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Abstract. A critical component in enhancing academic success is identifying
children at risk of later academic difficulties. Although significant efforts have
been devoted to design effective assessment processes in elementary school,
fewer efforts (particularly for mathematics) have been made for preschool. The
focus of this study was to design and evaluate a brief early numeracy skills
screening tool. Measure development and validation occurred in a two-stage
process with diverse and distinct samples. In the first stage, 393 preschool
children were assessed on a battery of early numeracy tasks. By use of an item
response theory framework, 24 items that spanned the ability continuum were
selected for inclusion in the brief measure. In the second stage, 129 preschool
children were assessed on the brief measure, the Test of Early Mathematics
Ability–Third Edition, and two literacy measures. The data resulted in acceptable
psychometric properties and strong diagnostic accuracy. Theoretical and practical
implications are discussed.

Attaining basic mathematical competencies is a key factor in later academic and
career success (Baroody, Lai, & Mix, 2006;
National Mathematics Advisory Panel [NMAP],

2008). Children begin to develop individual
differences in numeracy skills even by the
preschool years (Berch, 2005; Stevenson
et al., 1990), and these differences predict
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their later achievement (Aunola, Leskinen, Lerkkanen, & Nurmi, 2004; Purpura, Baroody, &
Lonigan, 2013). Moreover, such competencies
are the foundation not only for advanced
mathematical knowledge but also for achievement in academic areas such as science and
engineering (Claessens & Engle, 2013; NMAP,
2008). With support, preschoolers can develop
a wealth of early mathematical knowledge
(Clements & Sarama, 2007). However, for
teachers to identify which students are in need
of more targeted support, it is necessary to use
valid and reliable assessment tools.
The wide range of individual differences
and the growing number of children at risk of
later mathematics difficulties make the task of
early mathematics instruction challenging for
teachers (Berch, 2005). Preschool teachers
must be able to identify quickly and accurately
which children need additional evaluation and
instruction and must be able to reliably measure their progress across the year. Unfortunately, teachers often do not have the time
or training to formally test children’s knowledge (Darling-Hammond, 2000). Importantly,
teachers need a range of appropriate assessment tools to meet specific needs, including
the ability to screen and monitor progress
within their classrooms, so that they can
plan whole-class, small-group, and individual
instruction.
EXISTING MEASURES
There has been an increase in recent
years in the development and validation of
different types of brief mathematics measures
for use in preschool. Efforts have been made
to develop both measures of discrete skills
and, to a lesser extent, brief broad-content
measures of the continuum of skills. Discrete
measures generally are fluency-based (Floyd,
Hojnoski, & Key, 2006; Hojnoski, Silberglitt,
& Floyd, 2009; Polignano & Hojnoski, 2012;
VanDerHeyden, Broussard, & Cooley, 2006;
VanDerHeyden, Broussard, Fabre, Stanley,
Legendre, & Creppell, 2004) and non–fluency-based measures (Lei, Wu, DiPerna, & Morgan, 2009; Reid, Morgan, DiPerna, & Lei,
2006) that assess individual components and
specific mathematical skills. Alternatively,
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brief broad-content measures are generally untimed and focus on multiple mathematical
components. Broad content–focused measures
can be administered one to three times per
year and are used primarily to determine general ability levels and identify children at risk
of later difficulties. Little work has been conducted in early mathematics to develop brief
broad measures, but two brief versions of longer diagnostic measures have been developed
that generally meet this framework: Child
Math Assessment–Abbreviated (Klein & Starkey, 2000) and Brief Research-based Early
Mathematics Assessment (Weiland et al.,
2012).
LIMITATIONS OF EXISTING
BRIEF MEASURES
The discrete skill measures have been
shown to be good predictors of later mathematics performance and change in individual
abilities over time (Hojnoski et al., 2009; VanDerHeyden et al., 2006). However, discrete
skill measures have two key limitations that
may affect their utility in discriminating between children at risk of later academic difficulties and those not at risk. First, mathematics
fluency has been found to be distinct from
untimed mathematics knowledge– based skills.
Petrill et al. (2012) found that reading skills,
particularly reading fluency, explained more
variance in mathematical fluency than did
untimed mathematics performance. This concern is further enhanced when evaluating the
relations between fluency-based mathematics
measures and nonmathematical measures. For
example, VanDerHeyden et al. (2004) found
that their fluency measures were about equally
correlated with a preschool measure of mathematics as with a general school readiness
measure. Similarly, Polignano and Hojnoski
(2012) found that their fluency-based measures were highly correlated with nonmathematics tasks such as naming letters and colors. Essentially, fluency-based measures may
not be measuring constructs that are distinctly
mathematics.
The second issue related to discrete skill
measures is that they target narrow areas of
content (e.g., numeral identification, missing
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number). In early mathematics, unlike in early
literacy, no core deficit suggestive of early
mathematics difficulties has been identified
(Chiappe, 2005). Rather, mathematics skills,
particularly in the early years, develop as a
sequence of connected concepts and skills
(NMAP, 2008) called a learning trajectory
(Sarama & Clements, 2009). As such, Foegen,
Jiban, and Deno (2007) indicated that a brief
assessment tool that covered a broader range
of content may actually be a better means by
which to assess early mathematics skills in
young children than a narrowly focused measure. With a brief broad-content screener, it
may not be possible to include the full spectrum of skills that would be included in a
lengthy learning trajectories assessment like
the Tools for Early Assessment in Math (Clements, Sarama, & Wolfe, 2011) or the Test of
Early Mathematics Ability–Third Edition
(TEMA-3; Ginsburg & Baroody, 2003), but a
brief measure that covers a range of content,
albeit not every aspect of mathematics, would
allow for the screening of children’s performance on the content covered during the preschool years.
Although Foegen et al. (2007) recommended the broader-content approach, there is
a significant dearth of available measures that
offer the simplicity and ease of use that are
needed for progress-monitoring measures.
Two research groups have developed psychometrically strong brief forms of their full measures (Klein & Starkey, 2000; Weiland et al.,
2012). Unfortunately, the practicality of using
the briefer measures as screeners in preschool
settings is limited. For example, not only do
the measures take considerably more time than
most progress-monitoring measures (approximately 15 min), but they also both use manipulatives, which are time-consuming to use,
can be easily lost, and may make administering the test more complicated.
CURRENT STUDY
Ultimately, in the identification of students who need enhanced instruction, the goal
is to minimize the number of children who are
misidentified. It is possible that a brief broad-

content screening tool would be better than
discrete skill measures for identifying preschool children at risk of later difficulties
(Foegen et al., 2007). However, it is also likely
that a two-phase approach is preferred (Catts,
Fey, Zhang, & Tomblin, 2001; Gilbert, Compton, Fuchs, & Fuchs, 2012) in which a short
broad-content screener is used to distinguish
between children who may need more enhanced instruction and those who are not at
risk of later difficulties. This screener would
then be followed by progress monitoring for
those identified as at risk of later academic
difficulties to identify the children most in
need of additional instruction. To address either of these approaches, there is a critical
need to develop a brief and easy-to-use broad
mathematics screener that can be used across
the preschool age range. Thus, the purpose of
this study was to develop a brief measure of
broad preschool mathematics skills and assess
the utility of the resulting measure in identifying students as at risk of mathematics difficulties. The following goals guided the study:
1. Identify 20 to 25 easy-to-administer
items that measure early numeracy
skills across a range of ability and provide preliminary evidence of the reliability of this measure.
2. Identify if a ceiling rule can be included without reducing the reliability
of the measure.
3. Determine if the brief measure exhibits
acceptable convergent and discriminant validity.
4. Ensure the measure is sensitive to agerelated differences in performance.
5. Determine the measure’s utility in
identifying children at risk of mathematics difficulties by identifying cutoff
scores and evaluate if the ideal cutoff
scores vary by age because children’s
mathematical knowledge develops rapidly during preschool (Ginsburg,
Klein, & Starkey, 1998).
METHOD
The present study followed a two-stage
development process. In Stage 1, the brief
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measure was developed by selecting a subset
of items from a broader pool of items. In
Stage 2, assessment of reliability, validity, and
screening utility was conducted. Because two
separate samples and procedures were used for
each stage, the Method and Results sections
contain two subsections describing Stage 1
and Stage 2. However, because the two stages
are logically sequential, the two Method subsections are presented first, followed by the
two Results subsections.
Stage 1: Measure Development
The first stage in identifying preschool
students who are at risk of mathematics difficulties is to develop a brief measure of broad
skills. Thus, students were assessed using a
broad pool of items similar to those used in
previous research.

Participants
Data were collected using a convenience
sample in 44 public and private preschools
serving children from families with low to
middle socioeconomic statuses. The 393 children who completed the testing were evenly
split by sex (51.7% female) and approximately
representative of the demographic characteristics of the local area (55.7% White, 33.8%
Black, and 10.5% other race or ethnicity).
Children ranged in age from 3.13 years to 5.98
years (M ⫽ 4.75 years, SD ⫽ 0.75 years),
were primarily English speaking, and had no
known developmental disorders based on
teacher or school administrator report. Parental consent was obtained for each participating
child.
Measures
Children were assessed on 25 measures
of early numeracy skills (see Table 1 for descriptions of each task). The measures were
developed and evaluated in our prior research
(Purpura & Lonigan, 2013, 2015), and the
tasks are representative of the range of skills
assessed by other early numeracy measures
(Clements, Sarama, & Liu, 2008; Ginsburg &
Baroody, 2003; Griffin & Case, 1997; Jordan,
Kaplan, Locuniak, & Ramineni, 2007; Klein
& Starkey, 2006; van de Rijt, Van Luit, &
44

Pennings, 1999). These tasks were designed to
assess the aspects of early numeracy skills
deemed critical for success by the National
Council of Teachers of Mathematics (NCTM,
2006) and the NMAP (2008). Furthermore, the
skills and concepts measured are key developmental precursors to kindergarten mathematics success as noted in the Common Core State
Standards (2010).

Procedure
Children were assessed on all 207 initial
items; however, only the 143 items identified
in prior work (Purpura & Lonigan, 2015) as
being nonoverlapping (i.e., providing unique
information) were included in the analyses.
Assessments were conducted by individuals
who either had completed or were working
toward completion of a bachelor’s degree. The
assessors completed a 2- to 3-hour training
session and were required to demonstrate proficiency on the assessment procedures before
beginning data collection. Assessments occurred in the local preschools during noninstructional time in a quiet room designated by
the individual preschool directors. Total testing time for each child was approximately 90
min. Assessments typically were conducted in
three to four separate testing sessions.
Analytic Procedure
The primary focus of Stage 1 was to
reduce the total number of items from 143 to
approximately 20 to 25 items that varied in
difficulty from relatively easy to relatively
hard for preschool children through a threestep process. The analyses for doing so are
described in the following sections.
Step 1. Item-level parameters were calculated using a two-parameter logistic (2-PL)
item response theory (IRT) analysis in Mplus
(Muthén & Muthén, 2012). IRT is a modelbased method of latent trait measurement that
relates the amount of an individual’s latent
ability to the probability of correctly responding to an item (Hambleton, Swaminathan, &
Rogers, 1981). IRT allows researchers to select items based on item-level characteristics.
The item-level characteristics, or parameters,
in a 2-PL model that describe item functioning
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Table 1. Description and Reliability for the Tasks From Which Items
Were Selected
Skill
Verbal counting

Counting forward or
backwardab
Counting error
identificationcd

One-to-one counting
Cardinality

Resultative countinga
Count a subsetabcdef

Subitizingb
Estimationd

Ordinalityabc

Description

No. of Items

␣

The child was asked to count as high as possible. After a
mistake or when the child counted to 100, the task was
stopped. The child was awarded one point each for
correctly counting to 5, 10, 15, 20, 25, 30, 40, and
100.
The examiner started a count sequence (either forward or
backward) and, at a specified number, instructed the
child to continue counting until told to stop.
The child was asked to identify correct or incorrect
sequences of counting. Some of the count sequences
were incorrect because of repetition of numbers,
reversal of numbers in the counting sequence, skipping
numbers, or skipping dots. If the child stated that the
sequence was incorrect, the examiner asked the child
what was wrong with the counting sequence. The child
received one point for recognizing and identifying an
error.
The child was presented with a set of dots and was
asked to count the set.
In the context of the one-to-one counting task, the child
was asked to indicate how many dots he or she had
counted. The child was scored as answering correctly
if he or she named the last number he or she counted,
without re-counting the set.
The child was asked to count a set of dots without
touching the dots as he or she counted.
The child was presented with a specific quantity of
objects and was asked to count out a smaller set of
objects from the larger set. In the second part of this
task, which also had four items, the child was
presented with a set of pictures of both dogs and cars
and was asked how many of one set there were.
The child was briefly presented with a set and had to
identify the total without counting.
On the first two items, the child was shown a set of dots
(e.g., 10 or 20) and was asked to estimate the number
of dots on the page. A response was considered correct
if the child provided a response within 25% of the
exact answer. On the other three items, the child was
presented with four sets of dots (10, 20, 50, and 100)
and was asked to identify which was a specific
number.
The child was presented with a line of pictures and was
asked to identify the nth picture.

8

—

6

.82

5

.84

5

.79

3

.75

4

.68

8

.82

7

.69

5

.49

5

.73

(Table 1 continues)
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Table 1. Continued
Skill
Relative sizedef

Number comparisonbcdef

Set comparisonabef
Number orderbcdf
Sequencingb
Set reproductionad

Numeral identification

Set to numeralsb

Addition or subtraction
with objectsbcd
Story problems
Initial equivalencec

Two-set addition or
subtractionc

Description

No. of Items

␣

On the first two items of this task, the child was shown
an array of five numbers (one number at the top of the
page and four at the bottom of the page). He or she
was asked to identify which of the numbers at the
bottom of the page was numerically closest to the
number at the top of the page. The second two items
were just presented verbally.
The child was asked to identify the largest or smallest
number. Half the items were presented visually with
Arabic numerals, and half the items were presented
verbally.
The child was presented with four sets of dots and was
asked which had the most or fewest.
The child was shown a number line and was asked to
identify the number that was missing.
The child had to order three to five cards each with a set
of dots of varying quantity.
For the first three items, the child matched his or her set
of blocks to the experimenter’s set. For the last three,
the child identified which set (of four) was the same as
a main set.
The child was presented with flashcards of nine numbers
that ranged from 1–15. He or she was shown the
flashcards one at a time and was asked, “What number
is this?”
On the first three items, the child matched a numeral to
one of four sets of dots. On the last three items, he or
she matched a set of dots to one of four numerals.
A set of discs was placed in a box; then a second set of
discs was placed in (or removed from) the box. The
child had to identify the total number in the box.
The child was presented verbally with basic addition and
subtraction story problems.
Two empty boxes were placed on the table. The
examiner placed a series of discs in the boxes one at a
time. When the examiner had finished placing discs in
each box, the child was asked if the boxes contained
the same or a different number of discs.
After each question on the initial equivalence task, the
examiner added discs to or subtracted discs from one
of the boxes. The child was then asked if the boxes
had the same or a different number of objects. The
child was awarded one point as part of the two-set
addition or subtraction score for correct responses on
the second part of this task.

4

.67

6

.74

6

.77

6

.87

4

.79

6

.63

9

.90

5

.80

8

.72

7

.71

6

.47

4

.41

(Table 1 continues)
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Table 1. Continued
Skill
Equivalent setsce

Number composition
and decompositionb

Number combinations

Description

No. of Items

␣

The child was presented with a set of blocks (e.g., six)
and a picture of a different quantity of objects (e.g., a
picture of three tables). The child was instructed to
divide the objects equally among the images so that all
sets were equal.
The child was presented with a set of objects on the
table and informed verbally of the quantity. The
objects were hidden, and more objects were either
added or subtracted from the initial set. The new set
was presented, and the child was asked to identify how
many objects were either added or subtracted from the
initial set.
The child was presented with a problem (e.g., 1 ⫹ 1)
and was asked, “How much is
[a ⫹ b]?”

5

.74

6

.74

5

.77

Note. Task consistent with items used on aEarly Numeracy Test (van de Rijt, Van Luit, & Pennings, 1999); bBrief
Research Based Early Mathematics Assessment; cChild Math Assessment–Abbreviated; dNumber Sense Core battery
(Jordan et al., 2007); eTest of Early Mathematics Abilities–Third Edition; and fNumber Knowledge Test (Griffin & Case,
1997).

are referred to as the difficulty parameter and
the discrimination parameter. The difficulty
parameter measures the point along the ability
spectrum at which a specific response option
would be endorsed 50% of the time for an
individual with a given ability. Items with
high difficulty parameters require a greater
amount of latent ability; hence, such items are
more difficult to answer correctly than items
with lower difficulty parameters. The discrimination parameter measures how well an item
differentiates between individuals with latent
abilities above and below the item’s difficulty
parameter. Other IRT models such as a oneparameter logistic (only the difficulty parameter is estimated) or three-parameter logistic
(3-PL; an additional guessing parameter is estimated) exist; however, the 2-PL model was
chosen over the one-parameter logistic model
because selection of items with higher discrimination parameters (over items that had
similar difficulty parameters but lower discrimination parameters) was desired to enhance the ability of the measure to reliably
differentiate between individuals at different
abilities. Furthermore, the 2-PL model was

selected over the 3-PL model because the sample size for 3-PL models (⬎1,000) could not
be practically justified given the small number
of items that were multiple choice (⬍30%).

Step 2. Items that required manipulatives such as blocks or discs (e.g., addition and
subtraction with objects, the first half of the set
reproduction task) were removed from the
next step of item selection. These items were
removed from subsequent analyses because a
key goal of this measure development process
was to construct a measure that matched the
discrete skill measures in their simplicity of
administration. Items that required manipulatives generally took longer to administer. Furthermore, to ensure that the final measure was
straightforward and quick to administer, tasks
were removed from the next step of item selection if they (a) required additional steps to
score (e.g., verbal counting, estimation); (b)
required extended initial instructions and precise administration procedures that, if not followed exactly, would invalidate the item administration (e.g., counting forward or backward, counting error identification, resultative
47
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counting, subitizing); or (c) were dependent
on the administration of another item (e.g.,
cardinality—“how many”). These difficult-toadminister tasks were not desirable on a brief
screener because their inclusion would potentially complicate the test administration. Although only items on certain tasks were used
in the final selection process, all items were
included in the Step 1 IRT analysis to ensure
that item parameters were estimated on a
broad conceptualization of numeracy skills.
To ensure that removing these items did not
alter the nature of the construct being measured, the total score of the brief measure was
compared with a latent factor score that subsumed the common variance from all items in
the initial item pool.

Step 3. The remaining items from
Steps 1 and 2 were organized by item difficulty, and overlapping items were removed.
The use of multiple items that provided overlapping information was not desired because it
would result in a “double counting” of one
difficulty level of item, which could inflate
some children’s total scores. For example, if
the test had many items with identically low
difficulty parameters (i.e., easy items), then
the test scores would be inflated artificially at
the low end of the scale (e.g., the sum of
correct answers for five easy items is not
equivalent to the sum of answers for five difficult items). However, if the test were constructed with several items that spanned the
range of mathematical ability, none of which
overlapped in their information, the test would
be a uniform measure of mathematics ability
across the range of the latent trait.
To determine which of two or more
overlapping items were to be removed, two
primary criteria were employed: (a) the item
with the higher discrimination parameter was
typically retained and (b) when both discrimination and difficulty parameters were comparable, items from tasks that were underrepresented in the already selected items were retained (e.g., if one of the overlapping items
was a one-to-one counting item and the other
item was a set comparison item, the item selected would depend on how many of each
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type of item had already been selected). A
balanced approach to item selection was used
to ensure that there were a breadth of items
selected for the final measure. The overall goal
of this item-reduction step was to reduce the
number of total items to between 20 and 25
items while maintaining acceptable reliability
over a broad range of latent abilities. The goal
was to retain a test-level standard error of
ideally less than .316 but not greater than .548
because standard errors of .316 and .548 are
equivalent to classical test theory (CTT) internal consistencies of .90 and .70, respectively.
In addition to IRT standard error scores, CTT
reliability was calculated for the final measure.
Stage 2: Measure Validation and Utility
as a Screener
The sample of children in Stage 2 participated in a larger intervention study. These
data were from the pretest of that study.

Participants
Data were collected using a convenience
sample in four preschool centers (two public
and two private) serving children from families with low to middle socioeconomic statuses. The 129 children who completed all
assessments were relatively evenly split by sex
(58.1% female) and approximately representative of the demographic characteristics of the
area (46.5% White, 31.0% Black, 14.0%
Asian, and 8.5% Hispanic). Children ranged in
age from 3.63 to 5.85 years (M ⫽ 4.79 years,
SD ⫽ 0.49 years), were primarily English
speaking, and had no known developmental
disorders based on teacher or school administrator report. Parental consent was obtained
for each participating child.
Measures
Each child was assessed with four measures, one of which was the newly devised
brief screener. The measures are described in
the following sections.
Preschool Early Numeracy Skills
Screener–Brief Version. The 24 items selected in the previous stage were assessed
together in one screening measure, the Pre-
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school Early Numeracy Skills Screener–Brief
Version (PENS-B). Items were ordered by difficulty, with the easiest items tested first.
All 24 items were administered to all children.

Test of Early Mathematics Ability–
Third Edition. The TEMA-3 (Ginsburg &
Baroody, 2003) is a measure of informal and
formal numeracy skills for children aged 3
years 0 months through 8 years 11 months. It
is composed of 72 items and can be used as
both a norm-referenced and diagnostic test.
Administration time is typically around 30
to 40 min. Internal consistencies of the test
and its alternate form are greater than 0.92
across ages included in this sample. Basal and
ceiling rules were administered per the instruction manual.
Expressive One-Word Picture Vocabulary Test–Fourth Edition. The Expressive One-Word Picture Vocabulary Test–
Fourth Edition (EOWPVT) (Martin &
Brownell, 2011) was used to measure children’s expressive vocabulary ability. In this
task, children were shown a colored picture of
an object(s) and asked, “What is this?,” “What
is this for?,” or “What are these?” The EOWPVT has excellent reliability (␣ ⫽ 0.95– 0.96
for 3- to 5-year-old children; Martin &
Brownell, 2011). Children received one point
for each correct response. Basal and ceiling
rules were administered per the instruction
manual.
Get Ready to Read–Revised. The Get
Ready to Read–Revised (GRTR) measure
(Lonigan & Wilson, 2008) is a 25-item measure of print knowledge and phonological
awareness. Children are administered all 25
multiple-choice items and earn one point for
each correct response. Internal consistency for
the normative sample in preschool was 0.88
(Lonigan & Wilson, 2008).
Procedures
As noted earlier, the sample of children
in this stage participated in a larger intervention study; these data were from the pretest of
that study. Assessments were conducted by
individuals who had completed a bachelor’s

degree in education or psychology and either
were working toward or had completed a doctoral degree. The assessors each completed a
1- to 2-hour training session on the PENS-B,
EOWPVT, and GRTR measures and were required to demonstrate proficiency on the assessment procedures before beginning data
collection. During the first 2 weeks of data
collection, the second author observed each
tester to ensure standardized administration
procedures were followed for each measure,
scored along with the tester, and provided
feedback as needed. Assessors who administered the TEMA-3 all had significant prior
training and experience with this measure. Assessments occurred in the local preschools in a
quiet area designated by the individual preschool directors. Total testing time for the
larger battery of assessments was approximately 60 to 90 min per child. Assessments
typically were conducted in two to three separate testing sessions.

Analytic Procedure
Before assessment of the reliability and
validity of the measure, two potential ceiling
rules were identified (three or four incorrect in
a row; Goal 2). A ceiling rule was desired for
two key reasons. First, as items were ordered
according to difficulty, once children incorrectly responded to multiple items in a row,
the likelihood of correctly answering subsequent items was diminished significantly.
Continued experience with items to which
children would likely respond incorrectly
could adversely affect other assessments given
during the same testing period or their interest
and motivation in future testing. Second, as
children incorrectly responded to multiple
items in a row, the likelihood that a subsequent correct response was due to chance increased. Including a ceiling rule would minimize chance correct responses and increase
reliability of the test. The subsequent reliability and validity analyses all were conducted
using all three ceiling rules (no ceiling, four in
a row incorrect, and three in a row incorrect).
The analyses for all three ceiling rules were
conducted with the goal of selecting the small49
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est ceiling rule that does not reduce the reliability of the measure.
To evaluate reliability and validity of
the PENS-B, four key criteria were evaluated:
sample-specific internal consistency, split-half
reliability, concurrent convergent validity, and
concurrent discriminant validity (Goal 3). Internal consistency was calculated using Cronbach’s ␣. Split-half reliability was calculated
by splitting the test by odd and even numbers
and calculating the correlation between the
two halves. Concurrent convergent validity
was determined by calculating the correlation
between the PENS-B and the TEMA-3. Correlations of r ⬎ .50 indicate significant convergent validity. Discriminant validity was
calculated by comparing correlated correlations to show that the correlation between the
PENS-B and the TEMA-3 was significantly
higher than the correlation between the
PENS-B and other nonmathematical variables
(GRTR and EOWPVT). To assess the significance of discriminant validity, a process determined by Meng, Rosenthal, and Rubin
(1992) was used. Correlations for convergent
and discriminant validity were compared to
determine if the two correlations were significantly different. If the convergent validity
correlation was greater than .50 and was significantly higher than the discriminant validity
correlation, this would be indicative of the
measure having both convergent and discriminant validity.
To examine age-related differences in
performance on the PENS-B and ensure that
the psychometric properties of the measure
were acceptable for all ages in preschool (Goal
4), children in both samples were combined
(N ⫽ 522) and then divided into six age
groups: 3 years 0 months to 3 years 5 months
(n ⫽ 28), 3 years 6 months to 3 years 11
months (n ⫽ 66), 4 years 0 months to 4 years 5
months (n ⫽ 74), 4 years 6 months to 4
years 11 months (n ⫽ 129), 5 years 0 months
to 5 years 5 months (n ⫽ 135), and 5 years 6
months to 5 years 11 months (n ⫽ 90). Means
and effect size differences were compared
across all age groups. Reliability, skewness,
and kurtosis were also calculated for each age
group.
50

To examine risk-status prediction (Goal
5) using the second sample (n ⫽ 129), receiver
operating curves (ROC) were conducted for
each age (3 year olds, 4 year olds, and 5 year
olds) separately and the three age groups combined. The ROC analyses were used to identify a cutoff criterion score on the PENS-B
that would maximize diagnostic accuracy for
children at risk of later mathematics difficulties. Sensitivity (the proportion of students
correctly classified as at risk) and specificity
(the proportion of students correctly classified
as not at risk) were used to identify ideal
cutoff scores. Classification of risk status was
based on a TEMA-3 score of 90 or less (i.e.,
the 25th percentile or lower). The goal in identifying a cutoff on the PENS-B was to maximize the number of children correctly classified as at risk of mathematics difficulties. The
score at which the PENS-B had a sensitivity of
.90 was selected. A sensitivity of .90 (and not
the point at which sensitivity and specificity
were equivalent) was selected because for an
initial screening tool, it is better to overidentify children at risk of later difficulties and
then remove false positives through subsequent assessment methods than to underidentify and miss children in need of further instruction. As such, positive predictive value
(PPV; the likelihood that if the child fails the
screener, he or she would also fail the diagnostic test) and negative predictive value
(NPV; the likelihood that if a child passes the
screener, he or she would go on to fail the
diagnostic test) were also used as measures of
classification accuracy. High PPV and low
NPV are the goal; however, for an initial
screening tool, it is critical to minimize the
number of at-risk children missed by the
screener (i.e., low NPV).
RESULTS
Stage 1: Initial Item Selection (Goal 1)
The first stage of the research was to
create a brief measure of mathematics. To do
this, item difficulty and discrimination parameters were calculated for the 143 potential
items using a 2-PL IRT model in Mplus.
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Step 1
Item difficulty and discrimination parameters were calculated using a 2-PL IRT
model in Mplus. For the 143 initial items,
difficulty parameters ranged from –3.52
to 5.30 and discrimination parameters ranged
from 0.10 to 2.16. Because only a subset of the
items were considered for inclusion in the final
measure, the difficulty and discrimination parameters for each item are presented after
Step 3, but only for the items considered for
inclusion. However, it should be noted that, in
general, the items with difficulty parameters
below –2.00 and above 2.00 had lower discrimination parameters and were answered
correctly by nearly all participants (for items
⬍–2.00) or by nearly no students (for items
⬎2.00).
Step 2
The tasks that included manipulatives
were cardinality (“give me n”), set sequencing, set reproduction, addition or subtraction
with objects, initial equivalence, two-set addition, fair sharing, and set composition or decomposition. Elimination of these tasks for
inclusion in the final measure resulted in a
decrease of 40 total items, from 143 to 103.
Tasks that were difficult to administer or score
and did not include manipulatives included
verbal counting, counting forward or backward, identification of counting errors, cardinality (“how many”), resultative counting,
subitizing, and estimation. Elimination of
these tasks for inclusion in the final measure
resulted in a decrease of 41 total items, from
103 to 62.
To ensure that the removal of these
items as a whole did not significantly limit the
ability to select well-performing items for the
final item pool, the discrimination parameters
for the retained items, the difficult-to-administer items, and the items with manipulatives
were compared. Both the retained items,
t(111) ⫽ 4.61, p ⬍ .001, and the difficult-toadminister items, t(68) ⫽ 2.58, p ⫽ .012, had
significantly higher discrimination parameters
than the items with manipulatives. These results suggest that, in general, using items without manipulatives would likely result in a

measure that is better able to distinguish between individuals of differing abilities. One
notable exception included the cardinality
(“give me n”) items. Those items generally
had high discrimination parameters (1.28
to 1.91), but the inclusion of those items on the
final measure would have resulted in the use of
additional manipulatives. Discrimination parameters were not significantly different between the difficult-to-administer items and the
retained items: t(103) ⫽ 1.13, p ⫽ .260. After
elimination of the items with manipulatives
and those difficult to administer or score, the
difficulty parameters of the items retained for
final item selection ranged from –1.52 to 1.63
and the discrimination parameters ranged
from 0.32 to 1.87.

Step 3
Overall, 24 items from the 62-item pool
were selected for inclusion in the final measure: 2 counting a subset, 3 one-to-one counting, 1 numeral comparison, 2 number order, 1
numeral identification, 1 ordinality, 2 relative
size, 2 set comparison, 3 set to numerals, 3
story problems, and 4 number combinations.
The final 24 items had difficulty parameters
from –1.52 to 1.64, and the difference between
consecutive items was approximately 0.10
to 0.15. In Table 2 the item parameters of
the 24 final items are presented from least to
most difficult.
To ensure that minimal information was
lost when removing items that used manipulatives or were difficult to administer, the total
score of the final 24 items was correlated with
a latent factor score that subsumed the common variance from all original 143 items. The
two scores were highly correlated (r ⫽ .94,
p ⬍ .001). This finding indicates that the brief
measure functioned quite similarly to using
the broader measure and that little information
regarding broad numeracy skills was lost by
removing sets of items.
Preliminary Reliability Evaluation
Reliability was evaluated through both
CTT and IRT reliability methods. Internal
consistency was high (␣ ⫽ .90). However, ␣
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Table 2. Item Parameters for Final Items Included in Preschool Early
Numeracy Skills Test (n ⴝ 393)
Type of Task

Item

Discrimination

Difficulty

One-to-one counting
Counting a subset
Set comparison—most
Numeral identification
Set to numerals
One-to-one counting
Set comparison—most
Set to numerals
One-to-one counting
Set to numerals
Number order
Relative size
Story problems
Number order
Number comparison—most
Story problems
Relative size
Story problems
Number combinations
Counting a subset
Number combinations
Ordinality
Number combinations
Number combinations

Count 3 dots
Count 3 pictures from a larger set
Identify 8 dots as largest of 4 sets
Identify the numeral 1
Connect the numeral 1 to 1 dot
Count 6 dots
Identify 3 dots as largest of 4 sets
Connect the numeral 3 to 3 dots
Count 11 dots
Connect the numeral 5 to 5 dots
Identify number before 5
Identify number closest to 4 from 4 options
1⫹1⫽
Identify number after 9
Identify numeral 8 as largest of 4 numerals
1–1 ⫽
Identify number closest to 9 from 4 options
4–1 ⫽
1⫹1⫽
Count 20 pictures from of a larger set
2⫹2⫽
Identify eighth object
0⫹2⫽
1⫹3⫽

1.57
1.68
0.92
1.32
1.41
1.19
1.06
1.66
0.93
1.05
1.43
0.80
0.71
1.87
0.76
0.94
0.97
0.70
0.73
0.85
0.90
0.86
0.32
0.67

⫺1.52
⫺1.47
⫺1.35
⫺1.26
⫺1.11
⫺0.96
⫺0.81
⫺0.67
⫺0.50
⫺0.38
⫺0.25
⫺0.14
0.00
0.12
0.28
0.38
0.53
0.77
0.90
1.05
1.16
1.31
1.49
1.64

scores provide only test-level reliability and
are sample dependent. IRT standard error
scores provide reliability information across
the spectrum of ability and thus are sample
independent. The final task had standard errors
of less than .316 for theta scores between
–1.60 and 0.40 and less than .548 for theta
scores between –2.40 and 1.90, indicating that
the test was reliable across a wide range of
ability.
Stage 2: Utility as a Screener
The next stage in the research was to
examine if the new measures could be used to
screen preschool students. The first step toward that goal was to develop a ceiling rule,
examine the reliability and convergent validity
of the data for this group because screeners
can only have utility if they meet basic psychometric standards, and assess the diagnostic
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accuracy of the data. Descriptive statistics and
correlations for all measures are presented in
Table 3.

Selection of a Ceiling Rule (Goal 2)
The goal in selecting a ceiling rule was
to reduce overall testing time but maintain
evidence of reliability and validity. There
were limited differences on subsequent analyses for the three different ceiling rules. Using
the three-in-a-row ceiling rule reduced testing
for 78% of children and by an average of 7.32
items (from 24 items down to 16.68 items).
Furthermore, 31% of participants had their
total testing reduced by over 50% using this
ceiling rule. Because this ceiling rule significantly decreased the amount of testing while
maintaining evidence of reliability and validity, only the results using the three-in-a-row
ceiling rule are presented.
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Table 3. Descriptive Statistics and Correlations Between Variables Used
in Measure Validation
Descriptive Statistics

PENS-B
TEMA-3
EOWPVT
GRTR

Correlations

M

SD

Range

Skewness

Kurtosis

PENS-B

TEMA-3

EOWPVT

GRTR

11.88
15.28
59.05
16.43

6.23
10.57
19.50
5.48

0–24
0–68
14–116
3–25

0.13
1.36
0.26
⫺0.39

–0.95
3.82
⫺0.12
⫺0.64

—
.78
.61
.70

.73
—
.59
.70

.60
.58
—
.67

.64
.63
.66
—

Note. n ⫽ 129. All correlations were significant at p ⬍ .001. Correlations below the diagonal are zero-order correlations,
and those above the diagonal are partial correlations controlling for age. EOWPVT ⫽ Expressive One-Word Picture
Vocabulary Test–Fourth Edition; GRTR ⫽ Get Ready to Read; PENS-B ⫽ Preschool Early Numeracy Skills
Test–Brief; TEMA-3 ⫽ Test of Early Mathematics Abilities–Third Edition.

Preliminary Analyses
Descriptive statistics and correlations
for all measures are presented in Table 3. All
variables were normally distributed. No sex
differences were found in performance on any
measure. All measures were significantly
correlated.
Reliability and Validity (Goal 3)
The PENS-B exhibited high internal
consistency (␣ ⫽ .93) in the validation sample. Removal of any items would not have
increased reliability because all items had item
total correlations greater than 0.29 (median
item total correlation ⫽ .57). Split-half reliability was also high (r ⫽ .90).
Zero-order correlations between the
TEMA-3 and PENS-B showed that the
PENS-B has strong convergent validity (r ⫽
.78). However, because age may have also
affected the relation between the two measures, partial correlations between the measures were calculated accounting for age. Results were similar to the zero-order correlations and indicated that the measures were
highly correlated even when accounting for
age (r ⫽ .73).
Correlations between the math measures
and language or literacy measures were calculated using both zero-order and partial correlations (accounting for age) and are presented
in Table 3. Although the partial correlations
between the PENS-B and the language or lit-

eracy measures were high (GRTR, r ⫽ .64;
EOWPVT, r ⫽ .60), they were comparable to
the correlations between the TEMA-3 and the
language or literacy measures (GRTR, r ⫽
.63; EOWPVT, r ⫽ .58). To test if the
PENS-B was significantly more correlated
with the TEMA-3 than it was with the language or literacy measures, a test of correlated
correlations was conducted. Partial correlations were used in these analyses. The correlation between the PENS-B and the TEMA-3
was significantly higher than the correlations
between the PENS-B and the EOWPVT
(z ⫽ 2.73, p ⫽ .003) and GRTR (z ⫽ 1.97,
p ⫽ .024) measures, showing evidence of both
convergent and discriminant validity for the
PENS-B.

Age-Related Evaluation (Goal 4)
There were significant differences in mean
performance across all age groups ( ps ⬍ .01)
with the exception of the comparison between
the two youngest age groups: t(92) ⫽ 1.25,
p ⫽ .214, Hedge’s g ⫽ 0.28. Furthermore, the
screener exhibited strong reliability and acceptable levels of skewness and kurtosis
across all age groups (see Table 4).
Risk-Status Prediction (Goal 5)
In the validation sample, 43% of children were classified as at risk of mathematics
difficulties based on TEMA-3 scores of 90 or
below. Analyses for all three age groups re53
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Table 4. Descriptive Statistics of PENS-B by Age Group
Age Group
3
3
4
4
5
5

years
years
years
years
years
years

0
6
0
6
0
6

months
months
months
months
months
months

to
to
to
to
to
to

3
3
4
4
5
5

n

years
years
years
years
years
years

Range

M

5 months
28 0–12 3.82
11 months 66 0–18 4.86
5 months
74 0–21 8.18
11 months 129 0–24 11.57
5 months 135 1–23 14.36
11 months 90 2–24 16.86

SD Skewness Kurtosis Reliability ES Dif
3.17
3.89
4.99
6.07
5.41
4.93

0.57
0.89
0.41
⫺0.10
⫺0.47
⫺0.71

⫺0.09
0.88
–0.52
⫺0.86
⫺0.49
0.18

.80
.87
.90
.92
.92
.88

0.28
0.73*
0.59*
0.48*
0.46*
—

Note. N ⫽ 522. ES Dif ⫽ Hedge’s g effect size difference (and significance test) between listed age group and next older
age group; PENS-B ⫽ Preschool Early Numeracy Skills Test–Brief.
*p ⬍ .01.

sulted in specificities of .71 or above. Cutoffs
for each age group logically increased with
age, with PENS-B scores of 7 for 3 year
olds, 10 for 4 year olds, and 15 for 5 year olds.
Although the sample of 3 year olds was relatively small (n ⫽ 10), classification was perfect. By use of these three cutoff scores, the
PENS-B resulted in an overall correct classification accuracy of 82.2% with strong PPVs
and NPVs across the three ages (of the 23
misclassified children, only 5 were false negatives and 18 were false positives). Results are
summarized in Table 5.
DISCUSSION
In this study, a brief screening measure
of preschool early numeracy skills (the
PENS-B) was developed and its utility for
identifying preschool students as at risk of

mathematics difficulties was determined. The
items on the PENS-B broadly assess many of
the key domains identified by the NCTM
(2006) and NMAP (2008) as critically important for young children’s numeracy development. The PENS-B takes less than 5 min to
administer and could be well suited as an
initial screening measure in preschool classrooms because it exhibited strong risk-status
classification.
Age-Related Differences and Risk Status
Children’s mathematical knowledge undergoes rapid and dramatic changes across the
preschool years (Ginsburg et al., 1998). The
concurrent age-related analyses in this study
show that the PENS-B is sensitive to these
differences. Though not statistically significant, there was a small effect size difference

Table 5. Risk-Status Prediction Analyses for the Three Age Groups

Full sample
5 year olds
4 year olds
3 year olds

n

Sensitivity

Specificity

PPV

NPV

Optimal Cut
Scorea

Children at Risk,
%b

129
51
68
10

.89
.88
.91
1.00

.67
.80
.71
1.00

.68
.82
.62
1.00

.11
.13
.06
.00

12
15
10
7

43
51
34
70

Note. NPV ⫽ negative predictive value; PPV ⫽ positive predictive value.
a
Scores equal to or below the cut score on the Preschool Early Numeracy Skills Test–Brief are highly predictive of
children also scoring equal to or below a standard score of 90 on the Test of Early Math Abilities–Third Edition
(TEMA-3). bPercent of children who scored equal to or below a standard score of 90 on the TEMA-3.
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(Hedge’s g ⫽ 0.28) found between the two
youngest age groups. This effect size, coupled
with the small sample size for the youngest
age group (3 year olds), may suggest that in
subsequent studies, statistically significant and
important differences may be found in these
age groups. Critically, the age-related differences found in this study stand in contrast to
other studies using discrete skill measures
(e.g., Floyd et al., 2006), in which it was found
that it was not possible to distinguish the performance of 3 and 4 year olds. These findings
support the assertion made by Foegen et al.
(2007) that a broad-content screener may be
more useful than discrete skill measures for
the assessment of mathematics with younger
children.
One of the key features of this measure
is its utility for assessing risk status. Using a
strict cutoff that did not factor in age resulted
in an overall classification accuracy of 76%.
However, this rate increased to 82% when
considering age. Importantly, of the 18% of
children misclassified, only 5 (4% of the total
sample) were false negatives, meaning they
were classified as at risk of mathematics difficulties based on the criterion (TEMA-3) but
were not identified as such on the PENS-B.
Furthermore, the age-based cutoffs provide a
relatively simple screening mechanism that
aligns with early mathematical learning trajectories (Sarama & Clements, 2009). For example, Items 1 to 7 on the PENS-B are all basic
counting (sets of no more than six), set comparison (“Which set has the most dots?”), or
numeral identification items—skills that 3
year olds are expected to attain. The next three
items include more advanced set counting (11
dots) and two items that combine numeral
recognition and cardinality skills (connecting
a set to a numeral for numbers under 5)—
skills that 4 year olds are expected to attain.
Finally, the next five items primarily involve
number ordering and magnitude, as well as
basic story problems—skills typically attained
by 5 year olds.
Some caution should be applied to using
these as strict age-based cutoffs. First, more
narrow age ranges (e.g., 3- or 6-month age
bands instead of 12-month age bands) may be

more appropriate and might result in greater
classification accuracy. The relatively small
sample in this second dataset prevented a more
targeted classification approach. In fact, in the
second sample, there were only ten 3 year olds
and they were all 3.50 to 3.99 years old. Further evaluation and validation of the cutoff
criteria are needed in a broader sample. Second, these risk-status cutoffs are intended to
be general guidelines. Depending on a
school’s population and resources to provide
further instruction, the cutoffs may need to be
modified to best fit the needs of the school
(VanDerHeyden, 2011). Third, the cut score
and evaluation of its accuracy were conducted
on the same sample, which may have inflated
the accuracy. Further independent evaluation
of these cut scores is warranted. Finally, the
benefit of using a screener (such as the
PENS-B) or progress-monitoring measures
needs to be empirically evaluated. Although
the PENS-B generally performed well in terms
of classification accuracy indices, there were
still some students (18 of 129, or 14% of the
sample) who were overclassified as being at
risk of mathematics difficulties. Ultimately, a
two-stage screening process that combines an
initial static screening and a subsequent progress-monitoring approach may be the best
method for truly identifying those children at
risk of later difficulties (Catts et al., 2001;
Gilbert et al., 2012); however, for early mathematics, this is a question in need of further
research.
Relation of Numeracy Skills to
Nonmathematics Domains
The validity analyses provide evidence
that the PENS-B has both convergent and discriminant validity. The PENS-B is significantly more related to another measure of numeracy (TEMA-3) than it is to measures of
early literacy skills (EOWPVT and GRTR),
suggesting that it is measuring a distinct component of early achievement (numeracy) compared with the early literacy measures. These
findings are in contrast to discrete skill measures that found nearly identical correlations
with measures of mathematics and nonmath55
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ematics domains (Polignano & Hojnoski,
2012; VanDerHeyden et al., 2004). However,
it is also clear in the current study and in
previous literature (LeFevre et al., 2010; Purpura, Hume, Sims, & Lonigan, 2011) that
early mathematics skills have a strong language- and print-based component. For example, many early mathematics terms and applications, such as the words more and less or
combine and take away, are effectively language terms, and language skills seem to be
broadly related to most early numeracy skills
(Purpura & Ganley, 2014). Similarly, letter
and numeral knowledge skills are highly related (Austin, Blevins-Knabe, Ota, Rowe, &
Lindauer, 2011; Piasta, Purpura, & Wagner,
2010) likely because they share many underlying code-related features (Brizuela, 2004).
Interestingly, Dirks, Spyer, van Lieshout, and
de Sonneville (2008) found that it was more
common for children to have difficulties in
both mathematics and reading than in either
one alone. Given the high relation between the
two domains and the joint-risk probability, it
may be beneficial to include measures of literacy in a risk assessment for mathematics
difficulties. Including mathematical and nonmathematical assessments (such as literacy) in
a risk-assessment battery may enhance riskstatus identification and enable researchers
and practitioners to identify children who otherwise would not be properly identified.
Usability
In developing the PENS-B, practical issues related to usability were addressed. Specifically, the length of administration was a
key consideration in designing the measure
because a screening tool needs to be able to be
administered to a large number of students
quickly. As a result, the PENS-B takes under 5
min to administer after the application of the
ceiling rule; administration of the screener
takes approximately 33% less time than without the ceiling rule (an average testing time of
⬍3.5 min). This short administration time will
allow teachers to assess their whole class in a
relatively brief amount of time (⬍75 min for a
typical class of 15 students) and then conduct
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more targeted and detailed assessment of children most in need. This practical benefit also
carries over to research. Because academic
domains are often interrelated, researchers in
nonmathematics domains (e.g., literacy and
executive functioning) are often interested in
using mathematics measures to understand
cross-domain relations. However, the extensive time needed to administer many broad
measures may limit such opportunities. A
brief mathematics measure such as the
PENS-B will provide an opportunity to expand research efforts to cross multiple domains without the need to devote considerable
additional time and resources to assessments.
Limitations
Although the findings presented herein
are of interest to both researchers and practitioners, several limitations should be noted.
First, although prior evidence (Purpura & Lonigan, 2015) showed that there was no differential item functioning (DIF) either for sex or
for race/ethnicity across any of these items,
other variables such as socioeconomic status
(SES) could result in DIF. DIF could not be
calculated on family SES in these samples
because family demographic information was
not collected. In future studies, SES-related
DIF and a more in-depth exploration regarding
race-based DIF (particularly in reference to
English language learners) should be examined. Second, even though the age-based analyses within this study indicate that there are
significant differences across most age groups,
these data were concurrent in nature. The utility of the PENS-B for being sensitive to intraindividual change cannot be ascertained from
the current study. Future work using the
PENS-B to show growth over time needs to be
conducted. Furthermore, assessments of shortand long-term test–retest reliability, as well as
predictive validity studies, need to be conducted. Third, this measure covers a relatively
broad range of numeracy domains that have
been identified as key skills and concepts in
preschool. However, there is still a need to
construct and validate a separate brief measure
of early geometry because numeracy and ge-
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ometry have been found to be distinct domains
in preschool (Wolfe, Clements, & Sarama,
2011). Finally, although strong psychometric
properties of this measure have been shown,
ultimately, the success of any assessment tool
rests in its adoption and use by teachers. If
teachers are not willing to use a measure
(whether it is because the measure is complicated to administer or they do not perceive that
it is appropriate for that age group or construct), the practical application of the measure in schools will be limited. Further research is needed to assess (and potentially
enhance) the social validity of this measure, as
well as to determine the extent of training
needed for teachers to administer the measure.
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