parts. For example, the number five can be broken down into four and
one, or two and three, among other combinations. Prior knowledge and experience
with conceptual subitizing or seeing sets of objects broken down into separate
elements, serves as an earlier experience of composition and decomposition of number
(NRC, 2009). Eventually, this knowledge develops into a formal understanding of
addition and subtraction, suchas 2 + 2 = 4; 4 — 2 = 2. These number pairings are also
known as “partners” (Fuson et al., 2001). Geary and colleagues (Geary et al., 2009)

developed the Number Sets Test as a measure for assessing composition and
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decomposition of number competencies in first grade children. Children were asked
to complete a timed measure identifying which choices from an array matched a total
target number. For example, children were presented with the target numeral five and
told to select which pairs or trios of squares created the sum of five. Each individual
square contained a small set of symbols or numerals. Findings revealed that
performance on the Number Sets Test accurately discriminated between children with
mathematics difficulties and those without mathematics difficulties two years later

(Geary et al., 2009).

Nonverbal Calculation

Nonverbal calculation tasks involve performing addition and subtraction with
objects. A set of objects is initially presented to children, then hidden. Next, objects
are added to or subtracted from the hidden set, and children are asked to either
verbally produce the final answer or point to the correct quantity form a choice array
(Jordan & Huttenlocher, 1994; Levine et al., 1992). This assessment of operations
understanding depends on children’s mental representation of number and is
particularly relevant for preschool age children who may not have developed symbolic
number understanding (Jordan & Huttenlocher, 1994; Levine et al., 1992). Previous
studies have found minimal differences in nonverbal calculation performance between
low- and middle-income children; however, middle-income children performed much
better on conventional verbal calculation tasks than their low-income peers (Jordan &

Huttenlocher, 1994).

22



Word Problems

Word problems present addition and subtraction items in a meaningful verbal
format. For example, “Harold has one apple. He receives one more apple. How
many apples does Harold have altogether?” Word problems are consistently found to
be easier for young children when compared to decontextualized number

combinations that do not refer to objects (Gersten et al., 2011; NRC, 2001).

Number Combinations

Number combinations involve solving basic addition and subtraction problems
presented in a verbal or number sentence format, without physical reference. For
example, children may be asked questions such as, “How much is two and one?”” and
shown a display with “2 + 1 = " and asked to solve the problem. Number problems
can be challenging for some children, particularly those without developed

understanding of symbolic number representation (NRC, 2009).

Pre-K, Kindergarten, and First Grade Number Operations Learning Sequence

By pre-K, children generally can use their counting and cardinality skills to
perform basic arithmetic and word problems for quantities below 10, although
nonverbal calculations are easier than word problems, which in turn, are easier than
number combinations (NRC, 2009). In kindergarten, children can incorporate written
numerals less than or equal to 10 to solve word problems and number sentences (Frye
et al., 2013). This expansion of skills and knowledge continues into first grade, where
children can solve oral and written word problems and number sentences for numbers
less twenty, and also begin using varying strategies such as counting on from an

addend to solve these problems (NRC, 2009).
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Number Sense Predicts Later Mathematics Achievement and Varies as a Function of
Socioeconomic Status

Early mathematical understanding lays a foundation for later mathematics
achievement, with number knowledge playing a critical role in higher-level
mathematical learning (Geary et al., 2013). Multiple studies have demonstrated a
longitudinal tie between number knowledge and later achievement outcomes (Geary et
al., 2013; Jordan et al., 2007, 2009; Mazzocco et al., 2011; Watts et al., 2015). For
example, work by Jordan, Glutting, and Ramineni (2010a) demonstrated that number
sense (especially knowledge of number operations) at the beginning of first grade
predicts general mathematical competence in third grade, when controlling for general
cognitive abilities. Kindergarten number sense also predicts calculation fluency, an
important competency for mathematical success, in second grade (Locuniak et al.,
2007). Furthermore, growth in kindergarten number sense uniquely predicts later
mathematics performance (Jordan et al., 2009).

Prior studies have found evidence of a mathematics achievement gap between
children from low-income (LI) and middle-income (MI) families as early as preschool
(Starkey et al., 2004; Starkey & Klein, 2008). This SES-related gap persists into
formal school entry at kindergarten (Aunola et al., 2004; Jordan et al., 2009; Reardon
& Portilla, 2016). One study found that children from LI families were approximately
one year behind a sample of children from MI families in their development of
mathematical knowledge (DeFlorio & Beliakoff, 2015). Differences in number
knowledge growth over the course of the kindergarten and first-grade year are present
between low- and middle-income children, and low-income children are much more
likely to demonstrate a relatively flat growth trajectory as compared to their middle-

income peers (Jordan et al., 2009). Differences by SES are also apparent in the
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preschool home learning environment. In one study, MI parents more frequently
reported engaging in home activities that support the development of their
preschoolers’ early mathematical knowledge than LI parents (DeFlorio & Beliakoff,
2015). Thus, individual level differences based on background variables such as SES

are worth investigating in order to address the needs of all students.

Identification of Mathematics Learning Difficulties and Disabilities within Multi-
Tiered Systems of Support: The 1Q Achievement Discrepancy versus Response to
Intervention

Deficits in basic number competencies are a hallmark of mathematics learning
difficulties and disabilities, including developmental dyscalculia (Butterworth, 2008).
Developmental dyscalculia displays itself as a severe limitation in learning arithmetic
and can occur in individuals with typical levels of intelligence (Butterworth, 2008;
Butterworth et al., 2011). The DSM-IV specifies that children must perform
significantly lower on a standardized assessment than is generally expected from
children the same age and intelligence. Furthermore, this deficit must impact their
school performance or daily life (American Psychiatric Association, 2000; Landerl et
al., 2004). A distinction is typically made in the literature between developmental
dyscalculia and mathematics learning difficulties, due to estimated differences in
prevalence rates. Whereas math learning difficulties are characterized, too, by a
distinct deficit in numerical understanding, dyscalculia tends to be more pronounced
as described above. Butterworth (2011) provides examples of common signs of
dyscalculia, seen in Appendix A.

Studies of mathematics learning difficulties vary in how children are classified
as having math difficulties or disabilities, but some use what is known as an 1Q-

achievement discrepancy model (Fuchs & Fuchs, 2006). This model uses
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achievement tests as the qualifier for MD. The classification for math learning
difficulties or disabilities of these studies range between qualifying the bottom 10" —
35" percentile on a mathematics achievement test (Geary et al., 2000; Jordan et al.,
2002; Mazzocco & Thompson, 2005). Recent research has targeted early learners
using the 25" percentile as the cut point in mathematics achievement to designate
between at-risk vs. not-at-risk children (Barnes et al., 2016; Methe et al., 2008).

In contrast to the 1Q-achievement discrepancy models, a newer model that
focuses on child’s school response to school supports over time has emerged. In 2004
the Individuals with Disabilities Education Improvement (IDEA) Act was signed into
law, thereby permitting schools to qualify children as having a learning disability (LD)
based on their progress in a multitiered support system known as Response to
Intervention (RTI) (Fuchs & Fuchs, 2006). Specifically, if children are not showing
progress despite sustained evidence-based supports then they can be identified as
having a learning disability (Newman-Gonchar et al., 2010). RTI is a tiered approach
to student learning (Gersten et al., 2017), that includes screening, follow-up
assessment (as necessary), and intervention such as a tier 2 program. Generally,
students who do not respond to initial intervention attempts will be referred to more
intensive supports (Gersten et al., 2017). In this model, there are three different tiers
that vary in terms of student population, goal of program, and intensity of instruction
or intervention (Mellard et al., 2010). For example, Tier 1 includes all students and
has a main goal of providing high-quality instruction to all students. Approximately
80% of all students fall into this category (Mellard et al., 2010). Tier 2 narrows down
the field to students who have been identified via universal screening as at-risk for

learning difficulties and provides direct, intensive instruction to address their learning
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needs. Approximately 15% of students qualify for Tier 2 programs. Tier 3 responses
involve an even smaller portion of the population who did not respond to the
secondary level of response and require more extensive, many times individualized,
supports (Mellard et al., 2010). Approximately 5-7% of students from Tier 2 will
qualify for Tier 3 programming.

The goal of RTI screening is to identify students early who are most at-risk for
later academic struggles in a particular subject-area (Gersten et al., 2017). By first
identifying students at-risk, educators are better equipped to intervene and provide
additional instructional support to their students (VanDerHeyden, 2013). The RTI
framework (Fuchs et al., 2012) uses a multi-stage process, that uses universal
screening, follow-up assessment to determine precise instructional needs, and a school
role in prevention. Within this framework, early identification of students is
paramount. Initially RTI primarily focused on reading achievement, with early math
screening and intervention lagging behind. The overarching goal was to identify and
intervene with students earlier in schooling than was general practice at the time,
which as during second or third grade when students would be at-risk for more serious
learning challenges (Gersten et al., 2017). Schools would provide students with their
necessary level of supports to match their needs, with the goal of having short-term
intervention and eventual step-down of the tiered response.

Widespread screening is now commonplace in schools. While there are
differences in qualification and definitions of MD in the literature and in education
practice, this remains the same: Children at risk for difficulties must be identified as

early as possible and given appropriate support.
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Early Mathematics Interventions

Research shows that early number competencies are malleable; in other words,
most children can build their number sense through specialized help (Clements et al.,
2011; Dyson et al., 2015; Fuchs et al., 2007; Thomas et al., 2018). For example, Klein
and Starkey (see Thomas et al., 2018) developed a pre-K a comprehensive
mathematics intervention curriculum, which was found to be effective at improving
mathematics achievement for children from low-income communities. Clements &
Sarama (2011) have also found positive effects with their pre-K mathematics
curriculum. Both of these pre-K programs include a broader scope of mathematics
with a heavy focus on number competencies in particular. Jordan and colleagues
(Dyson et al., 2015; Jordan & Dyson, 2016) developed successful number sense
intervention with kindergartners at high risk for MD through targeted small group
interventions. Positive effects on general measures of mathematical achievement were
apparent both at an immediate post-test as well as an 8-week delayed post-test (Dyson
etal., 2015). Individualized scaffolding was built into the program to support the
varying levels of child understanding (Dyson et al., 2015).

Unfortunately, early gains do not always hold through the primary grades, at
least not without continued support (Bailey et al., 2014; Leak et al., 2010). A meta-
analysis by Leak and colleagues (Leak et al., 2010) found that in general, effects of
early interventions tend to fade out a few years after the completion of the
intervention. Another study investigating the prevention of intervention fadeout found
that small but significant effects of a preschool mathematics intervention can still be
observed into first grade when coupled with robust professional development support
(Duncan et al., 2015). While these findings raise concerns, they do point to the

importance of sustained intervention, particularly for those most at-risk for learning
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difficulties. Further work is needed in this particular vein to determine how to hold
effects long-term, particularly in the context of robust research-supported
interventions over the course of several years. The implications of ignoring this
important line of work are having children continue to struggle long-term, missing out

on important educational and vocational opportunities.

Existing Mathematics Screeners for Pre-K, Kindergarten, and First Grade
Children

Before teachers can successfully intervene, the crucial first step is to identify
children who are most in need of help. Because deficiencies in number knowledge
can be identified early, educators must have valid and usable resources to detect
children who may be at risk. Although commercially available screeners have
demonstrated predictive validity, many fail to report sensitivity and specificity levels
for their full range of possible cut scores. Without such indicators, researchers,
administrators, and educators do not capture a full understanding of
screener/assessment performance. Furthermore, no screeners span the period between
pre-K and first grade on vertically-scaled forms that allow comparisons across grades,
when substantial development in mathematical cognition takes place. Although multi-
age diagnostic instruments are also available (e.g., Test of Early Mathematics Ability-3
(TEMA-3); Key Math), they take longer to administer, generally require more
administration and scoring training, and tend to cover a broader range of content
Existing screening measures are reviewed below with a discussion of their benefits
and limitations.

There are currently several commercially available screeners, in addition to the

Number Sense Screener (Jordan & Glutting, 2012), which is intended for use in
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kindergarten classrooms: (a) Clarke and colleagues (Clarke et al., 2012) developed a
screener for kindergarten and first-grade children known as Assessing Student
Proficiency in Early Number Sense (ASPENS). The ASPENS includes assessments of
numeral identification, magnitude comparison, missing numbers, basic arithmetic
facts, and base-10 knowledge. (b) The AimsWeb Test of Early Numeracy (TEN)
(Clarke & Shinn, 2002) was developed for kindergarten and first grade children and
includes short assessments of oral counting, number identification, quantity
discrimination, and missing numbers. (c) The mClass: Math (Lee et al., 2010) was
designed for use in grades kindergarten-3rd. This assessment covers computation
facts. (d) The FAST Early Math (Christ, 2015) is a set of 1-2 minute assessment
developed for use with grades kindergarten-first that covers naming numerals, mental
number line, counting with one-to-one correspondence, the relation between numerals
and quantities, composing and decomposing numbers, verbal fact fluency,
understanding of place value, and knowledge of symbols in story problems; (e) The
Preschool Early Numeracy Skills Scale — Brief version (PENS-B) (Purpura et al.,
2015) is a brief screener assessing early number knowledge in pre-kindergarten
children. (g) Spring Math (www.springmath.com) spans indergaten-8" grade and
serves as both a screener and progress monitoring tool.

It is worth noting the limitations of the existing screeners. First, many of the
measures available focus on a limited number of skills. While some concepts are
more important than others, this should be evaluated for each grade level, since early
elementary is a critical time of mathematical development. Second, many of the
existing batteries rely on solely measures of fluency, which require a forced-choice or

timed limit response. They typically are one- or two-minute assessments. There are
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several potential drawbacks to consider when allowing children only a limited amount
of time to produce an answer. The fast-paced nature can limit children’s ability to use
adaptive strategies to solve the problems, thereby creating a ceiling on children’s
performance and an inaccurate picture of their mathematical understanding.
Compounding this issue, none of these screeners cover the early mathematics span of
pre-K through first grade. Thus, there is little continuity of content or measure
administration for teachers. Since teacher time is already limited, and many do not
have adequate training to administer long and complicated assessments (Darling-
Hammond, 2000; Purpura et al., 2015), it is extremely beneficial to have a single
measure that can be used across the critical pre-K to first grade span. The measure
used in the proposed study (SENS) addresses these issues by 1) including a broad
operationalization of number sense to include multiple conceptual subareas, also
known as item topics, for evaluation; 2) limiting the number of fluency or timed items;
and 3) creating a set of vertically-scaled measures that span pre-K through first grade.
Early childhood is an important period to consider because it has long standing
implications for children, both for subject specific- and general academic achievement
(Duncan et al., 2007; Jordan & Levine, 2009). While the existing screeners are useful,
there is still a need to have screeners that have been rigorously tested with a
demographically broad sample. Many existing research-based screeners were
evaluated using either a middle-SES (e.g., FAST Early Math) or low-SES sample (e.g.
(Klein & Starkey, 2012), and are therefore limited in terms of the populations for
which they are designed to work. There is a need for early math screeners that have
been validated to work with a range of children from different backgrounds and can

therefore be used in classrooms regardless of the population they serve. The SENS

31



measure used in the proposed study samples a demographically broad and diverse

population.

Determining Diagnostic Accuracy of Screeners: The ROC Curve Analysis

Screener quality matters. Gersten and colleagues (Gersten et al., 2012) suggest
that screeners should focus on “discrete proficiencies rather than deficiencies” (p.
425). That is, screeners should focus on what kinds of skills and knowledge children
have learned, as opposed to what they still need to learn. With this in mind, the three
forms of the SENS were designed to measure knowledge that is appropriate for young
children. Items were included that are both attainable for each grade level, as well as
those that may be more challenging in order to not simply focus on a child’s
shortcomings.

Stakeholders are beginning to acknowledge the value of a robust screening
instrument. Washington state published a set of guidelines titled, “A Guide to
Assessment in Early Childhood” in which they set out a recommendation for adhering
to quality screening (Slentz et al., 2008). Within the state-published 6-step guide,
there are clear guidelines for researchers and educators alike to follow to ensure high-
quality screening and results. These recommended practices are as follows: 1)
Screener information should be considered along with other sources of information
such as the family’s perspective regarding the child’s screener results; 2) Screeners
should have clear decision rules to guide the results; 3) Screeners should only be used
for the purpose they are developed; 4) Developmental screening instruments should be
norm-referenced, whereas academic criterion-referenced screeners should provide

standards for comparison; 5) Reliability, validity, sensitivity and specificity must be
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reported; and 6) Screening procedures must be culturally and linguistically relevant
(Slentz, Early, & McKenna, 2008).

Furthermore, the medical field has established standards for reporting
diagnostic accuracy that are also valuable for education research. The Standards for
Reporting of Diagnostic Accuracy Studies (STARD, 2015) was developed to bring
clarity and standardization to the elements and statistics reported by studies evaluating
the diagnostic accuracy of a measure. This way, readers can determine the
applicability of the findings for use in their own populations, any limitations or biases
of the instrument, and the robustness of the instrument for identifying a target group.
The STARD (2015) provides a comprehensive 30-item checklist for what statistical
elements of a screener’s classification accuracy should be reported. These include
sensitivity, specificity, predictive values (e.g., positive and negative predictive values),
confidence intervals, established cut-points for screener classification, and the Area
Under the Curve (AUC) as a measure of overall diagnostic accuracy. The present
study reports all of these diagnostic statistics in accordance with the STARD (2015)

standards.

ROC Curve Analysis.

The proposed dissertation study will meet the aforementioned standards by
utilizing the Receiver Operating Characteristic (ROC) curve analysis to analyze the
diagnostic properties of the three levels of the SENS forms. The benefit of ROC is its
ability to include not only measures of sensitivity and specificity, but it also enables an
evaluation of the tradeoff between the two measures when determining appropriate cut
points on the screener (Youngstrom, 2014). Below, the benefits of utilizing such an

analysis are discussed in further detail.
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While ROC analyses originally were developed for military purposes (e.g.,
noise vs. signal detection with the use of radar), this method has also been used in
medical fields and, more recently, for educational decision-making (Cummings &
Smolkowski, 2015). In terms of the mathematics subject area, classification accuracy
is defined as, “the degree to which the screener provides correct classifications of
children who require additional assistance in mathematics” (Gersten et al., 2012).

One goal of the ROC curve analysis is to establish a benchmark on the
screener that will accurately determine an individual child’s risk for subsequent math
learning difficulties. The benchmark, also known as a cut score or decision threshold,
IS a cut point on the screener used to discriminate between those at risk vs. those not at
risk for math learning difficulties. Those scoring at or below the screener benchmark
will be qualified as positive, or “at risk”, and those scoring above the screener
benchmark will be qualified as “not-at-risk.” This benchmark is established based on
the screener’s relation to a criterion measure. The criterion measure, in the case of the
present study, is the TEMA-3, a normed mathematics achievement measure that was
administered one year later and is used for the to identify children who are truly at-risk
versus those who are truly not-at-risk.

The ROC curve analysis assumes that two-independent populations of children
exist within one study sample: Those truly belonging to the learning-difficulty
population (D = 1), and those truly belonging to the typically achieving population (D
=0). The “truly” at-risk or not-at-risk population designation is made by the criterion
measure. These two populations, by definition, have two different screener score
distributions that likely overlap at some points. For example, one child in the at-risk

group may receive the same screener score as another child in the not-at-risk group.
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See Figure 1 for an example of this overlap. The job of a well-designed screener is to
as accurately as possible identify children from the learning difficulties population
while reducing the number of children misidentified as “at risk” from the typically
achieving population. If a screener is unable to accurately discriminate between these
two populations, many more children will be misidentified. An example of how a
screener discriminates between populations of children with learning difficulties vs.
those without learning difficulties is also provided in Figure 1 (Smolkowski &

Cummings, 2015, p. 45).

35



Figure 1 Overlapping Populations for Typically Achieving Students and Students
with Reading Difficulties
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Note. Figure and note reprinted from Smolkowski & Cummings, 2015, p. 45. The
figure depicts the four outcomes with associated terms used in signal detection and
null-hypothesis-testing theories. The label D represents the two underlying
populations, where D = 1 for the reading-difficulty population. The label Y represents
the screener result, with Y = 1 for a positive screen. In terms of signal detection,
sensitivity for the indicated decision threshold equals P(Y =1 | D =1), whichis .70
in the figure. Specificity equals P(Y =0 | D = 0), shown here as .90. Early researchers
sought to discriminate a signal from noise and described a noise distribution and a
signal-plus-noise distribution. This, they discovered, resembled the null-hypothesis-
testing framework. Within that framework, the figure represents a study with a Type 1
error rate of .10 and power of .70.

The following classification categorization is utilized to better understand

potential screener vs. criterion measure outcomes: D =1 and D = 0 refers to the
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categorization of a child as either truly belonging to the at-risk population or truly
belonging to the not-at-risk population, as generally determined by a criterion
measure. The function of the screener, on the other hand, is to assign children to a
positive category (at-risk; Y = 1) or a negative category (not-at-risk; Y = 0) based on
the established screener cut score. If there is a positive test result (Y = 1), it means
that the screener identifies the child as belonging to the at-risk group. These are
children who scored at or below the established screener cut score. The presence of a
negative test result (Y = 0) indicates that the screener identifies the child as not
belonging to the learning difficulties group. These are children who scored above the
screener cut score. As a result, four different outcomes are established: 1) a true
positive (TP): a child from the truly at-risk population identified as at-risk by the
screener (D=1 | Y =1); 2) a true negative (TN); a child from the truly not-at-risk
population not identified as not-at-risk by the screener (D =0 | Y =0); 3) a false-
positive (FP): a member from the truly not-at-risk population being identified as at-
risk for learning difficulties by the screener (D =0 | Y = 1); and 4) a false-negative
(FN); a child from the truly at-risk population being identified as not-at-risk by the
screener (D =1 | Y =0). Figure 2 displays the four potential outcomes determining
classification. To further illustrate this point, Figure 1 may be revisited to review the
distribution plots of the two populations in order to witness where these four potential
outcomes fall on the distribution continuum. Ultimately, the established screener cut
point should maximize the number of true positives and true negatives while balancing
for the false-positives and false negatives. The outcomes of the subsequent ROC
curve analyses will be evaluated in terms of sensitivity and specificity for grade-level

form to balance these risks when selecting a decision threshold for the screener.
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Figure 2 ROC Curve Classification Outcomes
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Sensitivity, Specificity, and Interpreting ROC Results.

Sensitivity is how accurately the SENS can identify children with true math
learning difficulties, or true positives. Or, the proportion of correctly identified at-risk
children out of all of the children with true math learning difficulties. Sensitivity
scores range from 0 to 1. Conversely, specificity is defined as how accurately the
SENS can eliminate false positives, or the proportion of children currently identified as
not-at-risk, out of all children truly without math learning difficulties. Specificity
scores also range from 0 to 1. As the cut score changes on the SENS, so will the
sensitivity and specificity level. Each distinct cut point (benchmark on the screener)
with have a unique set of sensitivity and specificity values. For example, a cut score
of 14 on the SENS short-form is associated with a sensitivity level of .87 and a
specificity level of .78. This means that of the children who scored at or below the
25" percentile of the TEMA-3, 87% scored at or below the cut score of 14 on the

SENS. In a complementary comparison, the specificity level tells us that of the
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children who scored above the 25" percentile on the TEMA-3, 78% of them scored

above the cut score of 14 on the SENS.

Screener Cut Score Selection

There are two main methods identified in the education literature for selecting
screener cut scores to identify which students will be designated as at-risk. The first
utilizes what is known as a d-based cut score (Swets & Pickett, 1982). The d-based
method requires calculating d for each cut point on the screener and identifying which
score on the screener produces the least difference between sensitivity and specificity.
In this way, this method balances both sensitivity and specificity. The formula for

calculating d is (Swets & Pickett, 1982):

d = /(1 — sensitivity)? + (1 — specificity)?

The potential downfall of utilizing the d-based method is that the optimal d-
based score can also produce a less than desirable sensitivity level. This is important
to consider because in education sensitivity level is often valued above and beyond
specificity. However, by balancing sensitivity and specificity the number of false
positives is reduced. A high sensitivity can often over-identify children at-risk for
MD. Some schools may not have enough resources to over-identify children for MD,
and as such, the d-based decision may be desirable for many institutions.

The second method for determining a screener cut score is based on identifying
a screener cut point with an optimal sensitivity level. In the case where a school does
not wish to miss any true positive cases and has the resources to support such an
option, a cut score with high sensitivity may be optimal. The literature presents a
range of acceptable sensitivity scores for identifying a sensitivity-based cut score. For

example, Kilgus, and colleagues (2014) conducted a diagnostic test accuracy meta-
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analysis (DTAM) of the curriculum-based measurement of oral reading (R-CBM) in
universal screener. In their review of indicators of diagnostic accuracy, they found
that acceptable cut points were selected with sensitivity thresholds range anywhere
from .70, to .80, and up to .90. However, these numbers appeared to focus on a
sensitivity level of .80. Work in early mathematics (Jordan et al., 2010) and fractions
(Rodrigues et al., 2019) has presented a cut score associated with a sensitivity level
greater than or equal t0.85 to lessen the risk of missing children who were at risk for
MD. The present study selected cut scores using the d-based method to balance for
both sensitivity and specificity. However, all corresponding sensitivity and specificity
levels were reported to enable schools or teachers to select the appropriate cut-scores

for their individual needs.

ROC curve: Discriminating Between Distinct Populations

ROC curve analysis produces an easily interpretable graph that plots the
proportion of correct child classification (sensitivity) vs. the incorrect child
classification (1-specificity). This is a visual comparison of true positives vs. false
positives, or the true positive fraction (TPF) vs. the false positive fraction (FPF). The
TPF is presented on the vertical y-axis and the FPF is represented on the horizontal x-
axis. The TPF, or sensitivity, is equivalent to the number of true positives (TP)
divided by the total number of students who are truly at-risk for MD, which includes
both true positives and false negatives (FN) or (TP + FN). The TFP is calculated as
TPF =TP/(TP + FN). The FPF (also known as 1-specificity) is calculated as FPF = 1
— TNF. In other words, the FPF =1 — (TN/(TN + FP). See Figure 3 for a ROC Curve

graph example.
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Figure 3 The Receiver Operating Characteristic (ROC) Curve Graph
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In the presented Figure 3, sensitivity, or the True Positive Fraction (TPF), is
plotted against the false positive fraction, or 1- specificity. The red diagonal line
represents and AUC of .50, which has no discriminating power. The blue line
represents an AUC of .83 with accurate discriminating power.

This graph enables the user to visualize the accuracy of the screener by
evaluating how the curve falls in relation to the diagonal running from the origin (0, 0)
to the upper right corner of the graph. This midline indicates the null hypothesis, or
that the screener is no better than chance at determining to which group a participant
belongs. The closer the curve is to the to the top left corner of a graph, the more
accurate the screener. The Area Under the Curve (AUC) is metric for the overall
diagnostic accuracy for a screener and represents measure of the total area under the

ROC curve. The AUC value falls between zero and one. The higher the AUC, the
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more accurate the screener; an AUC with a value of .50 indicates chance. In Figure 3,
the AUC is reaching toward the highest left corner measure and measures .83. The
AUC is the probability that a given screener can accurately distinguish between a child
selected from the at-risk population and a child from the not-at-risk population
(McFall & Treat, 1999). Thus, and AUC of .83 indicates that the screener was able to
accurately discriminate between the at-risk vs. not-at-risk students in 83% of cases.

All screeners have the probability of error, such as incorrectly classifying
children as false positives or false negatives. A false positive incorrectly identifies a
child as being at risk. Conversely, a false negative misclassifies a child as having little
to no risk. To evaluate the risk of false negatives, sensitivity is reported on the ROC
analysis. Likewise, to evaluate the risk of false positives, specificity is also reported
(Cummings & Smolkowski, 2015; Gersten et al., 2012; Smolkowski & Cummings,
2015). These two constructs are considered in tandem to evaluate the accuracy of the
screener in question; as sensitivity increases, specificity decreases, and vice versa.
Sensitivity and specificity help decision makers invest in resources. Thus, it is useful
to have specificity and sensitivity reported on a measure in order to evaluate whether
or not it balances the needs of decision makers.

Another benefit to using the ROC curve analysis is that it provides a relative
measure of the strength of the diagnostic accuracy of the measure in question with the
AUC, but also provides information on the sensitivity and specificity of the measure
for each cut point on the screener (Jordan, Glutting, Ramineni, et al., 2010).
Specifically, the ROC curve graph plots sensitivity (the true-positive rate) against 1-

specificity (the false-positive rate), for each cut score, and therefore one can evaluate
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the sensitivity and specificity rates for all possible cut scores on a screener (Jordan,

Glutting, Ramineni, et al., 2010).

Predictive Values

In addition to the AUC, some researchers recommend predictive values as
another method to evaluate how well the screener predicts membership in a one of the
two populations. In the case of the present study, a positive predictive value (PPV) is
defined as the probability of assignment to the at-risk for MD group based on the math
achievement outcome among those who test positive on the screener P (D =1 | Y =
1). The PPV is calculated in terms of the proportion of true positives (TP) as
compared to the number of true positives plus false positives (FP), or: PPV = TP/(TP
+ FP) (Parikh et al., 2008; Youngstrom, 2014). A PPV of .55, for example, indicates
that for a student who scored below the cut point on a screener has a 55% chance of
also scoring below the math achievement threshold. The negative predictive value
(NPV), on the other hand, is defined as the probability of assignment to the not-at-risk
group among those who tested negative on the screener P(D = 0 | Y =0). The
percentage of participants with a negative test who do not have a learning difficulty, or
the NPV, is equal to the number of true negatives (TN) divided by the number of true
negatives plus the number of false negatives (FN): NPV = TN/TN + FN (Parikh et al.,
2008; Youngstrom, 2014). A child who has a NPV of .60 and scored above the cut
point on the screener has a has a 60% chance of scoring above the math achievement
threshold.

Both the PPV and NPV are based on a given cut score, compare the two
populations, and are directly related to the prevalence of a disease or learning

difficulty in the population (Parikh et al., 2008). This dependency therefore makes
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predictive values sensitive to the base rate, or the proportion of individuals who fall
into the at-risk category (Youngstrom, 2014). Due to this, caution must be used in
interpreting the PPV and NPV values with other samples (Petscher et al., 2011; Swets,
1988). For example, the PPV will increase with an increase in prevalence. Because
the NPV is inversely related to PPV, the NPV will therefore decrease with an increase
in prevalence in the population (Parikh et al., 2008). Therefore, if the prevalence of a
learning difficulty is low, the number of children falsely flagged as at-risk for MD will
be far higher than those who truly have MD and were flagged as at-risk (Parikh et al.,
2008). Therefore, some caution must be taken into consideration during interpretation

since these metrics are sensitive to the base-rate.

Additional Considerations when Selecting Screeners

Posttest Probabilities

While sensitivity and specificity are overall population-based indicators (of the
screener as a whole), information at the individual student-level, such as posttest
probabilities, can also be calculated from the SENS results. These metrics are
recommended to provide educators and schools with additional information on their
student sample in terms of how students are likely to perform in the future based on
their performance on the screener. Posttest probabilities vary as a factor of base rate.
Therefore, if one school district or demographic population of students has a higher or
lower base rate compared to the general population, this will be figured into their
probability calculation and thereby provide individualized information for a school or

teacher.
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Mathematics failure rates as determined by benchmark assessments, such as
end-of-the-year tests or widely used comprehensive assessments, tend to vary
depending on a child’s school district or individual socioeconomic status. These
failure rates, also known as the base rate, describe the percentage of expected failure
on an outcome measure. For example, if 500 students took an assessment and 50
score below the designated benchmark, then this sample would have a base rate of
10%. Van Norman and colleagues (2017) suggest that preexisting risk for academic
difficulties, such as those indicated by child performance on an end-of-the-year test or
benchmark assessment, must be considered. Importantly, preexisting risk is not
considered by the diagnostic indicators produced by the ROC curve analysis.

Posttest probabilities are calculated as follows (Wilson & Rodrigues, 2020),

whereas the Positive Posttest Probability (PP+):

( pretest probability

1 —pretest probability) * LR+

Posttest Probability =

( pretest probability
1 — pretest probability

)*LR+>+1

Whereas the Likelihood Ratio for a positive test (LR+) = sensitivity/(1-
specificity). The Likelihood Ratio for a negative test (LR-) is calculated as (1-
sensitivity)/specificity, using the sensitivity and specificity rates for a designated
screener cut score. The pretest probability is equal to the base rate of the sample. The
Negative Posttest Probability (PP-)is calculated as the formula indicates above, but the
Likelihood Ratio for a negative test (LR-), is utilized in place of the LR+ in the above
equation. Overall, likelihood ratios produce an estimate of the likelihood of the

screener result of being correct (VanDerHeyden et al., 2017).
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These posttest probability metrics allow schools to make statements about
individual children such as, “Student a has XX% chance of going on to fail the
benchmark test at the end of the year” if they were identified as at-risk by the screener,
or “Student Y has XX% of going on to fail the benchmark test at the end of the year”
if they were screened as not-at-risk (Van Norman et al., 2017). Posttest probabilities
permits researchers or teachers to interpret screening results in a more individualized
fashion because it accounts for the variation in base rates (VanDerHeyden et al.,
2017). Recently, researchers have brought attention to the utility of adding such
statistics to traditional screening tool reporting, such as sensitivity and specificity and
PPV/NPV, due to its usefulness for educators and school districts (Van Norman et al.,
2017).

One benefit of posttest probabilities is that they incorporate the base rate,
which tends to vary as a factor of school, district, or other risk factors such as SES or
language status. Base rates are used as pretest probabilities and are interpreted as the
risk of any single student going on to fail the criterion measure (e.g., achievement test
or end of year test) (Van Norman et al., 2017; Wilson & Rodrigues, 2020). Unlike
traditional ROC statistics, posttest probabilities figure in a child’s individual
preexisting risk for academic challenges. For example, if a particular district expects
20% of their students to not pass the end of the year 6™ grade exam, the base rate for
this district could be estimated as .20. Another district, on the other hand, may have a
much lower preexisting risk factor with only 5% of their students expected to fail the
end of the year 6™ grade exam. The base rate for this school would only be .05. Thus,
the future odds of a child experiencing MD for these schools will be different based on

their preexisting risk even using the same screener and same cut score.
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Some scholars argue for the use of posttest probabilities because they can
account for contextual factors that impact base rate, such as SES, instead of ignoring
them. While diagnostic information provided by the ROC curve analysis (e.g.,
sensitivity, specificity, AUC) is critical to educational decision making at the group-
level, additional analyses such as posttest probabilities can provide stakeholders such
as districts, schools, and educators, information at an individual child level in terms of
a child’s likelihood of going on to experience additional difficulties in subsequent
schooling.

Posttest probabilities also provide critical information to teachers in terms of
how they should proceed with instructional decisions (VanDerHeyden, 2013). Based
on screener results, teachers must determine who might forego intervention, who
needs immediate intervention, and who needs additional information to make accurate
decisions. VanDerHeyden (2013) provides a framework to interpret PP+ and PP-. If a
PP+ value exceeds .50, then intervention is recommended. A PP+ value greater than
.50 indicates that a child has more than a 50% chance of subsequently failing the
criterion measure. If a PP- is less than .10, no further assessment or intervention is
required. This indicates that a child has a less than 10% chance of failing the criterion
measure. However, if a PP value falls between .10 and .50, additional testing is
recommended to determine next steps (Van Norman et al., 2017; VanDerHeyden,

2013).

Capturing Student Growth
In addition to posttest probabilities, individual student growth over time may
be a valuable indicator of student performance. Previous research in the area of

number sense has found differences in student growth over the course of kindergarten
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and into first grade (Jordan et al., 2009). Three distinct growth classes emerged based
on number sense competencies. First, one class that started the kindergarten year with
relatively low rates of number sense knowledge and made relatively flat growth over
the year. Second, a class that started low and made decent growth over the year. And
third, a class that started high and made relatively steep gains over the years. Children
in the first class (low/flat) tended to be classified as low-income (Jordan et al., 2009).
In the case of screeners with more than one grade level form, the instrument
should be vertically-scaled to permit evaluation of growth over time. These measures
include linking and unique items. The vertically scaled SENS has three grade-level
forms (Jordan et al., under review). The SENS contains linking items that appear on
two adjacent grade levels (e.g., pre-K and kindergarten or kindergarten and first
grade), as well as unique items that appear only on a single grade-level form. The
linking items establish a relationship between the forms and allows for the whole
measure to be scaled across all three grade-level forms, despite variation in difficulty
level (Kim, 2007). Scores on the instrument were converted to an interval level,
known as a scaled score, in which all increments are equal (Briggs, 2013). This
conversion is applied across grades (Briggs, 2013). The purpose of vertical linking is

to capture student growth on a single scale.

The Present Study
The present study uses cross-sectional (pre-K, kindergarten, and first grade)
and longitudinal (one year follow up at each grade) data from the SENS Project funded
by the U.S. Department of Education Institute of Education Sciences (Award

R305A150545; Nancy C. Jordan and Alice Klein, Principal Investigators). The
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purpose of the larger study was to develop and validate an early number sense
screener for use in pre-K, kindergarten, and first grade classrooms.

The following research questions were addressed:

1. How accurate is the SENS long-form at each of three grade levels (pre-K,
kindergarten, and first grade) at predicting MD one year later?

The SENS long-form, administered in fall 2017, evaluates children
understanding of the three critical domains of number sense—number, number
relations, and number operations. The criterion measure, the TEMA-3, is a nationally
normed and standardized measure of mathematics achievement and was administered
in fall 2018. Preliminary analyses showed strong predictive validity between the long-
form screener and mathematics achievement measure at each grade level (r = .86 at
pre-K, r =.80 at kindergarten, and r = .84 at first grade). Given this demonstration of
predictive validity and the strong theoretical relationship between number sense and
mathematics achievement, it is hypothesized that each grade-level form of the SENS
long-form will meet standards for diagnostic accuracy, as measured by AUC of .75 or
above.

2. How accurate is the SENS short-form at each of three grade levels (pre-K,
kindergarten, and first grade) at predicting MD one year later?

As with the long-form, the SENS short-form also demonstrates strong
predictive validity with the standardized mathematics achievement measure at each
grade level (r = .85 at pre-K, r =.77 at kindergarten, and r = .83 at first grade). The
SENS short-form was administered in fall 2017 and the TEMA-3 was administered one
year later in fall 2018. It is hypothesized that each form of the SENS short-form will

meet standards for diagnostic accuracy, as measured by AUC of .75 or above, given
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the strong relationship between the screener and outcome measure, and the theoretical
grounding of the screener in the early mathematics literature.
3. At each grade level, which SENS version (long vs. short) has the highest
diagnostic accuracy?

Specifically, is there a significant difference between effectiveness of the SENS
long- and short-forms? To accomplish this, the AUCs of the long- and short-from will
be subjected to Hanley & McNeil (1983) comparisons. This statistical method
determines whether one screener version has higher diagnostic utility and is therefore
more accurate at classifying at-risk vs. not-at-risk children. It is hypothesized that
there will not be a significant difference between the long- and short-form of the SENS
at each grade level. Both versions were formed on substantial mathematics learning
research (NMAP, 2008; NRC, 2009) and subjected to rigorous statistical evaluation as
part of the larger study (see Data Analysis). However, if the above hypothesis does
not hold and one of the forms emerges as a more powerful predictor of MD at a given
grade level, that form will be selected for further analysis. If there is no statistically
significant different between the two forms at a specified grade level, the short form
will be selected for further analysis. The rationale behind this is that it may be the
case that the teacher does not have enough the time or resources to administer the
longer form. In this sense, it will be more of a challenge to identify children and then
intervene, and the teacher may benefit from the shorter form that provides accurate
information on a child’s risk status but is not as time-intensive to administer.

4. What are the performance characteristics of the at-risk sample from the
selected SENS form at each grade level, and what can SES status tell us about

future risk for MD? What is the likelihood that students who are screened as

50



not-at-risk go on to score in the bottom 25" percentile of the TEMA-3 and does

(and how) does this vary by SES? How do at-risk students grow on the SENS

from pre-K to kindergarten and kindergarten to first grade relative to their not-

at-risk peers?

In particular, the following questions are of interest: What number sense
domains (number, number relations, and number operations) and item topics (e.g.,
verbal counting, magnitude comparison, etc.) prove most challenging for children
identified as at-risk? What is the likelihood that a student scores in the bottom 25
percentile on the TEMA-3 in the subsequent school year if they are identified as at-risk
versus not-at-risk and does this vary according to SES? On average, what is the
overall rate of growth on the final SENS form from pre-K to K and K to first grade,
and how does this differ by risk group at each grade level?

Children who begin kindergarten with lower number sense knowledge tend to
have relatively flat growth over the course of the school year (Jordan, Glutting, &
Ramineni, 2010). For this reason, it is important to understand the learning obstacles
faced by children in prior and subsequent years of schooling (e.g., pre-K and first
grade). The cross-sectional design of the proposed study allows for a survey of the
characteristics of at-risk children at each grade level as well as a comparative point of
growth on the SENS. Given that prior research indicates that at-risk children do not
make substantial learning progress over the course of early elementary school, it may
be the case that even independent kindergarten and first grade samples have relatively
similar performance profiles. At pre-K it is hypothesized that performance on very
foundational math knowledge and skills (e.g., low-level verbal counting and informal

magnitude comparison) will be the strongest indicators of at-risk group belonging.
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Furthermore, given that prevalence rates of failing standardized tests vary as a
function of school and community (VanDerHeyden, 2013; VanDerHeyden et al.,
2017), it is hypothesized that the probability of future MD risk will also vary based on
income status. Specifically, the present study will be able to determine if children
from low-SES backgrounds (as determined by school and parent report) have
increased prevalence rates of future mathematical difficulties based on their SENS
risk-status outcomes as compared to their middle-SES peers.

The present study provides important information about the gap in number
sense abilities between at-risk and not-at-risk children. It provides directions for
intervention and curriculum planning, with more in-depth consideration of screener
use in the classroom as well as a starting point for areas of concentration of subsequent

intervention.
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Chapter 3

METHOD

Participants

Participants for the SENS project were drawn from three public school districts
and five pre-K programs within the San Francisco Bay Area. As part of the larger
study, informed consent was obtained in the fall of 2017 for a socioeconomically
diverse sample of 200 pre-kindergartners, 300 kindergartners, and 200 first graders.
To balance for socioeconomic status (SES), an equal number of children from low-
income and middle-income schools were recruited. Children were designated as low-
SES or middle-SES based on the following grade-level dependent factors. For a
preschooler to be classified as low-SES, the child was drawn form a Head Start or
state-funded pre-K program that has income-based requirements for enrollment.
Middle-SES preschoolers were recruited from private, tuition-based preschool
programs, and did not receive any form of tuition scholarship. For kindergarten and
first-grade classification, low-SES participants attended an elementary school that
served a majority low-income children (verified by publicly available California
Department of Education School Accountability Report Cards (SARC)) and were also
confirmed to participate in free-and-reduced lunch program via parent/guardian report.
Middle-SES participants were drawn from schools serving a majority middle-income
children (verified by publicly available California Department of Education School
Accountability Report Cards (SARC)) and also were verified as not participating in
their school’s free and reduced lunch program as per parent/guardian report.

As part of the larger study, a total of 700 children participated in the fall 2017

SENS assessment wave during which the long version of the SENS was administered
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to pre-K, kindergarten, and first grade children. The SENS then underwent IRT
analyses as well as practical evaluation from the research team to select items to
generate the short-form of the SENS. Thus, the short-form score used in the present
study was derived from the fall 2017 long-form score. The practical evaluation of the
instrument ensured that the items selected that held acceptable psychometrics,
included sufficient linking and unique items for each grade-level form, and included
questions from all three number sense domains (number, number relations, and
number operations).

Next, all children were tracked from the 2017-2018 school year into the 2018-
2019 school year. Those who remained geographically accessible were subjected to
random selection after being stratified by grade, SES, and gender, for a total of 150
children per grade. Finally, these 450 participants (n = 150 at kindergarten, n = 150
and first grade, and n = 150 at second grade) were assessed on the both the Test of
Early Mathematics Ability-3 (TEMA-3; Ginsburg & Baroody, 2003) in fall 2018. The
fall 2018 TEMA-3 assessment was used for the ROC curve analyses on both the SENS
long- and short-forms administered in fall 2017. All kindergarten and first grade
participants also received the SENS short-form in the fall of 2018, thereby permitting
the evaluation of children’s growth on the SENS over time. The sample’s
demographic characteristics by grade level are provided in Table 1. The procedure for

determining the proper language of assessment is discussed in Procedures and Design.
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Measures

Number Sense Screener

The SENS (Jordan et al., under review) is a vertically scaled measure that
includes three grade-level forms for pre-K, kindergarten and first grade. The SENS
has robust theoretical foundations in both the early mathematics research literature
(NRC, 2009) and age-appropriate mathematics standards (Ginsburg & Baroody, 2003;
National Council of Teachers of Mathematics, 2006; National Governors Association
Center for Best Practices, 2010). The SENS includes unique items for each grade level
as well as linking items that are common between adjacent grade-level forms. These
linking items allow for vertical scaling across forms, which in turn, allows the
performance of individual children to be compared across grade levels. Each form is
composed of screener items designed to assess knowledge of number, number
relations, and number operations. The pre-K, kindergarten, and first grade long-forms
include 41, 42, and 43 items, respectively, whereas the short-form is composed of 30
items at each grade level each. The short-form is a subset of the long-form items. The
long-form takes approximately 30 minutes to administer whereas the short-form runs
between 10-15 minutes in length. Items on each form are scored as correct (1) or
incorrect (0) to produce a total, raw score. Refer to Appendix B for the number of pre-
K items by SENS form (long and short), domain (number, number relations, and
number operations), and item topics (cardinality, verbal counting, etc.). See Appendix
C and Appendix D for the kindergarten and first grade breakdown, respectively.
Reliability, as measured by internal consistency via the Kudar Richardson coefficient
of reliability (KR-20), is strong for the pre-K, kindergarten, and first grade forms, with

KR-20 statistics exceeding .90 for each grade level on both versions. The KR-20 is
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akin to Cronbach’s alpha for dichotomously scored instruments (Salkind, 2010) (. See
Appendix B, C, and D for SENS item tables.

The SENS raw scores were used for ROC curve analyses, item analyses, and
posttest probabilities. To evaluate the SENS growth, (i.e., scores over time and
performance across different grade level forms), the total raw scores were converted to
scaled scores across the three grade level forms of the SENS with a mean of 100 and

the standard deviation of 15.
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Table 1 Fall 2017 Sample Demographics

Mean Family Gender

Grade N Income Ethnicity N
A gy M)
Asian 29
African American 7
Latinx 53
Pre-K 150 461  75(75)  75(75) Native American or Alaska 1
Native
Two or More Races (not
: 12
Latinx)
White 42
Other 6
Asian 20
African American 3
Latinx 60
K 150 548  75(75)  76(74) Eii:n\:jeerawauan or Pacific 9
Two or More Races (not
- 17
Latinx)
White 45
Other 3
Asian 35
African American 8
Latinx 55
Gl 150 659  75(75)  74(76) Ef‘;:]‘:jeer'awa"a” or Pacific 1
Two or More Races (not
- 16
Latinx)
White 31
Other 4

Total 450
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Mathematics Achievement Test

Mathematics achievement was assessed with the TEMA-3 (Ginsburg &
Baroody, 2003). The TEMA-3 is a standardized mathematics achievement measure
that assesses informal and formal mathematics that generally takes upwards of 30 or
40 minutes to administer. The TEMA-3 has normative data for the grade levels used in
the present study, kindergarten through second grade (Ginsburg & Baroody, 2003).
Internal reliability coefficients range from .92 to .96. Content validity correlation
coefficients with other standardized mathematics achievement tests range between .54
and .91. This instrument is used as a diagnostic measure, is frequently used in
education research for determining children’s mathematical competencies and has
been used as a criterion measure in previous research to determine MD-related risk
groups of young children (e.g., Purpura, Reid, Eiland, & Baroody, 2015). Therefore,
the TEMA-3 is an appropriate outcome measure for the present study. For the
purposes of the ROC curve analyses the criterion measure must be binary in order to
determine group status (Smolkowski & Cummings, 2015). Children’s raw scores on
the TEMA-3 were converted to percentile ranks based on the nationally normed data
(Ginsburg & Baroody, 2003). Next, the TEMA-3 was used to establish two groups of
children: those who score above the 25" percentile rank and those who score at or

below the 25" percentile rank.

Procedure and Design
The assessment timeline is summarized in Figure 4. Children were assessed
individually on the SENS long-form in the fall of 2017 a quiet area of their school by a
trained assessor. As the short-form is a subset of items from the original long-form,

the overall performance of the short-form was calculated from this same testing
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session. For pre-K children, the screener language was available in both English and
Spanish. Each participating child’s language of the assessment was determined by an
experienced English/Spanish bilingual assessor. Preschoolers were assessed in
English, Spanish, or a mix of both languages according to each individual child’s
needs. Children were permitted to respond in either or both languages. To determine
the language of assessment, the research team members obtained information from the
parent and teacher regarding each child’s home language and the language(s) most
used in the classroom. If children only spoke English or Spanish consistently at home
and at school, the child was assessed in that language. For children who spoke a mix
of English and/or Spanish at home or at school, the assessor determined if the child
did or did not have preferred language through conversation with the teacher and the
child. The assessor then administered items in both English and Spanish, as needed.
The language of administration was noted. Twenty-four pre-K children received the
assessment in Spanish only in fall 2017. All children in kindergarten and first grade
were assessed in English as all participants had reached English proficiency as
determined by their teachers, parents, and/or and individual discussion with a bilingual
assessor.

Children were next tracked into the subsequent school year and received
additional assessments in fall 2018. In sum, the present study used a longitudinal
design. There were 150 children at each of the three grade levels (N = 450). Children
were given the SENS in their school in the fall of 2017 and then the TEMA-3 in the fall
of 2018, one year later. Children tracked into kindergarten and first grade also

received the SENS short-form in the fall of 2018.
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Figure 4 Assessment Timeline

Fall 2017:
N = 450 children

SENS long-form
administered

Children
Tracked

Fall 2018:
N = 450 children
TEMA-3 administered

N = 300 children (150
kindergarten and 150
first grade) SENS
short-form
administered

Note. Fall 2017 SENS short-form scores were derived from SENS long-form; Only the
kindergarten and first grade children who received the TEMA-3 also received the

SENS short-form in fall 2018.

Data Analysis

The data analysis plan for the present dissertation study is summarized in

Table 2.
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Table 2 Data Analysis Plan Overview

Data Analysis Step Component Analyses

ROC curves on SENS long-form at pre-K, kindergarten,
1 and first grade

ROC Curves on SENS short-form at pre-K, kindergarten,
2 and first grade

AUC comparison of long- vs. short-form at pre-K,
3 kindergarten, and first grade

Select one SENS form from each grade level for final
4 analyses
S Student performance analyses by grade level:

Domain and item topic analyses

Posttest probability calculations

SENS growth evaluation between pre-K and
kindergarten; Kindergarten and first grade

ROC Curve Analyses

A priori power analyses

An a priori power analysis was conducted using MedCalc Statistical Software
version 16.4.3 (MedCalc, 2016) to ensure adequate sample size for the desired ROC
Curve analyses. The alpha set to .05, power to .80, AUC to .75, null hypothesis to .5,
ratio to 4, requires a sample of 65 (13 positive cases required, 52 negative cases
required).

A series of unpaired t-tests compared the SENS scores of the at-risk versus not-
at-risk children to determine if significant differences were present between the two
groups at each of the three grade levels. This initial step was conducted to evaluate
the criterion validity of the screening measure (Youngstrom, 2014); that is, whether

the SENS scores differ by risk-status groups based on TEMA-3 performance.
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Statistical Package for the Social Sciences (SPSS) (IBM Corp, 2016) version 26
software was used. These group differences were established to demonstrate that
SENS scores accurately discriminate between the two separate populations of children
(truly at-risk vs. truly not-at-risk). If there is a statistically significant difference the
SENS may be considered a candidate for a screener and eligible for subsequent
analyses (Youngstrom, 2014). These analyses were conducted for each grade level of
the SENS long- and short-forms and revealed that as expected, each grade level form
of the SENS was able to accurately discriminate between the at-risk and not-at-risk
groups as established by the TEMA-3, thereby establishing its eligibility for the ROC

analyses.

ROC Curve Analyses of SENS Long- and Short-Forms

Three ROC curve analyses (one each for pre-K, kindergarten, and first grade)
were conducted to determine the diagnostic accuracy of the SENS long-form and
short-forms using SPSS. The purpose of this analysis is to establish the level of
precision of each grade-level form of the SENS to determine its effectiveness for use
in the classroom. In order to accomplish this, the Area Under the Curve (AUC) was
used as an indicator of diagnostic accuracy (McFall & Treat, 1999). The AUC
measures effect size and ranges in score from 0 to 1 (Swets, 1988). The meaning of
the AUC is easy to apprehend. Take, for example, an AUC of .50. This metric
indicates that the screener would only be able to correctly discriminate between a
randomly selected at-risk child and a randomly selected not-at-risk child 50% of the
time (Green & Swets, 1974; Hanley & McNeil, 1983; McFall & Treat, 1999). Thus,
an AUC of .50 denotes that the screener cannot accurately discriminate between the

two populations in question any better than chance. This is critical, as the SENS must
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be able to distinguish between the groups of children well above chance to be a useful
classroom tool. AUC values greater than .75 hold acceptable levels of accuracy
(Cummings & Smolkowski, 2015; Rice & Harris, 20060221; Wilson & Rodrigues,
2020). Swets (1988) indicates that values between .75 and .85 are reasonable, .85 -
.95 are very good. Importantly, the AUC is not impacted by the base rate or the
decision threshold used on a screener. For the present study screeners with AUCs
greater than or equal to .75 will be considered effective for classroom use.

In addition to producing a numerical value, the AUC is visually represented as
a ROC plot. The ROC plot graphs the TPF (i.e., sensitivity) against the FPF (i.e., 1-
TNF or 1-specificity) for every decision threshold on the screener (Smolkowski &
Cummings, 2015). The result is a visual display of the diagnostic accuracy, or the
screeners’ precision at discriminating between the at-risk and not-at-risk population. A
midline extends from the graph’s origin to the upper right corner, indicating an AUC
of .50. The more accurate a screener is overall, the higher the screener plot line will
reach towards the upper left corner of the graph (Smolkowski & Cummings, 2015).

See Figure 5 for a sample ROC plot.
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Figure 5 ROC Plot Example

True Positive Fraction (TPF) or Sensitivity

| [ I [
0.2 0.4 0.6 0.8 1.0

False Positive Fraction (FPF) or (1-Specificity)

ROC curve plots, AUCs and 95% confidence intervals for each grade level

form are reported.
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Statistically Comparing the SENS Long-form and Short-form

The AUC values of two screeners can be compared statistically (McFall &
Treat, 1999). A final set of analyses comparing the SENS versions for each grade level
versions was conducted to determine if there is a significant difference between the
long- and short versions (Hanley & McNeil, 1983). In other words, this determines if
the diagnostic accuracy of two screener forms is equal, or if one is superior (Handley
& McNeil, 1983). The Hanley-McNeil method was used to determine if two screeners
using the same sample differ significantly from one another. This method calculates z,
a critical ratio, presented below. A z ratio greater than or equal to 1.96 is interpreted
as evidence of a “true” difference between the AUCs of the two screeners in question

(Hanley & McNeil, 1983):

_ A — A,
J SE? + SE? — 2rSE, SE,

V4

Where A1 = observed AUC (area) associated with screener 1, SE; = estimated
standard error of the ROC area for screener 1, A> = observed AUC (area) associated
with screener 2, and SE> = estimated standard error of the ROC area for screener 2. A
significant difference between a set of screeners would indicate that one holds higher
diagnostic accuracy that the other. Microsoft Excel was used to conduct the Hanley-

McNeil comparisons.

Selecting the Optimal Screener for Further Evaluation

If the long- and short forms do not have statistically significant AUCs, the
shortened version with perform at least equally as well as the original form of the
measure. This was determined for each grade level form. The overall goal was to find

the most efficient version of the SENS that retains accuracy at predicting membership
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as at-risk or not-at-risk for mathematics learning difficulties. At each grade level, the
results from the AUC comparison analyses were evaluated. In general, if one screener
emerged at a given grade level with statistically significant and higher diagnostic
accuracy, that screener was selected. The following specific guidelines were utilized:
1) If there is a significant difference between the two AUCs and the long-form
emerges as having the highest AUC for a grade level, then the long-form will be
selected; 2) If there is a significant difference between the two AUCs and the short-
form produces the highest AUC, then the short-form will be selected; 3) If there is no
significant difference between either form of the SENS, then the short-form will be
selected for subsequent analyses given the added benefit of significantly shorter
administration length while maintaining a comparable level of diagnostic accuracy as
the long-form.

Finally, ROC statistics including sensitivity, specificity, PPV, and NPV were
reported across all possible cut points on each grade level form of the SENS screener.
This allows for evaluation of the additional information among different cut points on
each screener form. Both a sensitivity-based (of .85 or above) and a d-based cut point
were identified to provide contrast of the relative benefits and tradeoffs of the two cut
point options. However, in order to present analyses for the performance profile of the
at-risk group, a d-based cut point was identified and used for analyses on each grade
level of the SENS screener (Jordan et al., 2010)). This cut point allowed for two
groups to be established the same way a teacher or school would; those who scored at
or below the screener cut point (i.e., at-risk for MD), and those who scored above the
screener cut point (i.e., not-at-risk for MD). A cut point that balances both sensitivity

and specificity levels such as the d-based method utilized here decreases the likelihood
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of false positives but increases the likelihood of false negatives. This is a necessary
comprise for many schools, where resources to provide intervention may be limited
but failing to recognize risk for MD may have long-term negative learning

consequences for an individual child (Jordan et al., 2010). The selected screener at

each grade level was used for subsequent analyses.

Performance Profile Analyses of the At-Risk Sample
The present study investigated early mathematical indicators of MD and
demonstrated how the information obtained by the final SENS screener can be used to

gain additional insights about at-risk children above and beyond risk-status alone.

Item Analyses

The comprehensive nature of the SENS allows for insight into the kinds of
mathematical skills and knowledge that prove most challenging for the at-risk group
identified by the screener across pre-K, kindergarten, and first grade. In order to
contrast any potential differences in performance between these at-risk and not-at-risk
groups, performance on SENS items were considered. First, the composite score and
percentage correct was calculated for each number sense domain (i.e., number,
number relations, and number operations). Next, an item analysis was performed to
determine distinct problem types (i.e., item topics) that prove to be relatively
challenging or easy for at-risk children at each grade level. These two analyses were
replicated for the not-at-risk group of each form to create a complementary
comparison profile. Mean raw scores, standard deviations, and percentage correct are

presented in the Results.
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Posttest Probabilities

In multi-tiered systems of support such as in Response to Intervention (RTI),
universal screening is important. It is the first “gate” to determine relative risk status
and potential intervention moving forward with students. Researchers and test
developers must consider the relative benefits of assessments. On the whole, reported
diagnostic statistics only enable stakeholders such as teachers, school, and districts, to
make interpretations on a large-scale. However, educational change occurs at the
individual level. By incorporating individual-level information, such as SES,
stakeholders are better equipped to make informed decisions at this level.

With this in mind, positive and negative of posttest probabilities were
calculated for the full sample by grade, as well as a function of SES based on the
SENS in order to determine the probability that an individual student would go on to
fail the outcome measure (i.e., TEMA-3). Background variables such as SES have
been shown to account for a significant portion of the variance in mathematics
achievement (Sutton & Soderstrom, 1999), and base rates for MD vary between these
demographic groups. Importantly, VanDerHeyden and colleagues (2017)
recommends considering socioeconomic variables to, “enhance screener accuracy” (p.
69). As such, SES-was used as a factor in the posttest probability calculations for the
present study.

Positive posttest probabilities (PP+) yield the chances an individual has of
failing the outcome measure (i.e., TEMA-3) given they are identified as at-risk by the
screener, whereas negative posttest probabilities (PP-) produces the chance an
individual has of failing the outcome measure (i.e., TEMA-3) if they are identified as
not-at-risk by the screener (VanDerHeyden, 2011). Simplified, a PP+ is the odd of a

true positive and a PP- is the odd of a false negative. The advantage of reporting
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posttest probabilities is that these metrics account for likelihood ratios, which consider
sensitivity and specificity for a given screener decision threshold, and pretest
probabilities (i.e., base rates) in their calculation (VanDerHeyden et al., 2017). The
probabilities generated from the PP+ and PP- values are only relevant to a specific cut
point on a screener as well as the pretest probability for the sample. Posttest
probabilities were calculated using Microsoft Excel to demonstrate how demographic
variables, such as SES, may be used by teachers in combination with screener results
to determine predictive odds for individual children. By calculating the posttest
probability for a student based on their SES status the researcher paints a more
accurate picture of the students’ actual risk for future mathematical difficulties.

Posttest Probabilities are calculated as follows:

( pretest probability
1 — pretest probability

pretest probability )
((1 — pretest probability *LR+ | +1

)*LR+

Positive Posttest Probability (PP+) =

( pretest probability
1 — pretest probability

pretest probability ) _
<(1 — pretest probability) * LR—)+1

)*LR—

Negative Posttest Probability (PP—) =

Where the pretest probability is equivalent to the base rate (i.e., prevalence of MD),
the LR+ is equal to sensitivity/(1-specificity) and the LR- is calculated as (1-
sensitivity)/specificity (Deeks & Altman, 2004; Van Norman et al., 2017; Wilson &
Rodrigues, 2020). PP+ and PP- were calculated for the low-SES and middle-SES sub

samples.
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Additionally, the relative contribution of calculating the posttest probability is
presented by calculating the difference between the posttest probability and the base
rate (i.e., pretest probability) for the full sample, middle-SES, and low-SES groups at
each grade. Calculating the difference between the PP+ and base rate, calculated as
PP+ - base rate, yields the added benefit of positive posttest probabilities for
identifying true positives, above and beyond the base rate alone (Wilson & Rodrigues,
2020). The difference between PP- and the base rate, calculated as PP- - BR, and
quantifies the reduction false negative errors than if decisions were just based on base
rate alone. In this way, posttest probabilities provide a more precise picture than
pretest probability alone for predicting future learning difficulties (Van Norman et al.,
2017; Wilson & Rodrigues, 2020).

In sum, nine sets of posttest probabilities were calculated. At each of the three
grade levels, posttest probabilities (i.e., PP+ and PP-) were calculated for the full
sample, the MI sample, and the L1 sample. Finally, the difference between the base
rate and posttest probabilities were calculated overall and for each SES group by grade

level (Van Norman et a., 2017).

Student Growth

In addition to static performance on the SENS instrument at a single grade
level, students’ growth on the SENS between two grade levels was evaluated. After
receiving the SENS in fall 2017, pre-K and kindergarten participants were tracked into
the fall 2018 school year and completed the SENS short form at the start of their
kindergarten or first grade school year, respectively. As part of the larger study,
student’s raw scores on the vertically scaled SENS short-form were converted to

scaled scores across the three grade levels. The vertically-scaled nature of the three
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forms allowed for the mean scaled score to be set to 100 and the standard deviation
(SD) to 15 across the three grade levels. Because this is completed across grade level
forms, growth can be interpreted based on the changes in scaled scores between two
grades. For all participants, SENS short-form raw scores were converted into scaled
scores for the fall 2017 and fall 2018 timepoints. Next, the difference between the two
scaled scores was calculated for each student to create the growth score (i.e., fall 2018
scaled score — fall 2017 scaled score = growth scaled score). The overall mean and
SD for the entire sample’s growth score was calculated at each of the two grade level
spans (pre-K to kindergarten and kindergarten to first grade). Next, risk status was
established for each child within a grade span based on the fall 2018 SENS risk status.
For the pre-K to K span, children’s risk status was identified based on their SENS K
score; and, for the K to first grade span, the children’s risk status was identified based
on their SENS first grade score. The growth score means and SDs were calculated for
the at-risk and not-at-risk students. Finally, two unpaired t-tests were run to establish
whether students at-risk grew at a different rate than their not-at-risk peers from pre-K
to kindergarten and kindergarten to first grade.

As a point of practical relevance, a child was selected as an example of how
SENS growth findings can be used by educators or school administrators. To
accomplish this, a z-score was calculated for the individual child to demonstrate how
they performed in relation to the rest of the SENS sample. This child’s score was also
compared to the mean growth of students in the project sample and also from their
classroom. This will allow for teachers to have a reference point to compare an
individual student to the rest of the SENS sample, as well as their classroom, above

and beyond the child’s determined risk status.
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Chapter 4

RESULTS

Within each grade-level sample of 150 children, children at-risk for MD were
identified using the TEMA-3 normed percentile rank cut point of 25%. Children
scoring at or below the 25" percentile on the TEMA-3 were identified as at-risk for
MD, and those scoring above the 25" percentile were identified as not-at-risk for MD.
Table 3 indicates the number of children by grade level identified as at-risk versus not-
at-risk. Base rates (i.e., prevalence rates) are also included in Table 3 and ranged from
21% to 35% across all three grade levels, indicating that 21% - 35% of children at
each grade level are at-risk for MD. Table 4 presents point-biserial correlations
between total SENS scores and the binary TEMA-3 risk status (dummy coded as 1 =
at-risk; 0 = not-at-risk) for the SENS long-form and short-form. As anticipated, higher
scores on the SENS were associated with a higher likelihood of being identified as at-
risk on the TEMA-3. All correlation coefficients are significantly different from zero at
the .01 level.

Table 5 presents the results along with mean scores and standard deviations for
SENS scores at each of the three grade levels for the long- and short-forms. A series
of independent samples t-tests were run on overall SENS performance between the at-
risk and not-at-risk groups established by the TEMA-3 to determine if significant
differences were present at each of the three grade levels. The tests were conducted
separately for the three grade levels of both the long-form and the short-form. As
expected, analyses revealed that the not-at-risk group performed significantly higher
on the SENS than the at-risk group for all grade levels on both the long- and short-

forms.
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Table 3 Sample Numbers and Base Rates

Total N Base Rate At-Risk N Not-at-Risk N
Pre-K 150 21% 31 119
Kindergarten 150 21% 32 118
First Grade 150 35% 53 97

Note. At-risk vs. not-at-risk status determined by the TEMA-3. At-risk = scoring at or
below the 25" percentile and not-at-risk scores above the 25" percentile.

Table 4 Point Biserial Correlations Between SENS Scores and Risk Status
Grade Correlation
SENS Long-form to TEMA-3 risk SENS Short-form to
status TEMA-3 risk status
Pre-K -.601™ -.589™
Kindergarten -.393™ -3717
First Grade -.587" -591™

Note. **All correlations were significantly different from zero at the 0.01 level.
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Table 5 Differences in SENS Raw Scores of At-Risk Versus Not-At-Risk

Students by Form and Grade Level

Mean Raw Score (SD)

At-Risk Not-at-Risk t(df)
SENS Long-Form
Pre-K 13.39 (5.92) 27.16 (7.81) 9.15 (148)
Kindergarten 12.34 (6.68) 21.64 (9.47) 6.23 (66.57)
First Grade 14.19 (7.73) 27.18 (9.06) 8.82 (148)
SENS Short-Form
Pre-K 9.29 (4.95) 20.18 (6.35) 8.87 (148)
Kindergarten 8.50 (5.23) 15.40 (7.54) 5.97 (69.94)
First Grade 9.26 (6.05) 19.51 (7.07) 8.91 (148)

Note. All comparisons were significant p < .001; At-risk vs. not-at-risk status
determined by the TEMA-3. At-risk = scoring at or below the 25" percentile and

not-at-risk scores above the 25" percentile.

ROC Curve: Long-Form Results

A series of ROC curve analyses were run for each grade level of the SENS

long-form to determine the diagnostic accuracy of the instrument for determining MD

risk status. Corresponding ROC statistics are presented on Table 6. The ROC plots

for the pre-K, kindergarten, and first grade SENS long-forms are presented in Figure 6.

Each of the three grade-level forms of the SENS long-form met or exceeded the

minimum criteria of AUC of .75 (Cummings & Smolkowski, 2015; Swets, 1988). An

AUC of .75 means that 75% of the time, the screener can correctly discriminate

between a child truly at-risk for MD and a child truly not-at-risk for MD. The 95%

confidence interval is an indicator of precision and specifies a range of values that, in

this case, the AUC is likely to fall 95% of the time (Field, 2014). For example, at

kindergarten the 95% confidence interval indicates that the true AUC value will fall
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between .69 and .86 95% of the time. As such, the AUC in kindergarten in borderline

and should be interpreted cautiously.

Table 6 SENS Long-Form ROC Statistics

Grade Level AUC SE p-value 95% ClI
Lower Upper
Pre-K 0.91 0.02 0.001 0.86 0.96
Kindergarten 0.77 0.04 0.001 0.69 0.86
First Grade 0.85 0.03 0.001 0.79 0.92

Note. AUC = Area Under Curve; SE = Standard Error; 95% CI| = 95% Confidence
Interval; Lower = lower-bound; Upper = upper bound
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Figure 6
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ROC Curve: Short-Form Results

The same series of ROC curve analyses were also completed for the short-form

at each grade level. Each grade level-form of the SENS short form ROC curve
statistics are presented on Table 7. Resulting ROC plots for the Pre-K, kindergarten,
and first grade forms of the SENS are displayed on Figure 7. The AUC at each grade
level surpasses the minimum acceptable threshold of .75 (Cummings & Smolkowski,
2015; Swets, 1988), although the kindergarten form is borderline at the 95%

confidence interval level, falling between .67 and .85, and should be interpreted

cautiously.

Table 7 SENS Short-form ROC Statistics

Grade Level AUC SE p-value 95% CI
Lower Upper
Pre-K 0.90 0.03 0.001 0.85 0.95
Kindergarten 0.76 0.04 0.001 0.67 0.85
First Grade 0.86 0.03 0.001 0.79 0.92

Note. AUC = Area Under Curve; SE = Standard Error; 95% CI = 95% Confidence
Interval; Lower = lower-bound; Upper = upper bound
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Figure 7 ROC Plots of SENS Short-Form
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Comparing ROC Curve AUC Values: SENS Long-Form vs. Short Form

All six ROC curve analyses revealed diagnostically accurate instruments for
discriminating between at-risk and not-at-risk students for MD. As such, for each
grade-level, the AUCs for each SENS form were contrasted using the Hanley &
McNeil (1983) method to determine which form, if any, at each grade-level yielded
statistically higher classification accuracy. See Table 8 for accompanying statistics.
At each grade level, the AUC from the long-form (AUCL1) was statistically compared
to the AUC from the short form (AUC2). The resulting z-ratio (z) is not significant if
the value is less than 1.96, which indicates no discernable differences in classification
accuracy. Results revealed no statistically significant differences between any long-
and short- form of the SENS at pre-K, kindergarten, and first grade, as demonstrated
by the corresponding z-ratios of .75, .61, and .22, respectively. Thus, both the long-
and short- form are comparatively accurate in identifying students as at-risk or not-at-
risk for MD.

Since each form and version of the SENS screener held relatively high levels of
diagnostic accuracy and thus the long-form did not provide additional information
beyond that of the short form, subsequent analyses evaluated student performance

using the SENS short form.
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Table 8 AUC Comparisons for the SENS Long- and Short-Forms

Long-Form Short-Form

Variable AUC]_ SEl AUCZ SEZ I not target r target Zz p

Pre-K: Long 91 .02 90 .03 .98 96 .75 45
vs. Short

Kindergarten: 7 .04 .76 .04 .98 98 61 54
Long vs. Short

First Grade: .85 .03 .86 .03 .98 98 .22 .83

Long vs. Short

Note: AUC = Area Under the Curve, SE = standard error, r = the correlation between
the short and long forms, the “not target” group in the current example is children
identified as not-at-risk by the TEMA-3 criterion, and the “target” group is children
identified as at-risk by the TEMA-3 criterion; z = the z-ratio for the long vs. short form
contrast. If this statistic falls below 1.96 the contrast is interpreted as non- significant.

Performance Profile Analysis

Screener Cut Point Selection
Student performance on the short-form of each grade level the SENS screener
was evaluated to provide additional information about, and highlight the differences
between, the at-risk group and the not-at-risk group as identified by the SENS. Table
9, 10, and 11 display the sensitivity, specificity, PPV, NPV, as well as the count of
false positives (FP), false negatives (FN), true positives (TP), and true negatives (TN)

for each possible cut point of each grade level of the SENS short-form.
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Table 9

SENS Pre-K Short Form Statistics Across All Cut Scores

SENS

Cut

Score Sensitivity ~ Specificity PPV NPV TP FP TN FN
<=2 0.00 1.00 -- 079 0 0 119 31
<=3 0.06 1.00 1.00 080 2 0 119 29
<=4 0.19 0.99 086 083 6 1 118 25
<=5 0.32 0.99 091 08 10 1 118 21
<=6 0.39 0.97 080 08 12 3 116 19
<=7 0.42 0.97 081 087 13 3 116 18
<=8 0.48 0.96 075 088 15 5 114 16
<=9 0.52 0.93 067 088 16 8 111 15
<=10 0.68 0.91 066 092 21 11 108 10
<=11 0.68 0.87 058 091 21 15 104 10
<=12 0.77 0.82 053 093 24 21 98 7
<=13 0.77 0.79 049 093 24 25 94 7
<=14 0.87 0.78 051 096 27 26 93 4
<=15 0.87 0.77 050 096 27 27 92 4
<=16 0.90 0.76 049 097 28 29 90 3
<=17 0.90 0.71 044 097 28 35 84 3
<=18 0.90 0.66 041 09 28 40 79 3
<=19 0.97 0.61 039 099 30 47 72 1
<=20 1.00 0.55 037 100 31 53 66 0
<=21 1.00 0.48 033 100 31 62 57 0
<=22 1.00 0.39 030 100 31 72 47 0
<=23 1.00 0.35 029 100 31 77 42 0
<=24 1.00 0.27 026 100 31 87 32 0
<=25 1.00 0.24 026 100 31 90 29 0
<=26 1.00 0.20 025 100 31 95 24 0
<=27 1.00 0.16 024 100 31 100 19 0
<=28 1.00 0.08 022 100 31 110 9 0
<=29 1.00 0.02 021 100 31 117 2 0
<=30 1.00 0.00 0.21 -- 31 119 O 0

Note. Grey highlight = d-based cut point; black border = .85 sensitivity cut point; based
on 21% base rate for MD in pre-K sample; Based on N = 150 pre-K sample; TP = true

positive; FP = false positive; TN = true negative; FN = false negative; PPV =

(TP/TP+FP); NPV = (TN/TN+FN)
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Table 10  SENS Kindergarten Short Form Statistics Across All Cut Scores

SENS
Cut
Score Sensitivity ~ Specificity PPV NPV TP FP TN FN
<=1 0.06 0.99 067 080 2 1 117 30
<=2 0.09 0.99 075 080 3 1 117 29
<=3 0.25 0.97 073 083 8 3 115 24
<=4 0.31 0.93 056 083 10 8 110 22
<=5 0.38 0.92 055 084 12 10 108 20
<=6 0.41 0.87 046 084 13 15 103 19
<=7 0.50 0.86 048 086 16 17 101 16
<=8 0.56 0.81 045 087 18 22 9% 14
<=9 0.56 0.74 037 08 18 31 87 14
<=10 0.59 0.69 034 08 19 37 81 13
<=11 0.69 0.64 034 088 22 43 75 10
<=12 0.72 0.58 032 088 23 49 69 9
<=13 0.75 0.55 031 089 24 53 65 8
<=14 0.84 0.49 031 092 27 60 58 5
<=15 0.91 0.45 031 095 29 65 53 3
<=16 0.91 0.41 029 094 29 70 48 3
<=17 0.97 0.38 030 098 31 73 45 1
<=18 1.00 0.36 030 100 32 76 42 0
<=19 1.00 0.31 028 100 32 82 36 0
<=20 1.00 0.28 027 100 32 85 33 0
<=22 1.00 0.22 026 100 32 92 26 0
<=23 1.00 0.19 025 100 32 95 23 0
<=24 1.00 0.17 025 100 32 98 20 0
<=25 1.00 0.13 024 100 32 103 15 0
<=26 1.00 0.11 023 100 32 105 13 0
<=27 1.00 0.08 023 100 32 109 9 0
<=28 1.00 0.05 022 100 32 112 6 0
<=29 1.00 0.02 022 100 32 116 2 0
<=30 1.00 0.00 0.21 -- 32 118 O 0

Note. Grey highlight = d-based cut point; black border = .85 sensitivity cut point; based
on 21% base rate for MD in kindergarten sample; Based on N = 150 kindergarten
sample; TP = true positive; FP = false positive; TN = true negative; FN = false negative;
PPV = (TP/TP+FP); NPV = (TN/TN+FN)
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Table 11 SENS First Grade Short Form Statistics Across All Cut Scores

SENS

Cut N N N N
Score Sensitivity  Specificity PPV NPV TP FP TN FN
<=1 0.00 1.00 - 065 O 0 97 53
<=2 0.11 0.99 086 067 6 1 96 47
<=3 0.13 0.99 0.88 0.68 7 1 96 46
<=4 0.23 0.97 0.80 070 12 3 94 41
<=5 0.30 0.95 076 071 16 5 92 37
<=6 0.36 0.95 079 073 19 5 92 34
<=7 0.45 0.95 083 076 24 5 92 29
<=8 0.58 0.91 0.78 080 31 9 88 22
<=9 0.66 0.90 078 083 35 10 87 18
<=10 0.70 0.85 071 084 37 15 82 16
<=11 0.72 0.84 070 084 38 16 81 15
<=12 0.72 0.80 067 084 38 19 78 15
<=13 0.79 0.78 0.67 087 42 21 76 11
<=14 0.81 0.74 063 0838 43 25 72 10
<=15 0.83 0.71 061 088 44 28 69 9
<=16 0.85 0.67 058 089 45 32 65 8
<=17 0.91 0.66 059 093 48 33 o4 5
<=18 0.92 0.62 057 094 49 37 60 4
<=19 0.94 0.59 056 095 50 40 57 3
<=20 0.94 0.54 053 09 50 45 52 3
<=21 0.94 0.49 051 094 50 49 48 3
<=22 0.94 0.42 047 093 50 56 41 3
<=23 0.96 0.34 044 094 51 64 33 2
<=24 0.98 0.23 041 096 52 75 22 1
<=25 0.98 0.22 041 09 52 76 21 1
<=26 0.98 0.18 039 094 52 80 17 1
<=27 0.98 0.11 038 092 52 86 11 1
<=28 1.00 0.09 038 100 53 88 9 0
<=29 1.00 0.03 03 100 53 9 3 0
<=30 1.00 0.00 0.35 -- 53 97 0 0

Note. Grey highlight = d-based cut point; black border = .85 sensitivity cut point; based on 35%
base rate for MD in first grade sample; Based on N = 150 first grade sample; TP = true positives;
FP = false positives; TN = true negatives; FN = false negatives; PPV = (TP/TP+FP); NPV =
(TN/TN+FN)
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The information provided in Tables 9, 10, and 11 enable SENS users to select
the most appropriate cut score based on the needs of their school and student
population. As previously discussed, the literature presents more than one method of
selecting a screener decision threshold. These include both the sensitivity-driven
method and the d-based method. A cut score selected based on sensitivity level of .85
alone, for example, indicates that the screener will identify children truly at-risk for
later math difficulties 85% of the time. The d-based cut score, on the other hand,
balances both sensitivity and specificity levels in determining the optimal cut point
and therefore these levels vary from screener to screener.

To illustrate this, Tables 9, 10, and 11 highlight the two cut scores established
by these methods at each grade level: A sensitivity-based score (.85 or greater), and a
d-based cut score. For the kindergarten form, the cut score based on a .85 sensitivity
level corresponds to a SENS cut score of 15. By selecting a high cut point of 15, the
risk of false negatives is lessened (although the risk of false positives is relatively
high). One potential downfall in selecting a cut point based on robust sensitivity alone
is that the corresponding specificity level may be insufficient, and therefore runs the
risk of increasing false positives. Many schools may not have the luxury of the
additional resources needed to provide support for students who do not truly require it.
Conversely, a d-based score on the SENS kindergarten form corresponds to a cut score
of 11 and reduces the risk of false positives while a few true positives are, in turn,
sacrificed. In practical terms, a school that utilizes a cut score of 15 will likely decide
to intervene with more children, which will result in a heavier demand on financial
and temporal resources. Table 10 demonstrates that in this sample alone, a cut score

of 15 identified seven more true positives and 22 more false positives than a cut score
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of 11. Reasonably, a school with less abundant resources may elect to use a cut score
of 11 to reduce the impact of a significant number of false positives being identified.

One goal of the present study is to demonstrate the types of information made
available by the SENS above and beyond individual risk status. As such, the present
study selected a d-based method for determining the cut scores to be used in the
following performance profile analyses because valuing both sensitivity and
specificity may be the most practical route for schools in general, particularly for those
with limited resources. For each individual cut score of the three grade-level forms of
the screener, the d-value was calculated. From here, the cut point associated with the
lowest d-value was selected for use. Tables 9, 10, and 11 designate this value for each
SENS grade level form.

Table 12 presents the selected d-based cut points on each grade level form of
the short-form SENS and corresponding sensitivity and specificity levels. It should be
noted that at kindergarten, balancing for sensitivity and specificity levels via the d-
based method resulted in a relatively lower sensitivity level as compared to the other

grade level forms. This issue will be addressed in the discussion.

Performance Profile Analysis Outline

First, at-risk versus not-at-risk group were identified at each grade level using
the established d-based cut scores on each form. Next, each grade level of the SENS
short-form was subjected to an item analysis to evaluate performance in each number
sense domain (number, number relations, and number operations) and item topics
(e.g., cardinality, story problems, number combinations). Then, posttest probabilities

were calculated for the full sample, as well as for low-income (LI) vs. middle income
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(M) children. Finally, student growth on the SENS from pre-K to kindergarten and

kindergarten to first grade was evaluated for the at-risk vs. not-at-risk groups.

SENS Short-Form d-Based Cut Points, Corresponding Sensitivity and

Table 12
Specificity Levels, and Ns by Grade Level
d-Based Cut Score
Cut Score N At- N Not-
e i . . N Total

Value  Sensitivity Specificity Risk  At-Risk
Pre-K <14. 0.87 0.78 53 97 150
Kindergarten <11 0.69 0.64 65 85 150
First Grade <13 0.79 0.78 63 87 150

Pre-K Item Analysis
The overall mean, standard deviation (SD), and mean percent correct for the
pre-K short-form are presented in Table 13 for the overall screener and by domain for

the at-risk vs. not-at-risk groups as determined by the SENS. These results are further

broken down by item topic in Table 14

86



JAS

Table 13 Fall 2017 SENS Pre-K Short-Form At-Risk vs. Not-At-Risk Raw Score Performance Overall and by Domain
Not-at-Risk At-Risk

Mean Mean % Mean Mean %
Nltems Total SD Correct SD Total SD Correct SD
SENS Short-Form Total 30 2281 4.02 76% 0.13 9.15 3.32 31% 0.11

Domain

Number 12 9.34 185 78% 0.15 298 194 25% 0.16
Number Relations 11 8.42 1.88 77% 0.17 3.64 176 33% 0.16
Number Operations 7 505 1.42 72% 0.20 253 1.19 36% 0.17

Note. At-risk status determined by the all 2017 SENS short-form cut score 14; N = 97 not-at-risk; N = 53

at-risk
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Table 14 Fall 2017 SENS Pre-K Short-Form At-Risk vs. Not-At-Risk Raw Score Performance by Item Topic
Not-At-Risk At-Risk
Mean Mean % Mean Mean %
Nitems Total SD Correct SD Total SD Correct SD
Item Topic

Subitize and Label 2 171 050 86% 0.25 1.00 0.78 50% 0.39
Verbal Count 3 189 099 63% 0.33 055 057 18% 0.19
Object Count 2 159 059 79%  0.30 032 047 16% 0.24
Cardinality 2 186 041 93% 0.20 045 064 23% 0.32
Numeral Naming 3 230 060 77% 0.20 066 071 22% 0.24
Set Comparison 2 171 056 86%  0.28 075 065 38% 0.32
Magnitude Comparison 2 177 049 89% 0.24 089 075 44% 0.38
Next/Previous Number 4 288 087 72% 0.22 094 082 24% 0.20
Linear Representation of Number 3 206 091 69%  0.30 1.06 091 35% 0.30
Composition/Decomposition of Number 2 139 074 70% 0.37 051 058 26% 0.29
Nonverbal Calculation 2 187 040 93% 0.20 143 069 72% 0.35
Story Problems 2 122 084 61% 042 051 067 26% 0.33
Number Combinations 1 055 050 55% 0.50 011 032 11% 0.32

Note: At-risk status determined by the fall 2017 SENS short-form d-based cut score <14; N = 97 not-at-risk; N =

53 at-risk



As expected, the at-risk group performed at lower levels overall as compared
to the not-at-risk group for the pre-K sample. In fact, while the not-at-risk group, on
average, correctly responded to over 75% of SENS questions, the at-risk group
correctly responded to less than a third of assessment items. The not-at-risk group
performed consistently well on number, number relations, and number operations
items, with students on average correctly responding to over 70% of items in each of
the three domains. Conversely, the mean scores for the at-risk groups were
consistently lower. Scores for the number domain were lowest for the at-risk children,
where, on average, students only answered 25% of items correct. The pattern was
only slightly better for the number relations and number operations domain, with
children scoring on average, 33% and 36% correct, respectively.

Next, performance within each item topic area was reviewed to gain a deeper
understanding how children’s abilities differed in terms of mathematical
skill/knowledge, beyond the three general domains (number, number relations, and
number operations). Overall, at-risk children correctly answered 50% or less of items
in all content areas except for nonverbal calculations. Furthermore, basic skills such
as verbal counting and object counting had particularly low performance, with at-risk
children only correctly answering, on average, less than 20% of these items correctly.
Only 11% of number combinations were correctly answered by children at-risk for
MD. The not-at-risk children answered more than 50% on average on all item topics.

These differences are displayed in Table 14.

Kindergarten Item Analysis
The overall mean, standard deviation (SD), and mean percent correct for the

kindergarten short-form are presented in Table 15 for the overall screener and by
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domain for the at-risk vs. not-at-risk groups as determined by the SENS. These results
are further broken down by item topic in Table 16. Results reveal that for the
kindergarten form, there is a wide discrepancy in performance between the at-risk and
not-at risk samples. The not-at-risk sample on average correctly answered 64% of
items correctly, whereas the at-risk sample answered less than a third of questions
correctly (23%). Comparatively, the at-risk sample performed better on number
relations items (33% correct) than on items measuring competencies in number and
number operations (19% correct).

Regarding performance of the item topics, the following emerged: With the
exception of magnitude comparisons and composition/decomposition of number, the
at-risk sample on average only correctly answered less than 40% of item topic areas.
This indicates that overall, the at-risk children particularly struggled across the board
compared to their not-at-risk peers. This is particularly salient for performance in
verbal counting, story problems, and number combinations as the at-risk children only
answered less than 10% of those items correctly. Interestingly, at-risk and not-at-risk
children performed relatively similarly on composition and decomposition of number
competencies, with the two groups correctly responding to 59% and 52% of those

subareas, respectively.
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Table 15  Fall 2017 SENS Kindergarten Short-Form At-Risk vs. Not-At-Risk Raw Score Performance Overall and by

Domain
Not-At-Risk At-Risk

Mean Mean

N Mean % Mean %
Items Total SD Correct  SD Total SD Correct SD
SENS Short Form Total 30 19.72 5.48 64% 0.18 6.95 2.99 23%  0.10

Domain

Number 11 7.52 2.68 68% 0.24 2.09 1.61 19% 0.15
Number Relations 9 6.65 1.50 74% 0.17 3.00 1.54 33%  0.17
Number Operations 10 5.11 2.25 51% 0.25 1.86 1.14 19% 0.11

Note. At-risk status determined by the fall 2017 kindergarten SENS short-form raw score of less than or equal to 11; N = 85

not-at-Risk; N = 65 at-risk
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Table 16  Fall 2017 SENS Kindergarten Short-Form At-Risk vs. Not-At-Risk Raw Score Performance by Item Topic
Not-At-Risk At-Risk
N Mean Mean % Mean Mean %
Iltems  Total SD  Correct SD Total SD Correct SD
Item Topic

Verbal Count 5 3.34 1.52 67% 0.30 042 .66 8% 0.13
Object Count 1 092 0.28 92% 0.28 038 049 38%  0.49
Numeral Naming 4 284 125 71% 0.31 105 084 26% 021
Place Value 1 042  0.50 42% 0.50 0.25 043 25% 0.43
Magnitude Comparison 1 099 011 99% 0.11 069 047 69% 047
Next/Previous Number 4 2.87 0.97 2% 0.24 1.11 0.83 28% 0.21
Linear Representation of Number 4 2.79  1.06 70% 0.26 1.20 103 30% 0.26
Composition/Decomposition of Number 4 236 121  59% 0.30 206 101 52% 0.25
Story Problems 3 112 1.02 37% 0.34 0.23 0.46 8% 0.14
Number Combinations 3 1.31 0.98 44% 0.33 0.12 0.33 4% 0.11

Note. At-risk status determined by the fall 2017 kindergarten SENS short-form cut score of less than or equal to 11; N =85

not-at-risk; N = 65 at-risk



First Grade Item Analysis

The overall mean, standard deviation (SD), and mean percent correct for the
first grade short-form are presented in Table 17 for the overall screener and by domain
for the at-risk vs. not-at-risk groups as determined by the SENS. These results are
further broken down by item topic in Table 18. The at-risk group of the first grade
sample correctly responded to 25% of screener items on average, whereas the not-at-
risk sample far exceeded that performance responding correctly to 73% of items, on
average. Number operations was most challenging for each group overall, based on
the relative poorer performance for both groups compared to performance in the
number and number relations domains. Specifically, the at-risk group only correctly
answered 18% of number operations correctly, on average, whereas they correctly
answered approximately 30% correct for number and number relations domains. The
not-at-risk group correctly answered 66% of number operations questions correctly, on
average, whereas they correctly answered 79% correctly for number and number
relations.

Apart from numeral naming, the at-risk group performed below chance (less
than 50% correct), overall, in all topic areas. Conversely, the not-at-risk group
answered more than 60% of all topic areas correctly. Verbal counting and number
combinations were particularly challenging for the at-risk group, as on average,
children only responded to 14% and 13% of items correctly, respectively. Fluency
items were particularly challenging for the at-risk group, with these students on

average answering only 9% of items correctly.
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Table 17 Fall 2017 SENS First Grade Short-Form At-Risk vs. Not-At-Risk Raw Score Performance Overall and by

Domain
Not-At-Risk At-Risk
Mean Mean % Mean Mean %

N Items Total SD Correct SD Total SD Correct SD
SENS Short Form Total 30 22.02 459 73% 0.15 740 3.35 25% 0.11

Domain
Number 9 7.09 1.70 79% 0.19 259 147 29% 0.16
Number Relations 8 6.32 151 79% 0.19 246 1.60 31% 0.20
Number Operations 13 861 284 66% 0.22 235 1.65 18% 0.13

Note: At-risk status determined by the fall 2017 First Grade SENS short-form cut score of less than or equal to 13; N

= 87 not-at-risk; N = 63 at-risk
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Table 18  Fall 2017 SENS First Grade Short-Form At-Risk vs. Not-At-Risk Raw Score Performance by Item Topic
Not-At-Risk At-Risk

N Mean Mean % Mean Mean %

Items Total SD Correct SD Total SD  Correct SD
Item Topic

Verbal Count 3 1.90 0.89 63%  0.30 041 0.61 14% 0.20
Numeral Naming 2 186 0.35 93%  0.17 111 0.65 56% 0.33
Numeral Writing 1 0.78 0.42 78%  0.42 0.40 0.49 40% 0.49
Place Value 3 255 0.77 85%  0.26 0.67 0.70 22% 0.23
Magnitude Comparison 2 1.79  0.49 90% 0.24 098 0.87  49% 0.44
Next/Previous Number 3 229 091 76%  0.30 0.65 0.85 22% 0.28
Linear Representation of Number 3 224 092 75%  0.30 0.83 0.87 28% 0.29
Composition/Decomposition of Number 3 207 111 69%  0.37 076 076 25%  0.25
Story Problems 4 282 0.98 70%  0.25 0.89 0.85 22% 0.21
Number Combinations 4 256 1.26 64%  0.32 052 0.74 13% 0.18
Fluency 2 116 0.79 58%  0.40 0.17 042 9% 0.21

Note: At-risk status determined by the fall 2017 First Grade SENS short-form cut score of less than or equal to 13; N = 87

not-at-risk; N = 63 at-risk



Posttest Probabilities

Positive posttest probabilities (PP+), negative posttest probabilities (PP-), and the
difference between posttest probabilities and base rate (PP+ - BR; PP- - BR) were
calculated for the pre-K, kindergarten, and first grade versions of the SENS short-form.
As with the item analysis, the SENS d-based cut scores of 14, 11, and 13 were used to
identify children at-risk for MD on the pre-K, K, and first grade forms, respectively.
Posttest probabilities produce the likelihood of an individual going on to fail the
outcome measure if they screen as either at-risk or not-at-risk. A PP+ is the chance a
child has of scoring below the 25 percentile on the TEMA-3 given they were
identified at at-risk by the SENS. A PP- is the likelihood of a child falling below the
specified TEMA-3 threshold if they are identified as not-at-risk by the SENS. In other
words, the PP+ is the odds of being a true positive and the PP- is the probability of
being a false negative (Wilson & Rodrigues, 2020).

VanDerHeyden’s (2013) model recommends a range of posttest probability
values to interpret the results of such analyses. Specifically, a minimum positive
posttest probability (PP+) value of .50 and a maximum negative posttest probability
(PP-) value of .10 were recommended (VanDerHeyden, 2013). These metrics indicate
that if a PP+ is equal to or exceeds .50 then an educator can confidently move forward
with intervention without additional assessments. A PP+ value of .60, for example,
indicates that a child who has screened as at-risk on the SENS has a 60% chance of
subsequently scoring below the 25 percentile on the TEMA-3, or being truly at-risk
for MD. If a PP- value is less than or equal to .10 then the educator can be assured
that no further assessment or intervention is required for a given student. A PP- of .08

indicates that a child who has screened as not-at-risk on the SENS has an 8% chance of
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scoring below the 25™ percentile on the TEMA-3 the following school year. This child
would have an 8% chance of being a false negative. In the case of values falling
between .10 and .50, additional assessments may be valuable for either diagnostic
purposes or to determine if intervention is required.

It is worth noting that base rates (i.e., pretest probability) as well as sensitivity
and specificity levels are included in the calculation of PP+ and PP- values. Base rates
are also known as pretest probabilities and are considered the child’s preexisting risk
level for MD. Because these numbers are all factored into the posttest probability
calculations, the following posttest probabilities are only relevant for the presented
SENS cut points and base rates. The following posttest probabilities, therefore, cannot
be generalized to samples with different base rates or those implementing a different

SENS cut score.

Pre-K Posttest Probability Results

Table 19  Pre-K Posttest Probabilities for Full Sample and by SES

BR PP+ PP- PP+-BR PP--BR LR+ LR-
Full Sample  21% 0.51 0.04 0.30 -0.17 399 0.17
LI 36% 0.69 0.08 0.33 -0.28
M 5% 0.18 0.01 0.13 -0.04

Note. Based on a SENS Pre-K cut point = 14; Sensitivity = .87; Specificity = .78; LI
means low-income; MI means middle-income; BR means base rate; PP+ means
positive posttest probability; PP- means negative posttest probability; LR+ = positive
likelihood ratio; LR- = negative likelihood ratio
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Pre-K Full Sample Posttest Probabilities

The pre-K posttest probability results presented in Table 19 indicate that for
the overall sample with a 21% base rate, a student screened as at-risk on the SENS
would have a 51% chance of scoring below the 25" percentile on the TEMA-3 one
year later (PP+ = .51) (i.e., a true positive identification). A child who screened as
not-at-risk on the SENS would have only a 4% chance of scoring below the 25™
percentile on the TEMA-3 at the start of their kindergarten year (PP- = .04) (i.e., a false
positive identification). Both posttest probabilities for the full sample fall in the
designated ranges established by VanDerHeyden (2013) to proceed with intervention
or reasonably reject additional assessments. Specifically, if a child is screened as at-
risk their odd of being a true positive are high enough to proceed with intervention and
conversely, if a child screens as not-at-risk they will likely not experience MD in the

following grade.

Pre-K SES-Related Sample Posttest Probabilities

When we have access to additional individual-level information, such as
income status that impacts the preexisting risk factor in this sample, we can
incorporate these data into our analysis. Note how the SES-related base rates vary
greatly from the 21% overall base rate. At pre-K, for example, the base rate for
children from low-income (LI) families is 36%, whereas this rate is only 5% for
children from middle-income (MI) backgrounds. Since posttest probabilities depend
on base rate, the outcome changes when we incorporate these numbers into the
equation. For LI children, their probability of being identified as a true positive is
69% (i.e., PP+ =0.69). LI children who are identified as not-at-risk by the pre-K

SENS only have an 8% chance of being a false negative (i.e., PP- =.08). Both
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examples fall within the acceptable range based on VanDerHeyden's (2013)
recommendations of PP- < .10 and PP+> .50. Therefore, based on these guidelines,
the LI children who screened at-risk could be safely recommended to begin
intervention whereas the LI children who screened not-as-risk could proceed with
general mathematics education without additional supports.

The findings are divergent for the M1 sample with a 5% base rate. The MI PP+
odds of being a true positive if a child screened at-risk is 18% (PP+=.18), and the PP-
odd of being a false negative given a child screened not-at-risk is 1% (PP- = .01).
VanDerHeyden (2013) makes the case that universal screening is not always necessary
when base rates are particularly low. The 5% base rate of the MI sample here already
falls below the .10 recommended minimum threshold for additional assessment for the
PP- value, or the child’s pretest probability. Thus, when the PP+ and PP- values are
calculated for the MI sample with a very low base rate, the odds of being diagnosed as

at-risk for MD are still low.

Pre-K Full Sample Posttest Probability and Base Rate Differences

The difference between the PP+ and PP- and base rate helps quantify the added
benefit of calculating posttest probabilities (Van Norman et al., 2017; Wilson &
Rodrigues, 2020). Without posttest probabilities calculated, we only have the pretest
probability (i.e., base rate of MD) of our sample to consider, and we assume that the
full sample of children have a 21% chance of scoring below the designated threshold
on the TEMA-3 in their subsequent year of schooling. However, when we consider the
difference between the PP+ and the BR (PP+ - BR = .51- 21 = .30), it is evident than

the PP+ rate is 30% more accurate in identifying true positives than the base rate
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alone. The PP--BR (.04 - .21 =-.17) means that the PP- decreases the odds of a false

negative by 17%.

Pre-K SES-Related Sample Posttest Probability and Base Rate Differences

Based on the base rate alone, LI children had a 36% chance of being at-risk for
MD (BR = 36%). However, the PP+ indicates that these students who screen as at-
risk by the SENS have a 69% chance of being a true positive for MD, and therefore
this means that using the screener increases our likelihood of correctly identifying a
student for being at-risk for MD by 33% (PP+ - BR =.69 - .36 =.33). The PP- minus
BR (.08 - .36 = -.28) gives us an estimate with 28% more accuracy, meaning that the
risk of a false negative decision is reduced by 28%.

For the MI sample, the PP+ provides a 13% increase the probability in
correctly identifying a child who is at-risk for MD over the 5% base rate alone (PP+ -
BR =.18 - .05 =.13). The PP-, on the other hand, results in a 4% decrease in
likelihood of identifying a false negative (PP- - BR = .01 - .05 = -.04). The presented
pre-K PP+ and PP- values illuminate more precise estimations for actual probability of
a screened child scoring below a designated threshold on the TEMA-3 in the following

year of school.

Pre-K Posttest Probabilities Summary

For the case of the present study’s pre-K sample, the PP+ value meets
VanDerHeyden’s (2013) recommendation of exceeding .50 for the full sample and LI
sample, whereas the Ml falls short of this threshold. The full sample and individual LI
and MI samples do not exceed a PP- value of.10, as recommended. Therefore, while

one can be reasonably confident that if a child is identified as at-risk by the SENS from
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a sample with similar base rates, they will go on to continue to experience math
learning difficulties. There is less certainty that a child with a low pretest probability,
such as that from the MI sample from the present study, will be identified as a true
positive. However, the PP+ and PP- odd are still more precise than using base rates as

the preexisting risk rate.

Kindergarten Posttest Probability Results

Table 20  Kindergarten Posttest Probabilities for Full Sample and SES

BR PP+ PP- PP+-BR PP-—-BR LR+ LR-

Full Sample  21% 0.33 0.12 0.12 -0.09 1.89 0.49
LI 31% 0.45 0.18 0.14 -0.13
Ml 12% 0.20 0.06 0.08 -0.06

Note. Based on a SENS kindergarten cut point = 11; Sensitivity = .69; Specificity

= .46; LI means low-income; MI means middle-income; BR means base rate; PP+
means positive posttest probability; PP- means negative posttest probability; LR+
= positive likelihood ratio; LR- = negative likelihood ratio

Kindergarten Full Sample Posttest Probabilities

The kindergarten sample’s overall base rate for scoring at or below the TEMA-
3 threshold is 21%. Table 20 presents the posttest probability results for the
kindergarten sample. The corresponding PP+ and PP- values indicate that we can
expect students who screen as at-risk to go on to score below the 25™ percentile on the
TEMA-3 33% of the time (PP+ = .33), and those who screen as not-at-risk to go on to

score below the 25" percentile on the TEMA-3 only 12% (PP- = .12) of the time.
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Using VanDerHeyden’s (2013) established PP+ threshold of .50 and the PP- threshold
of .10, we see that the PP+ fall short and the PP- also misses the mark, meaning that

additional assessment may be beneficial.

Kindergarten SES-Related Sample Posttest Probabilities

In terms of SES, the LI kindergarten sample had a 31% base rate whereas the
MI sample’s base rate is only 12%. For the LI sample, students who screen as at-risk
have a 45% chance (PP+ = 0.45) of going on to score below the TEMA-3 threshold the
following year of school, whereas those who screened as not-at-risk have a 18%
probability (PP- = .18) of scoring below the 25" percentile of the TEMA-3 at the start
of first grade. A child from a middle-income family has a 20% chance (PP+ .20) of
going subsequently scoring below the TEMA-3 threshold given they screened as at-
risk, and a 6% chance (PP- = .06) of going on to score below the TEMA-3 threshold if

they had screened as not-at-risk on the SENS.

Kindergarten Full Sample Posttest Probability and Base Rate Differences
However, when comparing the calculated full sample PP+ and PP- rates to the
full sample base rate the results indicate that the PP+ probability provides 12% more
accuracy in identifying true positives than base rate alone (PP+ - BR=0.33 - .21 =
.12), and the PP- reduces the chance of identifying a false negative by 9% (PP- - BR

=.12 - .21 =-.09) as compared to base rate alone.

Kindergarten SES-Related Sample Posttest Probability and Base Rate
Differences

The PP+ and PP- odds provide more accurate information for the LI and Ml

samples above and beyond base rate. For the LI sample the odds of correctly
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identifying a true positive increased by 14% (PP+ - BR = .45 - .31 =.14). Whereas
the odds of identifying a false negative were reduced by 13 % (PP- - BR =.18 - .31 =
.13). A similar pattern follows for the MI sample. The PP+ odds demonstrate an 8%
increase in correct identification of students at-risk for MD (PP+ - BR =.12- .20 =
.08), whereas relying on the PP- leads to a 6% reduction in odd of a false negative

child (PP- - BR = .06 — .12 = -.06).

Kindergarten Posttest Probabilities Summary

All Kindergarten PP+ are below the desirable range, but the PP- range is
within the desirable range established by VanDerHeyden (2013) for the MI sample.
Furthermore, for the full, LI, and MI sample, the PP+ and PP- provide more accurate

performance odds than relying on pretest probability.

First Grade Posttest Probability Results

Table 21  First Grade Posttest Probabilities for Full Sample and SES

BR PP+ PP- PP+-BR PP-—-BR LR+ LR-

Full Sample 35% 0.66 0.12 0.31 -0.23 3.66 0.26
LI 55% 0.82 0.24 0.27 -0.30
MI 16% 041 0.05 0.25 -0.11

Note. Based on a SENS first grade cut point = 13. Sensitivity = .85; Specificity =
.67; LI means low-income; MI means middle-income; BR means base rate; PP+
means positive posttest probability; PP- means negative posttest probability;
LR+ = positive likelihood ratio; LR- = negative likelihood ratio
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First Grade Full Sample Posttest Probabilities

Table 21 presents the posttest probability results for the first grade sample.
The first grade full sample has a 35% base rate for MD, and analyses indicate that for
this sample children have a 66% chance (PP+ = .66) of scoring below the TEMA-3
threshold at the start of second grade if they are identified as at-risk by the SENS at the
start of first grade. On the other hand, children have a 12% chance (PP- =.12) being
identified as a false negative by the screener. The full sample PP+ metric meets
VanDerHeyden’s PP+ threshold (e.g., PP+ = .50) and therefore may be considered
useful for ruling in intervention or diagnostics for those screened as at-risk. However,
the PP- approaches the PP- < .10 benchmark at PP- =.12. Thus, the PP- must be

considered with some caution for ruling out additional assessments.

First Grade SES-Related Sample Posttest Probabilities

The LI base rate was a high 55% for first grade students. Again, interpreting
this in terms of VanDerHeyden’s (2013) guidelines, schools with this base rate already
have a preexisting risk that exceeds the 50% PP+ suggestion of a .50 or greater rate
being an acceptable rate for implementing intervention. The PP+ for the LI sample is
.82, meaning that students who screen as at-risk have an 82% chance of being a true
positive. The PP- for the LI sample is .24, which indicates that a student who screens
as not-at-risk has a 24% chance of being a false negative. Thus, it may be wise to
implement classroom level changes in addition to targeted intervention as it would
appear as though the general needs of students are not being met if over half of
students are at-risk for MD at the start of first grade.

The MI sample base rate fell at 16%, and the corresponding PP+ is .41,

whereas the PP- is .05. Together, these indicate that a child screened as at-risk has a
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41% chance of being a true positive and a child who screens as not-at-risk has a 5%
chance of being a false negative. While the PP+ rate of .41 falls slightly short of the
.50 threshold, the PP- rate is less than the .10 maximum (VanDerHeyden, 2013).
Thus, this is informative in making decisions to rule out subsequent assessment for

those who screen as not at risk.

First Grade Full Sample Posttest Probability and Base Rate Differences

For the full first grade sample, the PP+ and PP- calculations bring more
precision in terms of what to expect for student outcomes when compared to base rates
alone. This difference between the base rate and PP+ values (e.g., PP+ - BR =.58 - .35
=.23) provides 23% more accuracy than relying on the base rate alone. In other
words, a teacher would expect any child from their school to have a 35% chance of
scoring below the TEMA-3 threshold. However, when we consider this base rate and
the accuracy of the screener, we can see that if a child fails the screener, we can expect

them to subsequently score below the TEMA-3 threshold 58% of the time.

First Grade SES-Related Sample Posttest Probability and Base Rate Differences

The LI sample base rate is 55%, and the PP+ is .82. Thus, calculating the PP+
- BR (.82 - .55 =.27) indicates that knowing the PP+ lends 27% more accuracy to
identifying true positives than the base rate alone. Similarly, the L1 sample base rate is
55% and the PP- is .24. The PP- - BR is equal to .24 (.24 - .55 = -.24), and therefore
we can conclude that knowing the PP- reduces the probability of a false negative
decision by 24%.

The MI sample base rate is 16% and the PP+ is .41. When we calculate PP+ -

BR (.41 - .16 = .25) we can conclude that the PP+ provides 25% more accuracy at true
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positive identification than the base rate. The MI sample base rate is 16% and the PP-
i .05: reduces the probability of a false negative decision by 11% (PP- - BR = .05 -
16 =-.11).

First Grade Posttest Probabilities Summary

The full sample and LI sample’s PP+ values exceeded the .50
recommendation, and therefore meet the recommendations to begin intervention or
diagnostics. However, the corresponding full sample and LI sample’s PP- values
slightly exceeded the .10 maximum value at .12 (full sample) and .24 (L1 sample),
which would indicate that no further intervention is needed. In this case, additional
assessment may be useful. The MI sample PP+ value did not exceed the .50
recommendation (PP+ = .41), which means that for additional assessment information
may be informative. However, the PP- value of .04 did meet VanDerHeyden’s (2013)
recommendation of less than or equal to .10, meaning that in this case, no additional

assessments or intervention is recommended.

Growth Analyses

One question of interest is how do at-risk students grow relative to their not-at-
risk peers on the SENS across grade levels? As part of the larger study, SENS raw
scores were converted across all three grade level forms to scaled scores with a mean
of 100 and a standard deviation of 15. These scaled scores can be used to compare
performance growth across years in school using the different SENS forms from pre-K
to kindergarten or from kindergarten to first grade. Using the scaled scores, children’s
growth score was calculated by subtracting the fall 2017 scaled score (Time 1) from

the fall 2018 scaled score (Time 2) (Time 2 — Time 1 = Growth Scaled Score). This
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was conducted for sample children between pre-K and kindergarten, and from
kindergarten to first grade.

Next, using the SENS decision thresholds (i.e., d-based cut scores) established
for each respective grade level, children who qualified as at-risk during Time 2 were
identified as “at-risk” for this analysis. In other words, children who scored at or
below 11 on the kindergarten form in fall 2018 or at or below 13 on the first-grade
form in fall 2018 were labelled as “at-risk™; all other students were identified as not-
at-risk. Mean growth scaled scores and standard deviations are presented in Table 22
for the overall sample and by SENS risk group for the pre-K to kindergarten group and
in Table 23 for the K to first grade group. The mean growth scaled scores indicate
how many scaled score points, on average, students gained between the two testing
periods. By comparing the gains of an individual to the gains of the total sample, or to
their class sample, we are able to interpret if a child is making appropriate gains over

the course of a school year.
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Table 22  Mean Growth Scaled Scores for Pre-K to Kindergarten for at-Risk
Versus Not-at-Risk Children

Mean

Growth

Scaled

Score
N Min Max (T2-T1) SD
Overall 150 -13.00  40.00 11.02 11.97
Not-at-Risk 87 -13.00 40.00 11.95 12.46
At-Risk 63 -12.00 35.00 9.73 11.21

Note. Min = minimum growth scaled score; Max = maximum
growth scaled score; Mean Growth Scaled Score = T2 (Fall 2018
SENS scaled score) - T1 (Fall 2017 SENS scaled score); SD =
standard deviation; Risk status determined at Kindergarten; Based
on kindergarten cut score of 11 to determine risk status.

Table 23  Mean Growth Scaled Scores for Kindergarten to First Grade at-Risk
Versus Not-at-Risk Children

Mean

Growth

Scaled

Score
N Min Max (T2-T1) SD
Overall 150 -21.00 66.00 18.96 14.57
Not-at-Risk 88 -16.00 66.00 21.26 14.85
At-Risk 62 -21.00  43.00 15.69 13.63

Note. Min = minimum growth scaled score; Max = maximum
growth scaled score; Mean Growth Scaled Score = T2 (Fall 2018
SENS scaled score) - T1 (Fall 2017 SENS scaled score); SD =
standard deviation; Based on first grade cut score of 13 to determine
risk status.
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Next, a two independent samples t-test were run to compare the students
identified by the SENS at Time 2 as at-risk vs. those identified at the same time point
as not-at-risk. Thus, one t-test was conducted for the pre-K to kindergarten grade span
and another for the kindergarten to first grade span. The mean growth scaled scores of
at-risk students were compared to the mean growth scaled scores of the not-at-risk

students.

Pre-K to K Growth Score Results

Between the pre-K and kindergarten year, not-at-risk children gained an
average of 11.95 scaled score points, whereas at-risk children gained an average of
9.73 scaled points on the SENS. Table 24 presents these results below for pre-K to
kindergarten. Results revealed that no significant differences in growth scores existed
between the at-risk and not-at-risk groups for the pre-K to K span. This indicates that
both at-risk and not-at-risk students made relatively similar gains in number sense
knowledge between pre-K and kindergarten, although it also suggests that the at-risk

group was not able to make enough gains to catch up with their not-at-risk peers.
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Table 24  T-Test Results for At-Risk vs Not-at-Risk Groups’ Pre-K to Kindergarten
Growth Scaled Scores

M (SD)
At-Risk Not-at-Risk t(df) p
SENS Short-Form
Pre-K to K
Growth Scaled 9.73 (11.21) 11.95 (12.46) 1.12 (148) 0.263
Score

Note. M = mean growth scaled score; SD = standard deviation; At-risk status
determined by the K SENS at fall 2018 (T2) cut score of 11; Growth scores
calculated from scaled scores

K to First Grade Growth Score Results
On average, at-risk children gained 15.69 points and not-at-risk children
gained 21.26 points on the SENS between kindergarten and first grade. Results
revealed that a significant difference between at-risk and not-at-risk children’s
growth scaled scores existed for the kindergarten to first grade span. Table 25
presents these results. In sum, this indicates that the not-at-risk group made
significantly more gains than the at-risk group between the kindergarten and first

grade years of school, in effect widening the gap between the two groups over time.
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Table 25  T-Test Results for At-Risk vs. Not-at-Risk Groups’ Kindergarten to First
Grade Growth Scaled Scores

M (SD)
At-Risk Not-at-Risk t(df) p
SENS Short-Form
K to First Grade
Growth Scaled 15.69(13.63) 21.26(14.85) 2.34(148) 0.021

Score

Note. M = mean growth scaled score; SD = standard deviation; At-risk status
determined by the First Grade SENS at fall 2018 (T2) cut score of 13; Growth
scores calculated from scaled scores

Examining Growth Scores for Educators

Teachers may have the following questions when evaluating SENS scores for
their students over time: How is Student X’s number sense knowledge growing in
relation to the rest of the students in the school or to a larger group of students at the
same grade level? The next analytical step was to generate an example of how growth
could be practically evaluated by a child’s teacher or interventionist. One school,
known as School A, was selected from the present study for this purpose. School A
served 18 LI kindergarteners. All participated in the SENS short-form screening
during the previous pre-K year and were screened again at the start of their
kindergarten year. Of the 18 students, 12 were identified as at-risk using the
kindergarten SENS short-form cut score of 11.

This growth calculation is easy to conduct and enables educators to identify
how students grew relative to their peers. For example, let us suppose that the
kindergarten teacher at School A was interested in knowing how one student’s number
sense knowledge has grown over the past year. The teacher accomplished this in a

series of simple steps. First, the teacher generated growth scores for each student by
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subtracting individual children’s pre-K scaled scores from their kindergarten scaled
scores. After completing this step, the teacher saw that Student X has a growth score
of 4. Next, the teacher identified the overall mean growth scaled score and standard
deviation for the larger study’s sample of all kindergarten students (N = 150). The
entire SENS sample has a mean growth scaled score from pre-K to K of 11.02 and a
standard deviation of 11.97.

Then, the teacher uses the following formula to calculate Student X’s z-score,
where X is the individual growth standard score, X is the average growth standard
score for the school or larger sample, and s is the estimated standard deviation of

growth: _
X—-X
S

7 =

For a growth score of 4, sample mean growth score of 11.02 and a standard
deviation of 11.97, the z-score is equal to -.59, meaning that the child performed .59
standard deviations below the mean. In practical terms, this means that 72% of
participants scoring higher than this child. Thus, the teacher now knows that not only
was this child identified as at risk, but they also were growing at slower rate than 72%
of the total study pre-K to kindergarten sample.

Next, the teacher is interested in comparing this student’s growth to only their
school’s growth on the SENS over the previous year. To accomplish this, she
calculates the school mean of 12.06 and standard deviation of 12.08. Again, using the
z-score formula above and the Student X growth score of 4, the z score for Student X=
-.66. This z-score indicates the child was -.66 standard deviations below the school

average, with 75% of the test scores falling above this point.
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Chapter 5

DISCUSSION

Number sense is central to early mathematical knowledge. Advanced
mathematical knowledge and skills required of children in elementary school and
beyond build on the foundation of early number competencies. Early identification of
MD is critical given the cumulative nature of mathematics. The implications of failed
risk identification may be severe. If children fall too far behind in kindergarten and
first grade, they may never catch up to their peers (Jordan et al., 2009).

In the context multi-tiered support systems, screening represents the first gate
along the path of addressing learning challenges in the classroom (Fuchs et al., 2007).
Screeners provide key information to teachers about who may be at risk, who can
proceed with supports in general education, or who may need additional diagnostic
testing (Fuchs et al., 2007). However, in effort to maximize the time teachers have for
actively addressing children’s learning challenges, there remains a need to develop
screeners that are accurate and do not require prolonged time to administer. Teachers
need robust but efficient screeners to identify which students are most at-risk for
difficulties.

The present study had three overarching goals: (1) to determine the diagnostic
accuracy of the SENS long- and short-forms across pre-K, kindergarten, and first
grade; (2) to compare the areas under the curve (AUCs) of the two SENS forms at each
grade level and determine if one form held stronger diagnostic abilities; and (3) to
explore the practical utility of the screener by determining what additional, individual-

level information could be gained from the screener for use in the classroom.
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A sample of pre-K, kindergarten, and first-grade children were assessed on the
SENS long-form. The long-form was then abridged, and a short-form was generated
from this same assessment. Next, children were tracked into the subsequent school
year and assessed on a diagnostic mathematics assessment (i.e., TEMA-3) which
served as the diagnostic criterion measure. Children were subsequently divided into
two categories based on their math achievement (TEMA-3) performance: those who
scored at or below the 25" percentile were categorized as at-risk for MD and those
who scored above the 25" percentile were deemed not-at-risk for MD. Participating
children tracked into kindergarten and first grade (from pre-K and kindergarten,
respectively), were reassessed on the SENS short-form to evaluate student number
sense growth.

The overall findings demonstrate that there are no differences in diagnostic
accuracy between the SENS long-form and short-form. Furthermore, the SENS
provides valuable individual-level information concerning student growth on the SENS
and an individual’s odds of subsequently experiencing MD given their income status

and screener results.
Diagnostic Accuracy of the Two Forms of the SENS

SENS Long-Form
A series of ROC curve analyses evaluated the overall diagnostic accuracy of
the pre-K, kindergarten, and first grade grade-level forms of the SENS long-form. As
anticipated, the findings from these analyses indicated that all three grade levels
versions of the SENS long-form have acceptable levels of diagnostic power for

identifying students at-risk for MD. For example, the pre-K form of the SENS has a
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corresponding area under the curve (AUC) of .91, and therefore can discriminate
between an at-risk and not-at-risk child 91% of the time (Green & Swets, 1974;
Hanley & McNeil, 1982; McFall & Treat). All three grade level forms of the SENS
long-form can discriminate between these two populations of children with accuracy
above 75% of cases.

While the SENS long form accurately identifies children at-risk, educators
must also consider the feasibility of implementing classroom-wide screening. In fact,
one of the dimensions considered in screener evaluation is efficiency (Jenkins et al.,
2007). While the SENS long-form is a comprehensive and accurate measure, it takes
approximately 30 minutes to administer. Even with a small classroom size of 20
students, it would take a teacher approximately 10 hours to implement universal class-
wide screening with the long-form. While it could be reasonably argued that this time
is well worth the alternative of a student experiencing potentially long-term learning
difficulties, this amount of time justifies exploring whether a shorter version of the
screener could achieve the similar diagnostic ability. The evaluation of a shortened
screener follows suit of prior studies (e.g., Purpura et al., 2015), that investigated the
efficacy of abbreviated version of an early mathematics screener for pre-K students
and found that the measure could maintain diagnostic accuracy even when
significantly shortened from over 143 items to a final set of 24 items. Therefore, the
next logical step was to determine if a shortened version of the original SENS still

produced acceptable levels of diagnostic power.

SENS Short-From
As part of the larger study in which the present dissertation is situated, the

SENS long-form was shortened. The result was a short-form of the screener that takes
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only 10-15 minutes to administer. The larger study prioritized retaining the
comprehensive nature of the long-form of the SENS. All domains (number, number
relations, and number operations) and most topic areas (e.g., verbal counting, number
combinations, etc.) were retained at each grade level. Children are afforded
opportunities to demonstrate their depth and breadth of mathematical knowledge when
a range of concepts and knowledge are retained on a screener. A series of ROC curve
analyses was conducted to determine the diagnostic accuracy of the pre-K,
kindergarten, and first grade SENS short-form. As expected, all three grade levels
held acceptable diagnostic power, with only minimally reduced AUC levels as
compared to the SENS long-form. The next step was to determine if there was a
discernable difference in discrimination power between each grade level of the long-

and short-forms.

Comparing the SENS Long-Form to SENS Short-Form

Can shorter, but still comprehensive forms of an early number sense screener
hold comparable diagnostic accuracy as the original long form? The present study
examined whether the SENS long-and short-forms are equally strong in discriminating
between children at-risk and not-at-risk for MD at pre-K, kindergarten, and first grade.
Using the Hanley-McNeil (1983) method, the AUCs of each grade-level version of the
form were statistically compared. As hypothesized, no significant difference was
found between the long- or short-forms at any of the three grade levels. Both the long-
and short-forms perform equally and discriminate between children at-risk and not-at-
risk for MD and pre-K, K, and first grade, respectively. This result is likely

attributable to the SENS’ strong grounding in mathematical learning research (NMAP,
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2008; NRC, 2009) and stringent statistical evaluation that took place as part of the
larger study (Jordan et al., under review).

These findings are in keeping with other studies that compare shortened
versions of screeners to longer versions in mathematics (e.g., Purpura et al., 2015;
Rodrigues et al., 2019) and elementary writing (e.g., Wilson & Rodrigues, 2020).
Shortened versions are critical, especially considering cumulatively how much time
can be gained for educators to address learning challenges. Consider again that the
SENS long-form would take 10 hours to complete in a classroom with 20 students. If
a teacher were to administer the SENS short-form, it would only take between 3.3 and
5 hours to administer. An additional five or more hours of potential instructional time

can be added by using a shorter form of a still effective screener.

Practical Utility of the SENS Short-Form

The present study presents calculated sensitivity and specificity metrics for all
possible cut points of each grade level of the SENS short-form. Some screeners only
report diagnostic metrics for a single cut point (e.g., Geary et al., 2009). However, this
potentially problematic given that the cut point selected by researchers may not be the
appropriate choice for all schools. Some schools may not have the resources to
intervene with students who are not truly at-risk for MD. Using a cut point that
prioritizes sensitivity over specificity likely result in an increase in false positives.
Schools with fewer resources may instead opt to implement a cut-point that reduces
false positives. One way to do so is to select a cut point that balances sensitivity and
specificity. By presenting the sensitivity and specificity results for each cut point on a

screener, schools are permitted to make a cut-point decision based on their own needs.
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Researchers must be able to support educators with these potential limitations in mind
or risk screeners going unused and children remaining unidentified.

Bearing this in mind, the present study evaluated the performance of the at-risk
group based on the SENS cut point that would be accommodate a broader range of
schools. The downside of such a decision is that examples based on these metrics do
not necessarily highlight the full potential strength of a screener to detect a high
proportion of true positives. Screeners with higher sensitivity (e.g., sensitivity > .85)
levels potentially increase the number of false positive diagnoses but also ensures the
selection of more true positives. In this line of thought, some researchers assert that it
is better to overidentify children at-risk for MD at preschool, and then reconcile any
false positives identified at a later date than to initially miss children who would be
hindered by missing out on additional instruction or targeted intervention (Purpura, et
al., 2015). By contrast, the present study opted for a more conservative route by
implementing a d-based cut score to acknowledge the range of school needs. This cut
score balances the ability to identify true positives and true negatives. The d-based cut
score for each grade level was used in a series of examples in the present study’s
performance profile analyses (i.e., item analyses, posttest probability analyses, and
growth analyses). These SENS cut scores were used to identify children at-risk for
MD and children not-at-risk for MD in these analyses to demonstrate how the screener

could be used above and beyond risk status identification.

Pre-K Item Analysis
The pre-K item analysis demonstrated that of the three number sense domains
(i.e., number, number relations, and number operations), the number domain overall

had the lowest performance for the at-risk group, who only answered 25% of items
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correctly, on average. The pre-K number domain assesses children on their
knowledge of subitizing, verbal counting, object counting, cardinality and numeral
naming. The relatively lower performance on the number domain as compared to the
number relations and number operations domain may initially appear somewhat
counterintuitive given the fact that many of these very basic skills are used in quantity
relations and number combinations. However, this makes sense when one considers
the developmental trajectory of mathematical knowledge during the preschool year.
Young children’s understanding of number, number relations and number
operations develops first with small sets of objects, small numbers, and non-symbolic
representation and then advances to larger quantities, numbers, and symbolic
representation (NMAP, 2008; NRC, 2009, Frey et al., 2013). The pre-K at-risk
group’s poorer performance in the number domain may be explained by their
markedly lower levels of performance in the areas of verbal counting and object
counting. The SENS verbal counting tasks require children to count starting from the
number one to beyond the number ten, whereas the object counting has children
enumerate two sets of objects, one of which is greater than ten. However, no items
require knowledge of sets of numerals greater than ten in either the number relations
or number operations domains. Therefore, the use of smaller sets and numbers in the
items assessing knowledge of number relations and number operations may explain
why the at-risk group had relatively stronger performance in these content areas.
While several competencies in number domain tasks required somewhat larger
numbers and sets, the content in number relations and number operations only

included relatively smaller numbers and sets. In this way, the SENS shows potential
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as a tool to guide teachers’ understanding of the specific ability level of an individual

student.

Kindergarten Item Analysis

At-risk kindergartners showed stronger performance in the number relations
domain (33% correct) as compared to number and number operations (19% correct,
each). Across the entire screener, the only item topic areas that exceeded 40% correct
was magnitude comparisons (number relations) and composition and decomposition of
number (number operations). Performance on verbal counting was particularly low,
which helps explain the lower performance in the number domain overall. Supporting
this findings, prior studies have found that kindergarten counting ability accurately
predicts later mathematical performance as well as growth (Aunola et al., 2004).

Furthermore, the poor performance overall in the number operations domain
may be at least partially explained by performance on story problems and number
combinations. Prior studies that isolated performance on story problems found that
low-income children advanced their ability to solve story problems at a slower rate
than their middle-income peers (Jordan et al., 2006). Given the higher proportion of
low-income children in the at-risk group, this is one potential explanation for the
lower levels of success on these questions.

Interestingly, the at-risk and not-at-risk sample performed similarly on
composition and decomposition of numbers (number operations domain). The at-risk
group answered 52% correct and the not-at-risk group answered 59% correct. No
other item topic areas had performance levels that were as similar. At kindergarten,
there were four items assessing children’s knowledge of composition and

decomposition of number using both symbolic and non-symbolic representation. One
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potential explanation for this surprising similarity in performance is that three of these
tasks require children to select a correct response from a choice array of three possible
answers. Therefore, children have a 33% chance of answering correctly, whereas with
most other items they are required to produce an answer. Future work should
investigate kindergarten performance on these types of items, as knowledge of
composition and decomposition of numbers via the Number Sets Test (Geary et al.,
2009) at first grade has shown to predict later mathematical achievement and therefore

shows that it is an important competency (Geary, 2011).

First Grade Item Analysis

For first grade at-risk children, number operations had the lowest overall
performance as compared to the number and number relations domain. This makes
sense given the increasing emphasis on arithmetic as children progress from pre-K
into first grade (National Governors Association Center for Best Practices, 2010).
Within the number operations domain, number combinations and fluency items were
particularly difficult for the at-risk group.

One goal of elementary mathematics education is for children to reach levels
of fluency with common number combinations (National Governors Association
Center for Best Practices, 2010). This ability to “know” the correct answer quickly, is
highly valuable as children advance their mathematical understanding. However,
fluency items were particularly challenging for the at-risk group, and children
averaged only 9% correct. This is perhaps an unsurprising finding, given that
automaticity is a skill that develops over time (NMAP, 2008). While timed tests
overall disallow students from modeling their full range of problem-solving abilities,

flexibility with number combinations is vital for later success (NMAP, 2008).
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Automated knowledge frees up cognitive load to be able to perform more advanced
tasks, a skill that is valuable in learning higher level mathematics. For example, if a
child knows 5 + 5 is 10 and does not have to count to solve the problem, their mind is
freed up to take on more advanced concepts. However, it is challenging for children to
build arithmetic fluency when they do not have a solid number sense foundation

(Gersten et al., 2012).

Posttest Probabilities

As multi-tiered instruction is a commonly implemented educational approach
that utilizes universal screening for all children, it is important that there is context for
interpreting the resulting screener outcomes for each child. Whereas sensitivity and
specificity provide screener outcome odds at the group level, the advantage of posttest
probabilities is that they provide useful decision-making information at the individual
level (Van Norman et al., 2017). Base rates, often referred to as pretest probabilities,
add relevant weight to a child’s posttest probability odds (VanDerHeyden, 2013; Van
Norman et al., 2017). Posttest probabilities produce the odds of a child failing the
criterion measure (i.e., TEMA-3) given they screened as at-risk for not-at-risk on the
SENS. A positive posttest probability (PP+) generates the probability that a child who
screens as at-risk on the SENS will subsequently score below the 25" percentile on the
TEMA-3. This is a case of a true positive. A negative posttest probability (PP-)
provides the odds that a student will score below the 25" percentile on the TEMA-3 if
they screened as not-at-risk on the SENS. This is a case of a false negative. These
metrics can be interpreted as the percentage likelihood of a true positive or a false
negative for an individual student. The benefit of calculating posttest probabilities is

that an individual’s existing risk factor (i.e., pretest probability or base rate) prior to
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being screened is considered into their odds for later negative academic outcomes.
Importantly, child-level factors, such as SES, can be used to determine existing
prevalence rates and generate an individualized probability of future risk. In the
present study, a PP+ threshold of .50 and a PP- threshold of .10 were employed to
interpret when intervention would be recommended (i.e., PP+ > .50 means >50%
odds screening as a true positive for MD), when intervention can be avoided (i.e., PP -
< .10 means < 10% odds of screening as a false negative for MD), and when
additional testing should be considered (i.e., 10 < PP+ or PP- > .50, or between 10% -
50% odds) (VanDerHeyden, 2013; Van Norman, 2017).

Let us consider another perspective. Take for example, the variability in math
difficulties base rates that can been observed between children from low income (LI)
versus middle income (MI) communities. Children from low-income families general
enter school with weaker number competencies (Starkey, Klein, & Wakeley, 2004).
This can be a far-reaching issue as an estimated 16.2% in the United States of children
live in poverty (https://www.povertyusa.org/facts). Such demographic variables are
important to consider because they are significant predictors in later mathematics
achievement (Sutton & Soderstrom, 1999). As such, schools and educators should be
provided ways to weigh the relative risks of later MD as a function of contextual
variable such as SES. Schools that serve a majority LI students have higher prevalence
rates for MD, as demonstrated in the present study’s sample. Posttest probabilities
may be one way to address the greater risk these students carry by accounting for the
increased prevalence rate of the population and therefore potentially increased

probability of experiencing MD later in schooling.
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Additionally, the calculated difference between the base rate and PP+ or PP-
reveals the increase in odds of identifying at true positive or the decrease in odds of
identifying a false negative. Below, the PP+, PP-, and the difference between the base

rate and PP+/PP- for each grade form of the SENS are discussed.

Pre-K Posttest Probabilities

Overall, the posttest probabilities calculated for the full pre-K sample met the
established decision thresholds. For an overall base rate of 21%, a child who screened
as at-risk has a 51% chance of subsequently going on to be a true positive, and a child
who screened not-at-risk had a 4% chance of being a false negative. However, this
base rate is much higher for the LI pre-K sample. The LI pre-K children have a 36%
base rate. The resulting calculated posttest probabilities suggest that a child from a LI
family who screens as at-risk for MD has a 69% chance of subsequently experiencing
MD. Another child from a LI family screens as not-at-risk for MD would have an 8%
chance of being a false negative. According to the established thresholds for the full
and LI samples, a child who screened as at-risk could be recommended for
intervention and the child who screened as not-at-risk could continue general
education without any additional supports.

Next let us consider how the odds change for the MI sample with a
substantially lower base rate of 5%. In this case, the posttest probabilities look much
different because the prevalence is so low. A child who screens as at-risk has an 18%
chance of subsequently being identified as a true positive, and a 1% chance of being a
false negative. In this case, the PP+ odds do not fall in the clear rule intervention
in/rule intervention out thresholds. The PP+ is still within the range of follow-up

assessment.
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The difference between the base rate and PP+ and PP- are valuable to consider
in cases such as this low-prevalence Ml pre-K sample. Specifically, when we consider
the base rate in tandem with the PP+, we see that the PP+ actually provides a 13%
increase over what a teacher would expect the relative risk for a child to be. Whereas
the base rate is 5%, the PP+ is 18% of going on to be a true positive at-risk for MD
(Van Norman et al., 2017). It is important to note that a low base rate should not
automatically exclude a child from being identified as at-risk for MD. Teachers still
need to meet the needs of individual students. This is where the base rate minus the
PP+ provided by the present study is very informative as it provides a much more

nuanced picture than pretest probability alone.

Kindergarten Posttest Probabilities

The posttest probability results for the kindergarten form highlight how
outcomes shift as a result of the sensitivity and specificity levels of the selected
screener cut point. The d-based cut point used in this example of the kindergarten
form had a relatively lower sensitivity and specificity level at .69 and .46, respectively,
as compared to the pre-K and first grade forms. Because the posttest probabilities
figure in sensitivity and specificity metrics into the calculation, the resulting odds will
be a direct reflection of them. Specifically, the PP+ rates for the full, LI, and Ml
samples did not meet the .50 threshold. In these cases, additional diagnostic testing,
such as the TEMA-3 or KeyMath (Connolly, 2007), may be recommended. While the
PP- for the MI sample met the established .10 threshold, the full sample and LI sample
fell slightly short at .12 and .18, respectively. In other words, children from this full

and L1 sample would have 12% and 18% odds of being a false negative.
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Much like for the pre-K findings, calculating the difference between the base
rates and posttest probabilities show that posttest probability odds provide a more
individualized picture than base rates alone. Across all samples, the PP+ odds
increased the likelihood of a true positive identification between 8-14%. Similarly,
the PP- odd decreased the likelihood of a false negative by 6-13%. In this sense, the
screener outcomes are still informative even in the case they do not meet the
immediate rule in/rule out intervention thresholds. These findings need to be
interpreted with caution because they are only applicable to this screener cut score and

the base rates for these samples. The presented results are only one possible outcome.

First Grade Posttest Probabilities

The PP+ rate for the full sample, and LI sample met the decision threshold
standards for intervention. However, the PP+ for the MI, as well as the PP- for the full,
and LI samples did not meet the threshold to withhold intervention without subsequent
diagnostic assessment. The PP- MI sample reached the appropriate threshold to forgo
intervention.

As was the case for the Kindergarten sample, the base rate for MD of the first
grade sample made a significant impact on the posttest probability calculations. This
was particularly true for the LI sample, who had a 55% base rate for MD.
VanDerHeyden (2013) explains the implications of a high base rate as follows, “...the
technical capacity of any single screening to decide to rule out the need for
intervention is likely to be impossible when the pretest risk of failure is so high”
(p.409). In other words, the 55% base rate of the LI first grade sample makes it
exceptionally difficult to rule out the need for intervention when calculating the PP-

value. In this case, the base rate inflated the PP- value of .24 can be interpreted as a LI
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child from this sample who failed the SENS has a 24% chance of subsequently scoring
below the 25" percentile on the TEMA-3. The data here clearly demonstrate one of
the challenges faced by researchers as screeners are refined and designed to meet the

realities of differing populations and needs.

Assessing Student Growth with the SENS

A child’s current level of mathematical performance is important, but
knowledge of a child’s rate of growth is also important. Rate of growth can be
challenging to capture during the early school years since many commercially
available assessments do not span multiple years starting in preschool. Informal
assessments that educators frequently conduct do not provide enough information to
accurately calculate rate of growth. The vertically scaled SENS, however, bridges this
gap. A vertically scaled test is an assessment with multiple forms. In this case, the
SENS has three grade level forms: pre-K, kindergarten, and first grade. These forms
contain unique items that only appear on one grade level, as well as linking items that
are present across two adjacent forms (e.g., pre-k and kindergarten, or kindergarten
and first grade). This linking items in turn allows for scores to be scaled across
existing forms. Vertically scaled scores can assess performance for a particular grade
as well as adjacent grades. By including common items present at two or more grade
levels, vertically scaled assessments allow for growth to be calculated.

The ability to measure child growth over time via vertical scaling can be
especially useful for at-risk populations. For example, consider child A who screened
at-risk in both kindergarten and first grade. Interestingly, child A’s rate of growth
showed substantial gains when compared to students from the same school. An

educator, in this case, can be assured that while additional educational support is
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required, past intervention efforts are helping close the learning gap for this child.
Child B also screened as at-risk at both kindergarten and first grade. However, this
child showed minimal gains relative to other at-risk children at the same school. A
teacher in this case, may conclude that this child needs more substantial educational
support than had been previously provided. In this way, vertically-scaled assessments
allow for more detailed information on child learning that informal assessment, or

single grade assessment, or screening information alone can provide.

Pre-K to Kindergarten and Kindergarten to First Grade Student Growth on the SENS
Short-Form

The evaluation of growth of the SENS scaled scores from pre-K to K revealed
no significant differences between the at-risk and not-at-risk groups as defined by
children’s kindergarten SENS risk level. In other words, the at-risk and not-at-risk
sample made relatively similar gains over the pre-K year and into the start of the
kindergarten year. Children who were identified as at-risk in kindergarten likely
scored comparatively lower on their pre-K SENS than the not-at-risk peers.

The findings were different for participants between kindergarten and first
grade. Results revealed that not-at-risk group made significantly more gains over the
course of the kindergarten year and into the start of first grade. In other words,
children who were identified as being at-risk at the start of the first grade year of
schooling had previously grown at a slower pace than their not-at-risk peers. This
growth pattern is different than the findings at pre-K.

Unlike pre-K, kindergarten is generally children’s first foray into formal
mathematics. Children may not have been exposed to skills such numeral

representation, numeral naming/writing, or story problems. The kindergarten and first
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grade forms of the SENS are designed to capture these developmental changes. It may
be the case that children who were identified as at-risk in kindergarten were able to
make relatively stable gains over the course of the pre-kindergarten year because of
the emphasis on non-symbolic representation and generally smaller set sizes.
However, once formal mathematics education starts in kindergarten deficits become
more apparent and widen over time. This tendency is much more evident at the start
of first grade, when the focus is on higher level and symbolic representation and
children with math learning challenges would not have made sufficient gains over
time.

Supporting the findings, prior work by Jordan and colleagues (2006; 2009)
evaluated children’s number sense growth over the course of kindergarten and into
third grade. It was found that number sense growth over the kindergarten and early
first grade predicted later mathematical performance. Additionally, low-income
children with lower number sense knowledge at the start of kindergarten tended to
experience lower, relatively flat growth, as compared to their middle-income peers
with higher levels of mathematical proficiency at the start of the school year.
Furthermore, another study involving five-year-old children found that children who
entered their school year with higher levels of math skills grew faster than their peers

with lower competencies (Aunola et al., 2004).

Limitations of the Present Study
As with all research, the present dissertation study is not without limitations.
First, participating students were drawn from a single, geographical locale in Northern

California. Moreover, low-income children were over-represented at 50% and
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minorities were largely Latinx. Future work should expand to different locations to
develop national generalizability of the findings.

Second, there is a lack of research validating the established posttest
probability thresholds recommended by VanDerHeyden (2013) (Van Norman et al.,
2017). Future work should explore empirically validating such thresholds
(VanDerHeyden, 2013). Nonetheless, this study demonstrates how such odds can be
used to make informed decisions in response to reliable screener results.

A third limitation worth noting is the classification accuracy of the
kindergarten short-form. The kindergarten form had lower but sufficient levels of
diagnostic accuracy overall, as compared to the pre-k and first grade forms on the
long- and short-forms. This may be due to the composition of linking and unique
items on the kindergarten form. Out of the 30 items total, 10 were unique to
kindergarten, 10 linked to pre-K, and another 10 linked to first grade. By design the
kindergarten form had proportionally more linking items than unique items than the
pre-K and first-grade forms. Thus, the added benefit of the vertical scaling may also
have impacted the overall classification accuracy of the screener form. Additionally,
it is possible that children’s potential lack of introduction to formal school concepts
(e.g., counting, basic number combinations, etc.) prior to kindergarten entry may also
have made an impact. Children’s experience prior to kindergarten entry varies widely,
with some children having little experience with formal numbers. If screening occurs
early in the kindergarten year, as it did in the case of the present study, it may result in
a larger proportion of false positives (Seethaler & Fuchs, 2011). This may at least
partially explain the differences in AUC, (and byway sensitivity, and specificity) of

the kindergarten form.
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Implications for Education and Research

Both teachers and children need effective and efficient screeners to allow for
mathematics learning difficulties to be address early before they become deep and
persistent. Mathematical abilities, particularly related to early numeracy, are strong
predictors of later mathematics and general academic success (Duncan et al., 2007;
Jordan et al., 2006; 2009). Without tools designed to discriminate between children
who need additional support and those who do not, many children may be overlooked
and ultimately lose out on later educational and vocational opportunities (NRC, 2009).

The present findings contribute overall to the growing body of literature
focused on improving screener efficacy, efficiency, and utility. First, they demonstrate
a short but relatively comprehensive number sense screener, the SENS, holds
acceptable diagnostic accuracy across three grade levels of pre-K, kindergarten, and
first grade. The short-form of the SENS holds the same classification accuracy as a
longer form of the same instrument. Second, the reported item analysis, posttest
probabilities, and growth analysis demonstrate real-world utility of how the SENS may
be used as a tool to inform teacher’s instructional decision making.

Importantly, the SENS accurately forecasted student performance on a reliable
and valid mathematics achievement measure a full year later. Each grade level of the
SENS short-form of the meets the requirements of acceptable levels of classification
accuracy. The SENS is efficient to administer and has the added benefit being
vertically scaled, which means that teachers or school psychologists can also evaluate
growth over time for a child relative to their class or the larger SENS study sample.
The comprehensive nature of the SENS permits isolation of discrete skills and
deficiencies at the classroom or individual level to better assist with instructional

planning.
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Lastly, the present study demonstrates how educators can combine a child’s
preexisting risk for MD (via base rates) with their SENS outcome to generate a posttest
probability. These odds greatly assist education decision-makers in knowing when to
intervene, when to stay the course with general education, and when to administer
additional diagnostic assessments.

Given the efficiency and accuracy of the SENS short-form, the screener will be
published for classroom use in the context of larger study. Thus, the final published
version of the SENS available to the general public will be the short-form from this
study. A set of screener cut points that were established in the context of the larger
study will accompany the final published version of the SENS. One important
distinction between the present dissertation cut points and the cut points established
for the overarching study is worth noting: The present study employed the 25
percentile on the TEMA-3 administered one year after the initial screen to classify
children at-risk or those not-at-risk. Alternatively, the larger study used children
performing at the bottom 25" percentile of the SENS at the same time point to qualify
children as at-risk or not-at-risk. Thus, the SENS will have multiple validated cut-
points published and therefore provide educators with options to best suit the needs of

their classroom or school.

Future Directions
Future research might focus on expanding the SENS. One major benefit of the
SENS short-form is its ability to provide information regarding how an individual
student is progressing over time. If the SENS were to span into second and third
grades, where there is still a strong emphasis on number, both risk status and growth

could be evaluated across a wider range of grade levels. In this same vein, dual
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language learners (DLLs) account for approximately 36% of children under the age of
eight years old in the United States (Migration Policy Institute, 2018). Future work
should translate and validate a Spanish-language version of each grade level form for
classroom use. Data from such a study could also be used to provide posttest
probabilities based on DLL status to determine how MD prevalence rate for this
population impacts expected MD outcomes.

Future studies on how the SENS performs in a multi-tiered support systems
(e.g., whole class, small groups, intensive tutoring) framework can illuminate whether
teachers and children respond to instructional guidelines provided by posttest
probability thresholds (VanDerHeyden, 2013; Van Norman et al., 2017). This future
line of research would permit better understanding of how screener information and
accompanying instructional decisions (e.g., to either provide intervention, general
education, or additional diagnostics) guided by PP+ and PP- decision thresholds,
impacts child performance and MD status over time. Similarly, additional lines of
research determining how students respond to intervention after being screened, and
whether they continue to be categorized as at-risk over time should be investigated.

Finally, the growth scores used in the present study were estimated without any
known classroom interventions, and therefore could serve as a baseline for future
growth comparisons within classrooms or larger studies. As part of the larger study,
an online scoring portal is being developed for teacher use. This user-friendly
interface will serve as a tool for teachers to easily determine which students are at-risk
and which are not-at-risk. Furthermore, the online score portal will provide teachers
with the ability to evaluate student growth between grades and generate posttest

probabilities to inform educational decision making.
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Summary and Conclusions

Given the accuracy of early number in predicting later mathematics
achievement (Claessens et al., 2009; Duncan et al., 2007), accurate and useful
screeners are the first step in addressing student needs. Research has shown that
number sense knowledge is malleable. Numerous interventions have consistently
demonstrated their efficacy at improving mathematical competencies over time
(Dyson et al., 2015; Jordan & Dyson, 2016; Starkey, Klein, & Wakeley, 2004). Thus,
while intervention can reduce the risk for academic failure, the first step must be the
accurate identification of the children at-risk for consequential learning difficulties.

The present study found that the SENS to be diagnostically accurate for
identifying children at-risk for mathematics learning difficulties in pre-K,
kindergarten, and first grade. Two forms were evaluated, the SENS long-form and
short-form, and both forms produced sufficient classification accuracy. In fact, there
were no differences in accuracy between the two screener forms. Additional metrics
were provided for a selected cut point of the short-form of the screener for each of the
three grade levels as a way of demonstrating the practical utility of the SENS.
Additionally, sensitivity and specificity levels were provided for each cut point of the
screener to permit schools to select the cut point most relevant for their purposes.
Finally, growth was evaluated across the vertically-scaled grade level forms (pre-K to
K and K to first grade).

This dissertation study contributes to the growing body of early mathematics
research seeking to improve the efficacy and utility of screeners. First, it provides
verification that comprehensive tests can be effectively shortened to provide MD risk-
status classification for teachers. Second, it demonstrates the usefulness of a short,

easy to administer screener, beyond general classification accuracy. The SENS’
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evidence-based content, which is also based on national benchmarks, can help
pinpoint what should be addressed in an intervention. In this way the SENS can help
teachers assess students’ number sense knowledge and the type of content that should
be supported to best serve their students who are at risk for math difficulties or

disabilities.
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Appendix A

EXAMPLES AND SIGNS OF DYSCALCULIA

Issues Associated with Dyscalculia

Carrying out simple number comparison
and addition tasks by counting, often
using fingers, well beyond the age when

it is normal

Finding approximate estimation tasks

difficult.

Examples of Dyscalculia

Presentation

To say which is the larger of two
playing cards showing 5 and 8,
they count all the symbols on each
card

To place a playing card of 8 in
sequence between a 3 and a 9,
they count up spaces between the
two to identify where the 8 should
be placed;

To count down from 10, they
count up from 1 to 10, then 1 to 9,
etc.

To count up from 70 in tens, they
say “70, 80, 90, 100, 200, 300...”

Note: Adapted from Butterworth, 2011; pg. 1048
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Appendix B

SENS PRE-K ITEMS LONG- AND SHORT-FORM

Number Number Relations Number Operations
Grade n items n items n items
Concept/Skill __long (short) _Concept/Skill __long (short) __Concept/Skill _long (short)
Subitize and 3(2) Magnitude 3(2) Composition/ 4(2)
label comparison decomposition
with sets
Verbal counting 3(3) Magnitude 3(2) Nonverbal 2(2)
comparison addition and
with numerals subtraction
Object counting 3(2) Next/Previous 4(4) Story problems 3(2)
Pre-K number in
count
sequence
Cardinality 2(2) Linear 5(3) Number 3(1)
representation combinations
of numbers
Numeral 3(3)
naming
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Appendix C

SENS KINDERGARTEN LONG- AND SHORT-FORM ITEMS

Number Number Relations Number Operations
Grade n items n items n items
Concept/Skill __long (short) _Concept/Skill __long (short) __Concept/Skill _long (short)
Verbal counting 5(5) Magnitude 3(1) Composition/ 6(4)
comparison decomposition

with numerals

Obiject counting 1(1) Next/Previous 4(4) Story problems 5(3)
number in
count
K sequence
Numeral 4(4) Linear 6(4) Number 5(3)
naming representation combinations
of numbers
Place value 3(1)
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Appendix D

SENS FIRST GRADE LONG- AND SHORT-FORM ITEMS

Number Number Relations Number Operations
n items n items
Grade n items long long
Concept/Skill Iong (short)  Concept/Skill (short) Concept/Skill (short)
Verbal counting 3(3) Magnitude 4(2) Composition/ 4(3)
comparison decomposition

with numerals

Numeral 2(2) Next/Previous 3(3) Story problems 7(4)

naming number in

count
sequence
First Numeral 2(1) Linear 4(3) Number 5(4)
writing representation combinations

of numbers
Place value 6(3) Fluency 2(2)
Inverse relation of 1(0)

addition/subtraction
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