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ABSTRACT

Background Mathematical learning difficulty (MLD)
during school years results from several factors, includ-
ing dyscalculia. Traditional diagnostic tests for dyscal-
culia are time intensive and require skilled specialists.
This prospective cohort study aimed to reveal that the
less time intensive Fundamental Calculative Ability
Test (FCAT), administered in first grade, can predict the
outcome of mathematical school achievement, which
was measured with the curriculum-based mathematical
test for second grade (1.2 years after FCAT).

Methods A total of 362 Japanese first- and second-
grade children participated. A new quick test measuring
fundamental calculative abilities, the FCAT, ordinal,
radix, addition, and subtraction, was conducted for the
first graders (mean age: 7.1 years). Mathematical school
achievement was measured during the tests [mathematics
curriculum-based test in Tottori Prefecture (MCBT)]
for first (MCBT-1, mean age: 7.3 years) and second
graders (MCBT-2, mean age: 8.3 years). We analyzed
the associations between FCAT and MCBT-1 and 2 us-
ing univariate regression analysis, and cutoff values for
mathematical learning difficulty (MLD) at MCBT-2 us-
ing the rating operation curve and Youden index. MLD
was set as a score of lower than 20% on the MCBT.
Results The FCAT score was significantly associated
with the MCBT-1 (regression coefficient: 0.67, P < 0.001)
and MCBT-2 scores (regression coefficient: 0.50, P <
0.001). A cutoff value of 47 points (deviation score: 47)
at the FCAT score predicted MLD at MCBT-2 (sensitiv-
ity: 0.77, specificity: 0.73). For 62 participants with
MLD at MCBT-1 score, FCAT scores below the cutoff
value of 40 points (deviation score: 35) were at high risk
of MLD at MCBT-2 (odds ratio: 6.2).

Conclusion The FCAT is easily conducted in a short
time during regular schools and can predict mathemati-
cal school achievement. It can be used for the early
diagnosis of children with mathematical problems.

Key words carly diagnosis; education; dyscalculia;
learning disabilities, mathematics; quick test
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Mathematical learning difficulty (MLD) during school
years results from several factors, including global intel-
lectual disability (ID), dyscalculia, educational environ-
ment, and family. Fundamental mathematical abilities
include all arithmetic facts of addition, subtraction,
multiplication, and division of numbers, accuracy and
fluency of calculations, and mathematical reasoning,
which are the subitems of disabilities in dyscalculia.!
These measurements along with accuracy, fluency,
and mathematical reasoning can be used to evaluate
children’s fundamental mathematical ability, and may
be applicable for early detection and intervention of
MLD.? 3 On the other hand, in the Japanese educational
system, it is difficult to identify children with MLD
until the mathematical curriculum progresses to around
the third grade, while there is an attempt to identify
children with global ID before entrance into elementary
school; most of these latter children receive special
educational curriculums from first grade.

Dyscalculia is a learning disorder defined as spe-
cific developmental impairments in the acquisition of
arithmetic skills such as calculation ability.* Several di-
agnostic tools for testing the fundamental mathematical
abilities in dyscalculia have been developed.> Based
on the concept that it results from a defect in numerical
concepts, Butterworth et al. developed a diagnostic test
comprising addition and subtraction, numerical Stroop
task, dot enumeration, and reaction time.> Von Aster
developed the ZAREKI-R test, which measures the con-
cept of numbers, reciting numbers, reading and writing
numbers, easy mental arithmetic, comparison of number
largeness, and word problems.® Inagaki et al. developed
a tool that measures arithmetic, mathematical reason-
ing, and other problems. This is used in the diagnostic
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415 participants

23 without consentw

392 participants

FCAT (mean: 7.1y)

MCBT-1 (mean: 7.3 y) 30 without J
MCBT-2 (mean: 8.3 y) ] MCBTs data

362 data sets were
finally enrolled
into the analysis

Fig. 1. Entry and test flow of the participants. FCAT, fundamen-
tal calculative ability test (performed at Ist grade); MCBT-1/2,
math curriculum-based test Tottori prefecture at 1st/2nd grades. y,
years of age.

guidelines for dyscalculia in Japan.® Diagnostic tests for
dyscalculia have been applied to predict mathematical
school achievement.!% ! However, they require long test
times and skilled specialists for diagnosis.

Fundamental Calculative Ability Test (FCAT) is
a simplified test which evaluates the three elements of
basic arithmetic competence of ordinality, cardinality,
and computational mechanism of numerical facts, with
a time limit to measure computational automaticity,
though it is not the complete diagnostic tool for dyscal-
culia.'? This test can be performed within 10 min by
school teachers who receive short video guidance. We
previously conducted a pilot study of the FCAT for first
graders.!? The total score showed an association with
the outcomes of mathematical school achievement after
1.2 years.

If early prediction of MLD is possible, the children
with high risk of MLD can receive appropriate evalu-
ation and intervention concerning the causes of MLD,
including dyscalculia and other problems. If FCAT
has the potential to predict MLD, this tool may be
applicable for children who need early intervention. In
this prospective cohort study, we demonstrated that the
FCAT can predict the outcomes of mathematical school
achievement in a large population, and confirmed the
potential to predict MLD at an early age.

MATERIALS AND METHODS

Participants

We initially explained this research to the guardians of
415 Japanese child participants attending regular classes
in three elementary schools. The duration of participa-
tion in each school was: December 2016 to February
2018, December 2017 to February 2019, and December
2018 to February 2020. In total, 392 guardians agreed
to participate and provided written informed consent.
After we conducted FCAT on all participants, 30 did not
receive the mathematical school achievement tests that
are officially provided by the education board in the pre-
fecture, that is, the mathematics curriculum-based test
in Tottori (MCBT) for first- or second-graders (MCBT-1
and 2), because of their absence during testing or leav-
ing school during the study duration. Ultimately then,
only the datasets from 362 participants were used (Fig.

).

Timings of FCAT and MCBTs

In Japan, school begins in April and ends in March
the following year. FCAT was conducted in October
or December for first-graders. The participants’ mean
age at the time of the test was 7.1 years. MCBTs were
conducted in January or February for first- and second-
graders. The mean ages were 7.3 and 8.3 years for
MCBT-1 and MCBT-2, respectively (Fig. 1).

Measurement items in FCAT and MCBTs

FCAT

FCAT is a short test comprised of four categories:
ordinal numbers, radix, and numerical facts for addition
and subtraction. These test concepts were based on the
dyscalculia model by McCosky.!*> The test times were
set to 1 or 2 min in each category, and the time limita-
tion concomitantly evaluated fluency. The samples of
the test items at FCAT are described in Fig. 2, and the
test contents are as follows (total: 80 points).

1) Ordinal: The participant wrote a number in the
blank space provided in the numerical sequence.
The sequences were increased or decreased by one,
two, or five. In total, 20 questions were answered
within 1 min. One question received one point
(total: 20 points).

2) Radix: A line segment is described as the length
of a small natural number; that is one, two, or
three. The participant selects a line segment that is
longer or shorter, corresponding to a certain small
natural number from multiple choices. In total, five
questions were answered within 2 minutes. One
question was scored four points (total: 20 points).

3) Numerical fact (addition): The participant solves
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Number of
Category Example of the question Test time per a category (min) questions
(score)
Write the numbers in the blanks
Ordinal 5_.,7,8,__
2 7. 0 1 20 (20)
This is the length of “1”
1 —
Radix Check the length of “3”
0 2 5 (20)
()
()
Numerical facts 2 : 3 f—
ition — 1 20 (20
(addition) hoe (20)
. 3-1=
Numerical facts 8_7=
(subtraction) i 1 20 (20)

Fig. 2. Category, examples of questions, test time and numbers of questions in Fundamental Calculative Ability Test (FCAT).

the addition of two single-digit natural numbers
without carrying them over. In total, 20 ques-
tions were answered within 1 min. One question
received one point (total: 20 points).

4) Numerical fact (subtraction): The participant
solved the subtraction of two single-digit natural
numbers. All answers should be natural numbers.
In total, 20 questions were answered within 1 min.
One question received 1 point (total: 20 points).
The tests were conducted by the schoolteachers

after receiving a lecture on video guidance from the
schools. The video guidance included all orders during
the test, pre-test training, and guidelines.

MCBT-1 and MCBT-2

MCBTs measure mathematical skills achievement in
elementary schools from grades one to six, officially
provided by the board education of Tottori Prefecture,
and are compliant with the guidelines of mathematical
tests by the Ministry of Education, Culture, Sports,
Science, and Technology. MCBTs comprehensively
evaluate mathematical skills achievement regarding
largeness and smallness of numbers, calculation,
amount and measurement of length, dimension and
volume, and mathematization from word problems and
diagrams. MCBTs were produced for each grade from

one to six. We used the results for first- (MCBT-1) and
second-graders (MCBT-2) in this study. These tests
were conducted at each school attended by participants.

In the pilot study, we referred to previous studies
which set MLD as the bottom 20-25% of scores in the
curriculum based-mathematical tests'® and as the bot-
tom 20% in MCBT-1 and 2.'? Since the FCAT scores
showed precise sensitivity and specificity for predicting
MLD, we also set MLD as the bottom 20% again.
Participants with exact scores of 20% were excluded
from MLD.

Data analyses

We analyzed the associations between FCAT scores and
MCBT-1 and 2, using univariate regression analyses,
and calculated the correlation coefficient. Then, the
cutoff values of the FCAT score for predicting MLD
at MCBT-1 and 2 were calculated using the receiver
operating characteristic (ROC) curve and the Youden
index. We calculated the area under the curve (AUC),
sensitivity, specificity, and odds ratio (OR).

This study aimed to identify participants at high
risk of MLD at MCBT-2 in those with low MCBT-1
scores. Therefore, regarding the MLD participants at
MCBT-1, we analyzed the cut-off value of the FCAT
score for the MLD at MCBT-2. For the analyses, we
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Table 1. Results of FCAT and MCBTs (n = 362)

Minimum Maximum Mean géi?;?;i Variance

FCAT

Total score 4 76 44.0 13.6 184.9

Ordinal 0 20 72 39 154

Radix 0 20 8.0 6.5 42.1

Addition 0 20 14.2 5.6 31.2

Subtraction 0 20 12.8 5.6 31.2
MCBT#

MCBT-1 22.5 100 85.1 13.1 170.9

MCBT-2 75 100 81.1 153 235.6

FCAT, fundamental calculative ability test; TMCBT-1/2, math curriculum-based test

Tottori prefecture at 1st/2nd grades.

used the Youden index and ROC curve.
For the analyses, we used IBM SPSS statistical
software, version 23.

Ethics

This study was approved by the local ethics commit-
tee of Tottori University Hospital (approval number:
18B016). Informed consent was obtained from all the
guardians.

RESULTS

FCAT and MCBT scores

We describe each score of FCAT (total, ordinal radix,
addition, and subtraction) and the scores of MCBT-1
and 2 in Table 1. Twenty-seven children with MLD at
MCBT-1 achieved non-MLD scores at MCBT-2, and
29 children with non-MLD at MCBT-1 entered MLD at
MCBT-2.

Associations between FCAT scores and MCBT
scores for 1st and 2nd grade

We describe the associations between the FCAT score
and MCBT-1 and 2 scores in Table 2. The FCAT score
was significantly associated with MCBT-1 (regression
coefficient: 0.67, P-value < 0.001) and MCBT-2 scores
(regression coefficient: 0.50, P-value < 0.001).

We analyzed the cutoff values of the FCAT score
for predicting MLD at MCBT-1 and 2. Regarding
MCBT-1, 47 points [deviation score (DS): 47.4] was the
cutoff with a sensitivity of 0.84 and specificity of 0.73.
Regarding MCBT-2, it was also 47 points. The sensitiv-
ity was 0.77 and specificity was 0.73. The risks of MLD
at MCBT-1 and 2 with scores under the cutoff at FCAT
were 14.1 and 9.1%, respectively (Table 3).

Table 2. Associations between FCAT and MCBT-1/2

Regression Correlation Povalue
coefficients coefficients
MCBT-1 0.67 0.53 <0.001
MCBT-2 0.50 0.49 <0.001

FCAT, fundamental calculative ability test; MCBT-1/2, math
curriculum-based test Tottori prefecture at Ist/2nd grades; We
used univariate regression analyses.

The risk for MLD at MCBT-2 in participants of MLD
at MCBT-1

A total of 62 participants with scores lower than the
bottom 20% on the MCBT-1 were classified as having
MLD. According to the ROC curve and Youden index
analyses, those with FCAT scores below the cutoff
value of 40 points (DS: 35) were at high risk of MLD
at MCBT-2 (positive predictive value: 0.70, negative
predictive values: 0.72, sensitivity: 0.86, specificity: 0.5,
odds ratio: 6.2), compared to those with FCAT scores
over 40 points (Fig. 3).

DISCUSSION
We performed a large-scale prospective cohort study on
the association between mathematical school achieve-
ments and fundamental calculative abilities. The FCAT
associated with the MCBT-2 scores was predictable for
the MLD at MCBT-2 (1.2 years later from FCAT). It
was easily conducted in school by the school teachers
after the short-time video guidance and completed
within 10 minutes. Thus, FCAT may be widely and
regularly applied in mathematical education.

We produced the FCAT, which measures the
fundamental calculative abilities of first-graders. The
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Table 3. AUC and accuracies of FCAT total scores for MLD' at MCBT-1/2

Cutoff of FCAT

AUC§ total score (DS)] Sensitivity Specificity Odds ratio
MCBT-17 0.84 47 (474) 0.84 0.73 14.1
MCBT-2} 0.79 47 (474) 0.77 0.73 9.1

FCAT, fundamental calculative ability test; TMLD, mathematical learning difficulty; {MCBT-1/2, math curriculum-based
test Tottori prefecture at 1st/2nd grades; AUC, area under the curve; ||DS, deviation score.

62 participants
with < 20% at MCBT-1

FCAT score < 40*
: 44 participants

FCAT score 2 40*
: 18 participants

MCBT-2 < 20%: 31
MCBT-2 > 20%: 13

MCBT-2 = 20%: 5
MCBT-2 > 20%: 13

*FCAT score: 40 = Deviation score: 35
AUC = 0.72; Odds ratio = 6.2
Positive/negative predictive values = 0.70/0.72
Sensitivity/specificity = 0.86/0.50

Fig. 3. The risks of mathematical learning difficulty with math-
ematical school achievement tests for the 1st grade by the results
of FCAT. FCAT, fundamental calculative ability test; MCBT-
1/2, math curriculum-based test Tottori prefecture for the 1st/2nd
grades. We used the rate operating curve and Youden index for
statistical analyses.

measured items of ordinal, radix, and numerical facts
were considered the core abilities of mathematics in
the theory of dyscalculia by McCloskey.!* 1> Fluency
in mathematical processing was also associated with
MLD in a previous cross-sectional study.'® These are
core abilities for solving mathematical problems and are
commonly disrupted in children with dyscalculia and
global ID. Children with MLD should have disturbance-
mastering mathematical skills in school to address
problems with fundamental calculative abilities.!”
Previous studies have shown that fundamental
calculative abilities, measured in the diagnostic steps of
children with dyscalculia, can predict MLD. LeFevre
et al. reported the associations between the results of
a numeracy skill test conducted at 4.5 to 7.5 years of
age, and mathematical outcomes after two years.!”
Krajewski et al. revealed that phonological awareness,
working memory, and quantity-number competencies at
five years can predict mathematical school achievements
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in third-grade (mean age 8.7 years).!! However, these
studies examined many items in the tests, requiring a
long time and evaluations by skilled specialists about
dyscalculia.

FCAT can be quickly conducted for first-graders
by school teachers through easy steps. The FCAT score
showed significant associations with the MCBT-2 scores
and could be predicted for MLD with good accuracies
for sensitivity of 0.77, specificity of 0.73, and high odds
ratio of 9.1. It can be widely applied in school education
and does not disturb regular school programs. It is
necessary to intervene in dyscalculia or MLD in early
school-age children to establish a methodology for early
diagnoses of fundamental calculative abilities.? 3 17
Children who were diagnosed with ID or reading/writ-
ing disablities received education in special education
classes and were excluded from the study. Participants
with MLD at MCBTs should include children with
dyscalculia. FCAT may contribute to the establishment
of early interventions for children with dyscalculia.
The low-scoring children at MCBT-1 with low FCAT
scores showed a higher risk of MLD at MCBT-1 than
those with non-low FCAT scores. Dyscalculia cannot be
evaluated using only the mathematical school achieve-
ment test.'® 1 The combination of FCAT and school
tests might detect children with dyscalculia with high
accuracy and contribute to improving their mathemati-
cal skills through special intervention.

This study had some limitations. The participants
were from a localized area in Japan. All were Japanese.
The language and educational system of Japan may
have affected the results. Although MCBTs included
tests on geometry, FCAT did not. The duration from
FCAT to MCBT-2 was 1.2 years, which was not suffi-
cient. Additional investigations will be necessary in the
future. The children were not examined for their intel-
lectual quotient, and we could not accurately distinguish
dyscalculia from global ID. We did not evaluate the
educational background, familial problems, other de-
velopmental disorders and interventions between FCAT
and each MCBT test in this study. Those data would
give us more meaningful interpretations about MLD,
dyscalculia, and other conditions affecting mathematical
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achievements in children.

In conclusion, this was a prospective cohort study
aiming to reveal the potential of the newly produced
fundamental calculative ability test (FCAT) which can
predict mathematical school achievement. FCAT is
easily conducted quickly during regular school time and
could be used for the early diagnosis of children with
mathematical problems.
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