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A B S T R A C T

Nonsymbolic numerical comparison task performance (whereby a participant judges which of two groups of
objects is numerically larger) is thought to index the efficiency of neural systems supporting numerical magnitude
perception, and performance on such tasks has been related to individual differences in math competency.
However, a growing body of research suggests task performance is heavily influenced by visual parameters of the
stimuli (e.g. surface area and dot size of object sets) such that the correlation with math is driven by performance
on trials in which number is incongruent with visual cues. Almost nothing is currently known about whether the
neural correlates of nonsymbolic magnitude comparison are also affected by visual congruency. To investigate
this issue, we used functional magnetic resonance imaging (fMRI) to analyze neural activity during a nonsymbolic
comparison task as a function of visual congruency in a sample of typically developing high school students
(n ¼ 36). Further, we investigated the relation to math competency as measured by the preliminary scholastic
aptitude test (PSAT) in 10th grade. Our results indicate that neural activity was modulated by the ratio of the dot
sets being compared in brain regions previously shown to exhibit an effect of ratio (i.e. left anterior cingulate, left
precentral gyrus, left intraparietal sulcus, and right superior parietal lobe) when calculated from the average of
congruent and incongruent trials, as it is in most studies, and that the effect of ratio within those regions did not
differ as a function of congruency condition. However, there were significant differences in other regions in
overall task-related activation, as opposed to the neural ratio effect, when congruent and incongruent conditions
were contrasted at the whole-brain level. Math competency negatively correlated with ratio-dependent neural
response in the left insula across congruency conditions and showed distinct correlations when split across
conditions. There was a positive correlation between math competency in the right supramarginal gyrus during
congruent trials and a negative correlation in the left angular gyrus during incongruent trials. Together, these
findings support the idea that performance on the nonsymbolic comparison task relates to math competency and
ratio-dependent neural activity does not differ by congruency condition. With regards to math competency,
congruent and incongruent trials showed distinct relations between math competency and individual differences
in ratio-dependent neural activity.
1. Introduction

Several large-scale, longitudinal studies indicate that math skills at
school entry are a strong predictor of later academic achievement
(Duncan et al., 2007; Geary et al., 2013) and socioeconomic status
(Ritchie and Bates, 2013). Measured later in life, they are linked to
employment status (Goodman et al., 2015) and even physical and mental
health (Parsons and Bynner, 2005). In an effort to understand individual
e).
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differences in math ability, much research has focused on the perception
of numerical magnitudes. As a result, it has been well established that
individual differences in the processing of numerical magnitude correlate
with and predict later math achievement (Chen and Li, 2014; Schneider
et al., 2016). And yet, the neural mechanisms underlying the link be-
tween processing of numerical magnitude and more advanced mathe-
matical thought remain poorly understood.

Our understanding of this link relies on a relatively small set of
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experimental paradigms, most notably an array of nonsymbolic number
comparison tasks, whereby a participant judges which of two groups of
objects, such as dots or squares, is more numerous. Performance on this
task is often assumed to reflect the precision of a mental representation of
numerical magnitude (Halberda et al., 2008). Already, diagnostic tools
for math learning disability (Butterworth and Laurillard, 2010; Nos-
worthy et al., 2013) and early learning interventions (Sz}ucs and Myers,
2016) are being developed which target measurement of and training of
the nonsymbolic number system. However, in light of recent findings,
these efforts may be premature. At least three behavioral studies have
reported that unintended consequences of controlling the visual param-
eters of stimuli in the nonsymbolic comparison task have a significant
influence on the relationship between task performance and math
achievement (Bugden and Ansari, 2015; Fuhs andMcNeil, 2013; Gilmore
et al., 2013), thus complicating the link between magnitude perception
and math. In other words, it is currently unclear whether the mechanism
linking nonsymbolic comparison performance and math is in fact the
precision of magnitude representation, or rather alternative cognitive
mechanisms related to the processing of visual stimulus parameters. In
order to understand the link between this potential confound in the
nonsymbolic comparison task, the basic systems that encode numerical
magnitude in the brain, and their link to math achievement, a detailed
understanding of the neural mechanisms underlying the influence of
visual cues on the perception of numerical magnitudes is essential. With
this understanding, diagnostic tools and interventions may target specific
neurocognitive mechanisms underlying math skills. Without it, they are
at risk of targeting behaviors that merely correlate with math achieve-
ment but are not fundamental to its development.

1.1. Numerical magnitude processing efficiency & math competency

Most models of numerical magnitude perception begin with object
identification that then feeds into a summation code, which abstracts
number of objects over object position (see Nieder, 2016; for a review).
The summation code then feeds into a number-selective code where
populations of neurons in the superior parietal lobe have Gaussian
response functions with peaks tuned to specific magnitudes (Nieder and
Dehaene, 2009; Verguts and Fias, 2004). This number-selective code
forms the basis of the “Approximate Number System” (ANS, Dehaene,
1997). Accordingly, numbers that are closer together in magnitude have
more overlapping neural representation compared to numbers that are
further apart, which are thought to be more distinct in neural represen-
tation. As a result, people are slower and less accurate when discrimi-
nating between numbers that are closer together in numerical magnitude
versus those that are further apart. This ‘ratio effect’ can be modeled as a
function of the numerical ratio between number pairs (Piazza et al.,
2004). Therefore, in principle, to measure individual differences in this
system's acuity, one need only measure the degree of overlap in the
distribution of neighboring magnitude response functions. The
nonsymbolic number comparison task attempts to do this by measuring
accuracy rates and response times as participants judge which of two
groups of objects is more numerous. In general, a smaller effect of ratio
on accuracy and reaction time, or even simply higher accuracy rates and
lower response times, are thought to indicate increased precision of the
ANS (De Smedt and Gilmore, 2011).

Beginning with a retrospective study by Halberda, Mazzocco, & Fei-
genson (Halberda et al., 2008) that linked performance on the nonsym-
bolic number comparison task in 9th grade to math achievement in
Kindergarten through 6th grade, a number of studies have supported the
claim that ANS acuity is related to math abilities ranging from counting
to arithmetic to algebra (Chen and Li, 2014; Schneider et al., 2017) and
that reduced ANS acuity may represent a core deficit in the math learning
disability developmental dyscalculia (Mazzocco et al., 2011; Piazza et al.,
2010). Several neuroimaging studies also provide evidence for this link.
For example, compared to typically developing children, children with
dyscalculia show less modulation due to numerical magnitude in the
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right intraparietal sulcus (IPS) (Price et al., 2007), a region that has
consistently been linked to numerical magnitude encoding (Sokolowski
et al., 2016). Atypical activation patterns in other brain regions during
this task have also been associated with dyscalculia including
parieto-occipital regions (Dinkel et al., 2013), supplementary motor area
and fusiform gyrus (Kucian et al., 2011), and inferior parietal regions
(Kaufmann et al., 2009). Further, neural correlates of the ratio effect
during nonsymbolic numerical comparison have also been linked to in-
dividual differences in math achievement in a typically developing
population (Gullick et al., 2011), though in the study by Gullick and
colleagues, the neural ratio effect is negatively correlated with math.

1.2. Confounding factors from visual controls

Although the research discussed above points to a link between ANS
acuity, as indexed by nonsymbolic number comparison performance, and
math ability, recent research suggests that the relationship may be
related to processes other than ANS acuity alone. To ensure that partic-
ipants respond to number comparison trials on the basis of numerosity
rather than other visual cues that often covary with numerosity, such as
surface area or density, researchers regularly control for these visual
cues. The most common method of control is to create stimuli in which
the surface area of the dots is either congruent with the correct choice
(i.e. the dot set with the larger surface area is the dot set with the larger
numerosity) or incongruent (i.e. both dot sets have the same surface area
and the more numerous dot set has smaller dots) (Dehaene et al., 2005).
Behavioral studies show that when selecting the larger of two sets, per-
formance is significantly influenced by non-numeric visual properties of
the stimulus such that individuals are slower to respond and less accurate
in the face of incongruent visual information (Gebuis and Reynvoet,
2012; Sz}ucs et al., 2013). One theory posits that these non-numeric visual
cues require participants to inhibit their visually-based response before
making a quantity-based judgment (Clayton and Gilmore, 2014). Both
Gilmore et al. (2013) and Fuhs and McNeil (2013) found that only per-
formance on incongruent trials of the nonsymbolic number comparison
task was related to symbolic math achievement, in primary school and
preschoolers respectively. In both studies, this correlation was no longer
significant after controlling for inhibitory control measured during tasks
not related to numerical magnitudes. In a study of individuals with
dyscalculia, Bugden and Ansari (2015) showed that differences in ANS
acuity between dyscalculic and typically developing children were only
found when analyzing incongruent trials of the nonsymbolic number
comparison task. Though inhibitory control was not measured, Bugden&
Ansari's results showed a close relationship between visuo-spatial
working memory and performance on incongruent trials only in in-
dividuals with dyscalculia, indicating that working memory function
during incongruent trials may be important for the relationship between
nonsymbolic comparison and math. The results of these three studies
indicate that the link between performance on nonsymbolic comparison
tasks and math achievement may be explained by cognitive processes
used to extract numerical magnitude from stimuli in the face of con-
flicting visual information rather than simply the representational acuity
of the ANS.

Recent neuroimaging evidence of the nonsymbolic comparison task
indicates that recruitment of neural resources also differs as a function of
congruency condition. In a study of typically developing adults, Leibo-
vich et al. (2015) showed that incongruent trials are associated with
greater activity in the superior frontal gyrus and left inferior/middle
frontal gyri, but less activity in the right middle temporal and posterior
cingulate gyri, than congruent trials. However, Leibovich et al. (2015)
examined activation during numerical versus non-numerical processing
as a function of congruency, as opposed to examining the effect of con-
gruency on ratio-dependent task activity. In order to investigate how
differences in congruency specifically relate to processing of numerical
information, the effect of congruency on magnitude-specific activation
must be evaluated. Just as a behavioral ratio effect has become a
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hallmark measure of ANS acuity, ratio-dependent activation in the su-
perior parietal lobe has become a neural proxy (i.e. the neural ratio ef-
fect) (Bugden et al., 2012). However, no study to date has investigated if
the neural ratio effect during nonsymbolic numerical magnitude pro-
cessing is affected by the congruency of visual cues, and consequently,
whether these potential differences in neural activity relate to math
achievement. Understanding how differences in congruency require the
recruitment of unique neural resources or how they differentially recruit
known magnitude processing mechanisms may shed light on why nu-
merical magnitude encoding appears to be related to math competency
only in the face of conflicting visual cues, as well as elucidating the
precise role of parietal mechanisms in nonsymbolic numerical magnitude
processing.

1.3. The current study

To investigate this issue, we conducted a series of whole-brain ana-
lyses using functional magnetic resonance imaging (fMRI) data from a
nonsymbolic comparison paradigm run on a typically developing sample
(n ¼ 38) of twelfth grade students. First, in order to build on previous
research, we investigated the degree to which neural activity is modu-
lated by the ratio of nonsymbolic comparison trials. Second, we inves-
tigated differences in neural activity during the task according to visual
control condition (i.e. congruent vs. incongruent). Lastly, we correlated
the neural ratio effect across the whole brain with math achievement, as
measured by the math section of the preliminary scholastic aptitude test
(PSAT) and assessed whether correlations between the neural ratio effect
and math achievement differed as a function of congruency. In regards to
our first analysis, we expected to see increased task-related activity in the
intraparietal sulcus and superior parietal regions and the inferior frontal
gyrus, likely as a result of greater engagement of numerical magnitude
processing, and also increased activity in the anterior cingulate, motor,
and motor planning areas as a result of increased task difficulty with
more difficult ratios. For our second series of analyses, we hypothesized
that there would be greater overall activation and a stronger neural ratio
effect during incongruent as compared to congruent trials in the inferior
frontal gyrus and superior parietal lobule. For our last set of analyses,
which correlated the neural ratio effect with math achievement, we hy-
pothesized that individual differences in the neural ratio effect would
correlate with math achievement in the superior parietal lobule and
inferior frontal gyrus, but also in regions known to be important for
higher-level mathematical processing such as the angular gyrus and the
supramarginal gyrus for arithmetic (Grabner et al., 2013; Price et al.,
2013; Rivera et al., 2005; Zamarian et al., 2009). Further, because recent
studies have indicated that the correlation between behavioral perfor-
mance in the nonsymbolic comparison and math achievement is driven
by incongruent trials (Bugden and Ansari, 2015; Fuhs and McNeil, 2013;
Gilmore et al., 2013), we hypothesized that the same may be true of the
neural ratio effect and math achievement.

2. Materials and methods

2.1. Participants

Participants were 12th grade students who had participated in a large
scale longitudinal study (Mazzocco and Myers, 2003). A total of 43
participants took part in the fMRI experiment. Three participants were
excluded due to excessive head motion (>3 mm total displacement per
run), one student was removed due to low performance in the scanner
(56% accuracy rate, not different from chance), and one participant's
data was lost due to an error in data storage. Two additional students
with PSAT math scores more than 1.5 standard deviation below the na-
tional mean (<7th percentile) were removed from the sample. This
criteria has previously been used to classify individuals as having math
learning disability and has been linked to atypical neurobiological
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development of number processing mechanisms (Kovas et al., 2009; Price
et al., 2007). The final imaging sample thus included 36 individuals (14
females; mean age¼ 17.99 years, range¼ 17.36–18.79 years). FMRI task
analyses include the entire 36-participant sample. For two individuals,
Grade 10 PSAT tests scores were not available and standard scores were
prorated from 9th grade (n ¼ 1) and 11th grade (n ¼ 1) based on
percentile rank. For three additional individuals, PSAT scores were not
available at any time and thus were excluded from the PSAT analysis.
They were not excluded from the first portion of our analyses because
earlier standardized math measures indicated they were in the typically
developing range. Thus, the remaining sample for the PSAT analysis
(n ¼ 33) represents a wide range of typically developing individuals
(PSAT math mean percentile rank ¼ 72nd, range ¼ 22–99; PSAT reading
mean percentile rank ¼ 62nd, range ¼ 12–99). Little's multivariate test
for data missing completely at random (MCAR) indicated that there were
not systematic differences according to gender or performance on the
nonsymbolic comparison task (RT & accuracy) in groups with or without
PSAT scores (Little's MCAR test, chi-square ¼ 2.08, p ¼ 0.556).

2.2. Tasks

Multiple tasks were performed during one scanning session including
arithmetic verification, digit-matching, and non-symbolic number com-
parison (results from the arithmetic verification and digit matching
paradigms are reported in Price et al., 2013). Only the results of the
nonsymbolic number comparison task are analyzed and reported in
this study.

2.2.1. Nonsymbolic number comparison
The non-symbolic comparison paradigm used in the present study

was based on that reported by Halberda et al. (2008). Participants were
presented with a single array of blue and yellow dots in intermixed lo-
cations (Fig. 1) and required to select, via button press, whether there
were more blue or more yellow dots in the array. Trials varied according
to the ratio between the dot sets (ratio calculated as the larger number
divided by the smaller number, so that in a trial with 17 yellow dots and
13 blue dots, the ratio was 1.308). A total of 160 trials was presented
across two runs, with the number of dots per color ranging from 5 to 21,
and ratios ranging from 1.182 to 4.2. For behavioral and fMRI analyses,
trials were categorized by ratio into 4 ratio bins (mean ratios ¼ 1.21,
1.32, 1.99, 3.21) to ensure each ratio was represented by the same
number of trials. Ranges for each bin were 1.18–1.25, 1.3–1.322,
1.67–2.38, and 2.6–4.2 respectively. Each bin had 40 trials and the mean
ratio of each bin was used for analyses. In half the trials, the yellow dots
were more numerous, and in the other half the blue dots were more
numerous. Trial presentation order was randomized with respect to ratio,
but fixed across participants. Stimuli were presented for 500 ms, with
average inter-stimulus interval (ISI) of 6s. ISIs were varied between trials
to improve deconvolution of the hemodynamic response function (HRF).
Thus, an ISI could be 4, 5, 6, 7 or 8s with a mean ISI across the run of 6s.
ISI length and ratio were balanced such that no ISI length was more
frequently associated with a given trial type. Following the method
described by Halberda et al. (2008) to limit the influence of
non-numerical continuous visual parameters, the following controls were
utilized. For each ratio, half the trials were dot-size controlled, meaning
that the size of the average blue dot was equal to the size of the average
yellow dot. On these trials, the set with more dots necessarily also had a
larger total area on the screen, thus surface area was visually congruent
with the more numerous dot set (Fig. 1A). The other half of the trials
were area controlled, meaning that the total number of pixels for blue
and yellow dots was equal, resulting in an equivalent total surface area
for both sets of dots, and thus the surface area was not visually congruent
with the more numerous dot set and the more numerous dot set had a
smaller average dot size. These trials are referred to as incon-
gruent (Fig. 1B).



Fig. 1. Nonsymbolic numerical magnitude comparison stimuli and paradigm timing. (A) Incongruent trial example of ratio 3.6 (larger number dot set/smaller number dot set, 18/5 ¼ 3.6).
(B) Congruent trial example, also of ratio 3.6.
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2.2.2. Preliminary scholastic aptitude test (PSAT)
As our measure of mathematical competence, we used standard

scores from the PSAT math subtest sat during grade 10. The PSAT math
subtest is part of a nationally administered test taken by over 3.5 million
high school students in the USA each year as reported by “College Board”
(“College Board,” 2017). It is designed to reliably predict college
entrance exam scores and serves as the qualifying test for the U.S.
Merit-Based Scholarship Program, and it is thus also known at the Na-
tional Merit Scholarship Qualifying Test (PSAT/NMSQT). Therefore,
performance on the PSAT is highly relevant to higher education success
among students in the U.S. Most individuals who take the PSAT are 10th
graders, and in most states (including Maryland, where most of the
participants resided) 10th graders are enrolled in a mathematics course.
Beginning in 11th grade, some students choose not to pursue elective
coursework (Updegraff, Eccles, Barber, & O'brien, 1996). Thus, 10th
grade PSAT math subtest was chosen as a measure of broad achievement
outcomes at the latest school grade during which all participants were
receiving ongoing math instruction.

The PSAT math subtest contains 38 items, including word problems,
geometry, algebraic equations, and complex arithmetic (no single-digit
simple calculations), and it therefore represents a broad test of mathe-
matical competence of significant importance to an individual's academic
success. As a control measure for broad academic achievement, we used
standard scores from the Grade 10 PSAT critical reading subtest. The
PSAT reading subtest includes reading comprehension, questions about
full-length and paragraph-length passages, such as speculating on the
origin of the passage, as well as questions requiring students to fill in
missing words from a range of sentences. Standard scores were used for
all analyses, but percentile ranks are reported to characterize the sample
since they are more readily interpretable. PSAT math and reading scores
were correlated at r (31) ¼ 0.54 (p ¼ 0.001, n ¼ 33).
2.3. MRI acquisition parameters

All MR imaging was acquired with a 3T Phillips MRI scanner using an
8-channel head coil with parallel imaging capability. Usingmulti-slice 2D
SENSE T2* gradient-echo, echo planar imaging (EPI) pulse sequence,
functional images were obtained in the axial plane. Higher order shim-
ming was applied to the static magnetic field (B0). The EPI parameters
were as follows: echo time, 30 ms; TR, 2000 ms; flip angle, 75�; acqui-
sition matrix, 80 X 80 voxels; field of view, 240 mm; SENSE factor of 2.
This protocol acquired 34 axial brain slices per TR (3 mm thickness with
1 mm slice gap, achieving a resolution of 3 mm isotropic) and a time
course of 176 temporal whole brain image volumes after discarding the
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first five volumes to ensure steady state. Anatomical scan parameters
were performed using an 8-channel head coil, 240 mm field of view, and
a 1 mm isotropic MP-RAGE (magnetization-prepared rapid acquisition
with gradient echo), which takes 6 min with SENSE factor 2.
2.4. fMRI analyses

Images were analyzed using Brainvoyager QX 2.8 (Goebel et al.,
2006). Functional images were corrected for differences in slice time
acquisition, head motion, and linear trends, spatially smoothed with a
6 mm FWHM Gaussian kernel, and aligned to T1 structural images,
manually fine-tuned and then transformed into Talairach space (Talair-
ach and Tournoux, 1988). Functional data were analyzed using a random
effects general linear model covering the whole brain and corrected for
serial correlations using the AR(2) model implemented in BrainVoyager.
Analyses were masked based on a group-level anatomical image to
include all cortical grey matter (including the cerebellum), excluding
white matter, ventricles, subcortical, and midbrain structures, as the
theoretical focus of the current analysis was limited to cortical structures
directly related to higher level semantic/representational processing and
to reduce the number voxel-wise comparisons not relevant for the current
level of analysis. Experimental events were convolved with a standard
two-gammaHRF to model the expected BOLD signal (Friston et al., 1998)
corresponding to regressors of interest. All analyses were run as
whole-brain contrasts modeling correct trials from each of the 4 ratio
bins. Baseline was modeled as fixation time between trials. Incorrect
trials were modeled as separate predictors and excluded from further
analyses. Additionally, a parametric regressor was created to model the
relationship between ratio and BOLD response by weighting trials with
the log-transformed ratio values (i.e. the neural ratio effect).
Log-transformed ratio weights were utilized because previous studies of
nonsymbolic number paradigms indicate that both behavioral responses
(i.e. response time and accuracy rates) and fMRI % signal change in
number-sensitive regions of the brain display a relationship to numerical
ratio that is logarithmically compressed (Halberda et al., 2008; Jacob and
Nieder, 2009; Piazza et al., 2004). Non-transformed ratios accounted for
49% of the variance in accuracy rates and 22% of the variance in
response times in the current data. Log-transformed ratios predicted 55%
and 25% respectively. Further, using log-transformed ratio predictors,
residual standard errors of each model decreased from 0.57 to 0.26 for
accuracy rates and from 0.70 to 0.34 for response times, indicating an
overall improvement in the model fits for task behaviors. Parametric
weights were de-meaned in order to orthogonalize regressors in the GLM
and avoid multi-collinearity since main effects and parametric effects are
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inherently related. A negative relationship was modeled between ratio
and BOLD activity because previous research indicates that brain regions
processing numerical information increase in activity with ratios that are
closer together (i.e. more difficult to compare). In this study, ratio is
calculated as ratio ¼ larger number/smaller number. Therefore, the smaller
ratio trials are generally more difficult and are expected to elicit a greater
BOLD response. Modeled linearly, we expected a negative parametric
relationship between ratio and BOLD response in several brain regions
and thus reverse-coded the results such that a ratio effect in the expected
direction (i.e. greater activity with more difficult ratios being compared)
would result in a positive β-weight and thus a positive t-statistic would
indicate a better fit for the expected ratio effect. This reverse-coding
practice was utilized for all results associated with the parametric re-
gressor in the current study. All statistical results were thresholded at
p < 0.005 and corrected for multiple comparisons at p < 0.05 using the
cluster-level correction toolbox in Brainvoyager (Goebel et al., 2006),
which estimates a cluster-level, false-positive rate based on aMonte Carlo
simulation of 1000 trials. Anatomical labels of results were defined by
manually entering MNI converted peak coordinates into Jülich atlas'
probability maps within the Anatomy Toolbox v2.0 in SPM8 (Eickhoff
et al., 2005) and using the Talairach Daemon (Lancaster et al., 1997,
2000), prioritizing the method that allowed for greater specificity of
anatomical label.

2.4.1. Nonsymbolic number comparison and the effect of congruency
To investigate differences in neural activity during nonsymbolic nu-

merical comparison related to visual control conditions (i.e. congruent
vs. incongruent), we first tested for a ratio effect across the whole-brain
by performing a conjunction of random effects analysis of (a) a main
effect of task vs. baseline and (b) a ratio effect (using the parametrically
modeled ratio effect regressor). The conjunction revealed regions in
which task-related activity was above baseline, but also increased pro-
portional to the ratio-related difficulty of the trials (i.e. the ratio effect).
Beta weights, separated by congruency condition, were then extracted
from regions showing significant ratio effects and compared using
within-subject t-tests to assess whether ratio-dependent activity within
these regions differed according to congruency condition. A second,
whole-brain random effects analysis was conducted directly comparing
the parametric ratio effect between congruency conditions to reveal
differential ratio effects that may not have shown a parametric ratio ef-
fect averaged across all task trials, but only within a congruency condi-
tion. Third, we investigated differences in activation according to
congruency condition by contrasting congruent trials and incongruent
trials irrespective of a ratio effect by performing a conjunction of random
effects analysis of (a) a main effect of task vs. baseline and (b) a main
effect of congruency (i.e. congruent > incongruent).

2.4.2. The neural ratio effect and math achievement
To assess the relation between the neural mechanisms underlying

numerical magnitude processing and math achievement, we extracted
mean beta weights of the ratio effect from clusters resulting from the
previous conjunction of (a) a main effect of task vs. baseline and (b) a
ratio effect and correlated participant beta weights with PSAT math
scores. A subsequent correlation between the parametric ratio regressor
and PSAT math scores was run at the whole-brain level to test for cor-
relations that did not satisfy the conditions of the conjunction. It is
possible that, in areas of the brain other than the four clusters resulting
from the conjunction, some individuals demonstrated a parametric
neural ratio effect and others did not, leading to null results for the
conjunction, despite the presence of individual differences in beta
weights potentially relevant for the correlation with math achievement.
This whole-brain correlation was intended to test for individual differ-
ences in areas that were not significant for the conjunction at the group
level. Subsequently, to control for domain-general academic achieve-
ment factors driving the behavioral correlation, the same analyses were
repeated while controlling for reading achievement. To do this, PSAT
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math scores were entered into a linear regression with PSAT reading
scores and the resulting unstandardized residuals were used for further
analysis, thus removing variance associated with reading achievement.
These scores are referred to as residualized PSATmath scoreswhen utilized
in an analysis and PSAT math scores otherwise.

2.4.3. The neural ratio effect and math achievement by congruency
To explore the relationship between the neural ratio effect and math

achievement as a function of congruency condition, we ran whole-brain
correlations between the parametric ratio regressor and math scores
independently for each congruency condition with both PSAT math
scores and residualized PSAT math scores.

3. Results

3.1. Behavioral results

The two behavioral variables of interest from the fMRI task were
response time (ms) for correct responses and percent accuracy across all
trials. To assess the effect of ratio on each of these variables we conducted
two repeated-measures ANOVA with ratio (4 levels) and congruency (2
levels) as factors. To correct for multiple hypothesis testing, the critical p-
values for each set of correlations were adjusted using the Benjamini-
Hochberg's (B-H) False Discovery Rate method with αFDR ¼ 0.05 (Ben-
jamini and Hochberg, 1995), which provides a good balance between
controlling for false positives and power for detecting weaker, but sig-
nificant relationships. Raw p-values are reported, but significance is
interpreted in terms of Benjamini-Hochberg corrected p-values. Results
for accuracy revealed a main effect of ratio [F(3, 105) ¼ 208.73,
p < 0.001, partial-η2 ¼ 0.856], a main effect of congruency [F(1,
35) ¼ 10.33, p ¼ 0.0003, partial-η2 ¼ 0.228], and a ratio � congruency
interaction [F(3, 105) ¼ 5.46, p ¼ 0.002, partial-η2 ¼ 0.135]. Greater
ratios and congruent trials were each associated with more accurate
performance (Fig. 2A). Individuals were more accurate during congruent
trials only during ratio bins 1.32 [t(35) ¼ 3.59, p ¼ 0.001, Cohen's
d ¼ 0.74] and 1.99 [t (35) ¼ 3.60, p ¼ 0.001, Cohen's d ¼ 0.67], but not
during the smallest ratio bin, 1.21 [t(35) ¼ �0.59, p ¼ 0.558, Cohen's
d ¼ �0.13], or largest ratio bin, 3.21 [t(35) ¼ 1.64, p ¼ 0.110, Cohen's
d ¼ 0.21], after adjusting for multiple comparisons. Results for response
time revealed a main effect of ratio [F(3, 105) ¼ 94.45, p < 0.001,
partial-η2 ¼ 0.730], a main effect of congruency [F(1, 35) ¼ 99.61
p < 0.001, partial-η2¼ 0.359], and a ratio� congruency interaction [F(3,
105) ¼ 3.72, p ¼ 0.014, partial-η2 ¼ 0.096]. Response times were faster
for larger ratios than smaller ratios and for congruent vs. incongruent
trials (Fig. 2B). Individuals responded faster during congruent trials only
during larger ratio bins 1.99 [t(35) ¼ 5.08, p < 0.001, Cohen's d ¼ 0.46]
and 3.2 [t (35) ¼ 4.45, p < 0.001, Cohen's d ¼ 0.84], but not during the
smallest ratio bins, 1.21 [t(35) ¼ 0.47, p ¼ 0.558, Cohen's d ¼ 0.05] and
1.32 [t(35) ¼ 1.01, p ¼ 0.320 Cohen's d ¼ 0.09], after adjusting for
multiple comparisons.

To assess the relation between number comparison performance and
math competence, we correlated PSAT math scores and residualized
PSAT math scores with mean accuracy and response time, as well as the
slopes of accuracy and response time by ratio. Mean accuracy rate did not
correlate with PSAT math [r(31) ¼ 0.18, p ¼ 0.524]. When split by
congruency condition, mean accuracy on congruent trials was not
correlated with PSAT math [r(31) ¼ 0.11, p ¼ 0.524] nor was mean
accuracy for incongruent trials [r(31) ¼ 0.18, p ¼ 0.321]. Mean accuracy
rate did not correlate with residualized PSAT math scores [r(31) ¼ 0.07,
p ¼ 0.711], nor did the accuracy rate for congruent [r(31) ¼ �0.06,
p¼ 0.739] or incongruent trials [r(31)¼ 0.16, p¼ 0.374]. Mean response
time did not correlate with PSAT math across all trials [r(31) ¼ �0.35,
p ¼ 0.049], during congruent trials [r(31) ¼ �0.35, p ¼ 0.048], or
incongruent trials [r(31) ¼ �0.34, p ¼ 0.056], after correcting for mul-
tiple comparisons, though the effect size was very similar to previously
reported effect sizes from meta-analyses (Chen and Li, 2014; Schneider



Fig. 2. Nonsymbolic comparison behavioral data from fMRI task showing (A) accuracy rate (total % correct) split by congruency condition (B) and response time (RT) split by congruency
condition, by ratio.

Table 1
Significant clusters for conjunction of task effect (main effect) and parametric ratio effect.

Cluster Peak TAL
(x y z)

Voxels Peak
t

BA Anatomical Description

A (�2 8 49) 4210 5.94 32 L/R Anterior Cingulate
B (�24 �10 52) 619 5.08 6 L Precentral Gyrus
C (�39 �37 34) 663 4.84 40 L Intraparietal Sulcus

(hIP1)
D (18 �67 40) 836 4.42 7 R Superior Parietal

Lobule (Precuneus)
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et al., 2017). Mean response times correlated with residualized PSAT
math scores across all trials [r(31)¼�0.48 (p¼ 0.005)], congruent trials
[r(31) ¼ �0.49, p ¼ 0.001], and incongruent trials [r(31) ¼ �0.46,
p ¼ 0.008] after controlling for multiple comparisons, indicating that
slower response time overall, and within congruency conditions, was
correlated with lower PSAT math scores after controlling for PSAT
reading. The slopes for mean accuracy and reaction time did not correlate
with either PSAT math or residualized PSAT math scores (all p-
values's > 0.11).
Note. n ¼ 36. All results cluster corrected at p < 0.05, uncorrected p < 0.005 (clusters > 391
voxels, 1 mm iso). TAL ¼ talairach coordinates; BA ¼ Brodmann area.
3.2. fMRI results

3.2.1. Nonsymbolic number comparison and the effect of congruency
The conjunction of the main effect of task and parametric effect of

ratio revealed four clusters that showed a parametric increase with
increasingly difficult ratios, including the anterior cingulate cortex (ACC)
extending into the supplementary motor area (SMA), the left precentral
gyrus, the left intraparietal sulcus (hIP1), and a superior/medial portion
of the right superior parietal lobule (SPL) with peak activation in the
precuneus, which sits superior and medial to the IPS (Fig. 3, Table 1). A
comparison of the mean beta weights for the parametric ratio predictor
extracted from these four regions did not show any differences according
to congruency condition (results of all within-sample t-tests p > 0.258),
Fig. 3. Results from the whole brain conjunction analysis of main effect of task and ratio effec
visualization purposes. Slices labeled in Talairach space. Lettered labels of clusters correspon
convention, whereby right is right.
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indicating that in areas demonstrating a ratio effect at the whole-brain
level, the ratio effect did not differ as a function of congruency condi-
tion. It is possible, however, that areas of the brain in which the para-
metric ratio effect was significant in only the congruent or incongruent
visual control condition were not revealed when the neural ratio effect
was modeled as an average of the two conditions. Therefore, we directly
contrasted the parametric effect of ratio between the two congruency
conditions at the whole-brain level. Results revealed that there were no
brain regions showing a significant difference between the congruent and
incongruent ratio effects.
t. Analysis was performed on de-meaned ratios but is presented here as above baseline for
d to beta weight plots in line graph and Table 1. Images are presented in neurological



Fig. 4. Results from the whole brain conjunction analysis of main effect of task and a main effect of congruency condition. Negative t-statistics indicate BOLD response for incongruent
trials is greater than for congruent trials. Slices labeled in Talairach space. Lettered labels of clusters correspond to Table 3. Images are presented in neurological convention, whereby right
is right.

Table 2
Significant clusters for conjunction analysis of main effect of task and a main effect of congruency condition.

Cluster Peak TAL (x y z) Voxels Peak t CON β CON se INC β INC se BA Anatomical Description

A (30 �67 22) 1621 6.24 7.62 0.23 8.32 0.23 39 R Angular Gyrus
B (51 �46 �8) 1250 4.80 3.62 0.24 4.58 0.24 37 R Fusiform Gyrus
C (27 �25 �20) 708 4.60 3.09 0.27 3.98 0.27 35 R Parahippocampal Gyrus
D (45 14 31) 864 4.29 3.50 0.23 4.31 0.23 9 R Inferior Frontal Gyrus

*All results cluster corrected at p < 0.05, uncorrected p < 0.005 (clusters > 339 voxels, 1 mm iso). TAL ¼ talairach coordinates; CON ¼ congruent; INC ¼ incongruent; BA ¼ Brodmann area.
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The comparison of overall activation (i.e. main effects as opposed to
ratio effects) between congruency conditions revealed four regions
where activity is greater for incongruent trials (Fig. 4, Table 2), sug-
gesting that incongruent trials generally recruit more neural resources in
the rAG, right inferior frontal gyrus (IFG), right fusiform gyrus (rFG), and
right parahippocampal gyrus. No regions were more active for
congruent trials.

3.2.2. The neural ratio effect and math achievement
To assess the relation between the ratio effect and math competence,

we first correlated PSAT math scores and residualized PSAT math scores
with the parametric ratio effect beta weights from the four regions re-
ported in our whole-brain ratio effect analysis. These analyses revealed
no significant associations. We subsequently correlated the neural ratio
effect with PSAT math scores and residualized PSAT math scores across
the whole brain. Before controlling for reading, this analysis revealed two
significant associations in the left and right insula whereby a greater ratio
effect was associated with lower math competency (Table 3). When
controlling for reading, this association was present in the left insula at
the same corrected threshold (p < 0.05) but not in the right insula.

3.2.3. The neural ratio effect and math achievement by congruency
To assess the relation between the ratio effect and math competence
Table 3
Clusters showing a significant correlation between the ratio effect and PSAT math scores or res

Condition Math Peak TAL (x y z) Voxels

CON & INC PSAT math (45 8 1) 392
(�42 �7 1) 1924

CON & INC res. PSAT math (�42 �7 4) 608
CON PSAT math (�45 �1 7) 917
INC PSAT math (�12 �52 43) 769

(45 8 10) 454
(�27 �52 �26) 421

CON res. PSAT math (54 �37 19) 649
INC res. PSAT math (�60 �37 22) 1548

(�9 �49 40) 1101

Note. n ¼ 33. All results cluster corrected at p < 0.05, uncorrected p < 0.005. TAL ¼ talairach coo
SMG ¼ supramarginal gyrus; STG ¼ superior temporal gyrus; AG ¼ angular gyrus; res. ¼ residu
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when congruent and incongruent trials were considered separately, in-
dependent whole-brain correlations between PSAT math scores and the
ratio effect were run for each congruency condition, followed by the
same analysis run with residualized scores. Before controlling for
reading, the ratio effect correlated negatively with PSAT math scores in a
left-lateralized portion of the insula during congruent trials (Table 3). For
incongruent trials, the ratio effect was negatively correlated with PSAT
math in the left precuneus, right insula, and the right culmen of the
cerebellum. Both of these results indicated lower PSAT math scores were
associated with a greater ratio effect. When controlling for reading,
residualized PSAT math scores correlated positively with the ratio effect
during congruent trials in the right supramarginal gyrus extending into
the superior temporal gyrus (Fig. 5, Table 3). However, during incon-
gruent trials, residualized PSAT math scores correlated negatively with
the ratio effect in the left angular gyrus extending into the superior
temporal gyrus and the left precuneus extending into the posterior
cingulate cortex (Fig. 6, Table 3).

4. Discussion

A growing body of recent research indicates that performance on the
nonsymbolic comparison task is heavily influenced by visual control
parameters such that the relationship between math achievement and
idualized PSAT math scores.

Peak r Mean r BA Anatomical Description

�0.59 �0.51 13 R Insula
�0.78 �0.56 13 L Insula
�0.62 �0.54 13 L Insula
�0.61 �0.52 13 L Insula
�0.65 �0.53 7 L Precuneus
�0.62 �0.52 44 R Insula
�0.62 �0.51 – L Cerebellum, Culmen
0.60 0.51 40, 22 R SMG/STG
�0.61 �0.51 39, 22 L AG/STG
�0.67 �0.53 7, 31 L Precuneus/Posterior Cingulate

rdinates; CON ¼ congruent; INC ¼ incongruent; BA ¼ Brodmann area; R ¼ right; L ¼ Left;
alized.



Fig. 5. Supramarginal gyrus/superior temporal gyrus cluster resulting from whole-brain correlation with residualized PSAT math scores for congruent trials. Images are presented in
neurological convention, whereby right is right.

Fig. 6. (Left) (A) Left angular gyrus/superior temporal gyrus and (B) left precuneus/posterior cingulate cluster resulting from whole-brain correlation with residualized PSAT math scores
for incongruent trials. Images are presented in neurological convention, whereby right is right.
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nonsymbolic comparison is driven by performance on trials with incon-
gruent visual cues in preschoolers (Fuhs and McNeil, 2013), children in
primary school (Gilmore et al., 2013), and in individuals with dyscalculia
(Bugden and Ansari, 2015). Further, the one neuroimaging study to
investigate this issue thus far indicates that recruitment of neural re-
sources also differs as a function of congruency condition (Leibovich
et al., 2015). This earlier work suggests that the relation between
nonsymbolic comparison performance andmath achievement may not be
driven solely by domain-specific numerical processing mechanisms.
Furthermore, only a handful of neuroimaging studies have demonstrated
a link between BOLD activation during nonsymbolic number processing
and math achievement, and almost exclusively by way of comparison
between typically developing and dyscalculic populations (Dinkel et al.,
2013; Kovas et al., 2009; Kucian et al., 2011; Moeller et al., 2009; Price
et al., 2007). Among those studies, there is little consensus about which
cognitive mechanisms drive the relationship between the neural system
used to encode numerical magnitudes (i.e. the ANS) andmath skills. Only
one study to date has investigated this question in a typically developing
population with nonsymbolic stimuli (Gullick et al., 2011). That study
did not, however, examine the influence of non-numerical visual control
parameters on the observed relation. Thus, the question of whether the
neural correlates of nonsymbolic magnitude processing and their relation
to math competency are influenced by visual parameters in a manner
similar to recent behavioral studies remains open. The present study is
the first to empirically investigate this question.

Our results indicate that BOLD response was modulated by ratio in
brain regions previously shown to exhibit a neural ratio effect when
calculated from the average of congruent and incongruent trials, as it is in
most studies, and that the ratio effect within those regions did not differ
as a function of congruency condition. In other words, the effect was not
driven by either condition. Further confirmation that regions of the brain
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sensitive to changes in numerical magnitude did not differ as a function
of congruency came from the whole-brain direct contrast of the incon-
gruent and congruent ratio effects, which did not reveal any regions that
differed. This lends support to the idea that regions of the brain previ-
ously found to encode numerical magnitude, such as the IPS and SPL, do
so consistently when other visual cues are congruent or incongruent with
judgement about numerical magnitudes. In other words, the ratio-
dependent activation during nonsymbolic number comparison does not
appear to be the product of cognitive processes specific to either
congruent or incongruent task conditions. In contrast, there were sig-
nificant differences in overall task-related activation according to con-
gruency condition when compared at the whole-brain level in fronto-
parietal areas known to be important for encoding numerical magni-
tude and other mathematical computations. The neural ratio effect
correlated with PSAT math in the left insula before and after controlling
for reading achievement. When the relationship between the neural ratio
effect and PSAT math scores was investigated independently for
congruent and incongruent trials separately, results indicated a left-
lateralized correlation in the insula during congruent trials and right-
lateralized correlation in the insula during incongruent trials. The
whole-brain correlation controlling for reading, and thus specific to
math, resulted in correlations that were again in opposite hemispheres,
but also opposite in the directionality of their relationship to math.

The first steps in our analysis largely confirmed previous results of
nonsymbolic number tasks. Our findings of a neural ratio effect in several
frontal and parietal regions replicates existing evidence from fMRI
studies showing increased activity with increasingly difficult magnitude
comparisons (Ansari and Dhital, 2006; Gullick et al., 2011; Price et al.,
2007), and is in line with the results of previous meta-analyses showing
nonsymbolic number processing is subserved by the intraparietal sulcus
and regions extending into superior parietal lobule (Arsalidou and
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Taylor, 2011; Sokolowski et al., 2016). The increase in activity of the
anterior cingulate cortex and supplementary motor areas are likely a
result of increasing task difficulty that covaries with ratio, as this trend is
a frequently observed consequence of increased cognitive demand across
a wide range of tasks (for a review, see Paus, 2001). In contrast, the same
pattern of activity in the right superior parietal lobules (SPL) and the
anterior portion of the left IPS (hIP1) are likely to represent the encoding
of numerical information. Electrocorticography studies of both experi-
mental and naturalistic settings (Daitch et al., 2016; Dastjerdi et al.,
2013), fMRI adaptation studies of numeric versus non-numeric stimuli
(Cantlon et al., 2006; Piazza et al., 2004) and multi-modal numerical
stimuli (Vogel et al., 2017), neurological case studies of superior parietal
lesions (McCloskey, 1992; Takayama et al., 1994), and other fMRI studies
demonstrating numerical ratio effects (Gullick et al., 2011; Vogel et al.,
2015) all indicate that a bilateral region extending from the IPS to the
superior parietal lobule is involved in numerical magnitude processing.
There is considerable variability in the literature in regards to the
anatomical labeling of the IPS, likely due to the fact that the shape of the
IPS varies greatly among individuals and that it is a large structure that
extends from the occipital lobe to the postcentral sulcus. Despite this
variability, the lIPS (hIPS) and rSPL structures from the current results
overlap with regions identified in a large meta-analysis of
number-related fMRI studies (Sokolowski et al., 2016), indicating their
likely involvement in magnitude-related processing. However, the in-
crease in parietal activation may also reflect a response to the increased
attention demands of more difficult trials. Several studies show that
numerical magnitude encoding, visuo-spatial attention, and working
memory function converge in the superior parietal lobe (Dumontheil and
Klingberg, 2012; Zago et al., 2008; Zago and Tzourio-Mazoyer, 2002).
Given the limited degree of control over visual factors in stimulus design
and the degree of anatomical overlap in attentional mechanisms in the
parietal lobe, future studies should utilize multivariate techniques
together with analyses of nuanced visual parameters in order to further
investigate whether there are indeed differences not captured by the
current analysis.

Comparison of task-related, non-ratio-specific neural response ac-
cording to congruency condition revealed four regions that were more
active for incongruent than congruent trials, including the rAG, rFG,
rIFG, and right parahippocampal gyrus. By nature of the contrast, the
same ratios are involved in congruent and incongruent trials, and
therefore necessarily reflect differences in neural recruitment that are not
dependent on the dimension of numerical magnitude. Nonetheless,
several of these regions have been frequently implicated in research of
numerical magnitude encoding and magnitude processing. The IFG is
thought to work with parietal regions to encode numerical magnitude
but has been shown to respond differentially under various working
memory and inhibitory control demands (Dumontheil and Klingberg,
2012; Eiselt and Nieder, 2013). With single-cell recordings in primates,
Jacob and Nieder (2014) showed that the lateral prefrontal cortex, a
potential homologue of the IFG and MFG in humans, was a selection
stage for goal-directed number processing that represented behaviorally
relevant as well as transiently irrelevant numerical information, whereas
distractor-resistant working memory representations were maintained in
the parietal cortex. If both discrete and continuous quantity are processed
in superior parietal regions, parietal magnitude neuronsmay rely on their
connection to the IFG, which acts as part of a global neuronal workspace,
to resolve competition among representations for selecting an appro-
priate rule-based response. Comparing competing aspects of the stimuli
(i.e. numerical magnitude and visual cues) would increase both working
memory and inhibitory control demands. If this is the case, it would stand
to reason that the IFG would be more active during cases of conflict. The
source of this same pattern of results in the AG is less clear since the AG is
widely active in a variety of tasks, serving to integrate multisensory in-
formation and reorient attention to relevant information (Seghier, 2012).
One possible explanation is that the AG may be involved in integrating
stimulus information from the SPL and IFG/MFG, since it is known that
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the AG serves as a hub that connects to the SPL with the superior, middle,
and inferior frontal gyri (Seghier, 2012). Similarly, as part of the ori-
enting network (Petersen and Posner, 2012), the AG may be involved in
orienting attentional resources from parietal systems involved in object
size to parietal systems involved in numerical magnitude representation.
Though the AG has often been implicated in arithmetic fact retrieval
(Simon et al., 2002; Yang et al., 2017), this activity is usually
left-lateralized and specific to symbolic representation of number (Hol-
loway et al., 2010; Price and Ansari, 2011). Therefore, it is likely that the
present right-lateralized AG finding is more related to attention than
magnitude perception. Interpretation of increased activity in the right
parahippocampal gyrus and rFG is more speculative, but may be related
to the increased need during incongruent trials for a detailed and com-
plete processing of the visual scene (for a review, see Aminoff et al.,
2013). There is evidence that these regions are associated with pro-
cessing scenes with high spatial frequency (Rajimehr et al., 2011). Given
the short stimulus duration of the task and complexity of the dot arrays,
participants are unlikely to foveate on each object, and processing the
stimulus as a whole is necessary for a successful response. Given that the
visual association between numerical quantity and many visual cues is
reversed during incongruent trials, a more detail processing of visual
associations is likely required. In sum, the present study provides evi-
dence that congruent and incongruent trials differentially recruit neural
resources in regions that support stimulus processing but are not directly
involved in the encoding magnitudes.

A further aim of the current study was to investigate the relationship
between patterns of activity associated with the processing of numerical
magnitude and individual differences in math achievement. Our hy-
potheses were limited due to inconsistent findings in previous studies of
dyscalculic populations and there being only one study of typically
developing individuals. To date, two studies have found greater activa-
tion in various parietal areas for children with dyscalculia compared to
controls (Dinkel et al., 2013; Kaufmann et al., 2009), two found weaker
parietal activity in dyscalculic children (Kucian et al., 2006, 2011),
another found no group differences in parietal regions (Kovas et al.,
2009), and one study found less ratio-dependent modulation in dys-
calculic individuals compared to controls (Price et al., 2007). Gullick
et al. (2011) showed a negative correlation between the neural distance
effect in bilateral perisylvian areas and math achievement in
college-aged adults. Results from the current study revealed very similar
findings to the study by Gullick et al. (2011), showing an inverse cor-
relation between PSAT math scores and the neural ratio effect, such that
individuals with a weaker ratio effect in the left insula and right insula
had higher math scores. It is important to note that individual beta
weights within this region ranged from negative to positive indicating
that some people had greater activity for “easier” ratios and thus a
negative beta or “inverse ratio effect”. It was these individuals who
scored highest in math competency. Though left and right insular activity
correlated with math performance, only activity in the right insula
remained significant after controlling for PSAT reading. This suggests
that ratio-dependent activity in the left insula did not specifically relate
to math skills but reflected task-related processes relevant for
domain-general academic achievement. A decrease in the neural ratio
effect has been suggested to indicate an increase in task-related pro-
cessing efficiency (Gullick et al., 2011). If more difficult trials elicit a
higher BOLD response, then it would follow that individuals with better
performance (those who found difficult trials less difficult) would not
show as large of a ratio-dependent increase. The current results appear to
support this interpretation, albeit in regions of the brain not typically
associated with magnitude processing. Further, it should be noted that
the ratio effect in areas of the brain previously associated with the
encoding of numerical magnitudes did not correlate with math
achievement as we hypothesized. This calls into question the idea that
magnitude processing efficiency, as measured by the neural ratio effect in
the parietal lobe, relates to math achievement in typically developing
populations of the age of participants in the present study. Indeed, the
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weak relationship of the behaviors measured in the current study,
r ¼ 0.18 for accuracy rates and r ¼ �0.35 for response times across all
ratios, is supported by recent meta-analyses that estimate the strength of
this behavioral relationship to be r ¼ 0.20 and r ¼ 0.241 (Chen and Li,
2014; Schneider et al., 2017) compared to a correlation of r¼ 0.302 with
symbolic stimuli (Schneider et al., 2017).

As discussed, recent research has suggested that performance on
incongruent trials during nonsymbolic number comparison tasks is more
strongly related to math ability than performance on congruent trials.
Therefore, the final aim of this study was to explore whether the relation
between the neural ratio effect and math competency differed as a
function of congruency condition. After controlling for general academic
achievement, results revealed diverging patterns of association such that
the ratio effect positively correlated with math competency in the rSMG
during congruent trials (greater BOLD response for more difficult ratios
correlated with higher math scores), but negatively correlated with math
competency in the lAG during incongruent trials (greater BOLD response
for easier ratios correlated with higher math scores). Interpretation of
this finding should be tempered by the fact that these two correlations
were not significant before controlling for reading. Though multi-
collinearity among PSAT reading and PSAT math is not a likely factor
(r ¼ 0.54) the relation between reading and math does factor into the
relationship in the current findings and may be less generalizable than
the right insula correlation, which was significant before and after con-
trolling for reading. Increases in activity with increased trial difficulty
likely reflect increased recruitment of cognitive resources for discrimi-
nation between and manipulation of numerical magnitude information
that work in cooperation with brain regions that directly encode nu-
merical magnitudes under differing congruency conditions. Increased
activity of the SMG has been reported in response to magnitude
perception even in the absence of response selection (Ansari et al., 2006).
Further, children with dyscalculia have shown reduced modulation due
to task-complexity during arithmetic problems in the SMG compared to
typically developing peers (Ashkenazi et al., 2012). Therefore, this pos-
itive correlation between the ratio effect and math competency may
indicate that increased recruitment of the SMG during number compar-
ison is important for efficient processing of numerical information when
multiple dimensions of magnitude are aligned with numerical magni-
tude. The negative correlation between math competency and the neural
ratio effect in the left angular gyrus may represent a trend in the pro-
cessing of numerical information, however, it may also reflect the pro-
cessing of conflicting visual information. The angular gyrus is activated
by a large variety of tasks with the common themes of combining and
integrating information, manipulating mental representations, and
reorienting attention to relevant information (Seghier, 2012). Differ-
ences in the correlation between math competency and activation ac-
cording to congruency may be due to the fact that for incongruent trials,
the degree of visual conflict increases as ratios become easier to compare.
This feature is a product of the way visual controls and trials ratios are
necessarily linked. For incongruent trials, the surface area of each dot set
within a trial is matched. Therefore, a numerically larger dot set neces-
sarily has smaller dots. For example, when comparing 18 dots and 5 dots
in the incongruent condition, as exemplified in Fig. 1, dots belonging to
the 18 dot set are smaller than the dots of the 5 dots set. Further, across
trials, the degree of the difference in dot size covaries with ratio such that
the greater the ratio is, the more visually incongruent the visual infor-
mation. For example, if 40 dots is compared to 5 dots in the incongruent
condition, the 40 dots would need to be even smaller than the 18 dots in
Fig. 1 in order to equate surface area. Given these two examples, the
second example 40 vs 5 is an easier numerical ratio to compare than 18 vs
5, but the degree of visual conflict in average dot size is more extreme.
Therefore, it may be that individuals with higher math competency are
appropriately engaging mechanisms in the angular gyrus to resolve
conflicting visual cues as ratios get easier (i.e. but more visually
incongruent).

Further, although both the left AG and right SMG have been more
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commonly associated with symbolic number and verbally mediated nu-
merical information (Sokolowski et al., 2016), the current findings
relating their activity during a nonsymbolic number comparison task to
math competency suggests that their role is not limited to symbolic
magnitude processing and requires further investigation. For example, it
is well established that acquisition of exact, verbal number representa-
tion enhances acuity of nonsymbolic number representation (Piazza
et al., 2013; Pica et al., 2004). And, an emerging body of literature
suggests that symbolic number processing may mediate the influence of
nonsymbolic magnitude processing on math development (Fazio et al.,
2014; Lyons et al., 2012; Price and Fuchs, 2016). The current results
demonstrating a relationship between ratio-dependent activity in the lAG
and rSMG and PSAT math scores may reflect the increased relation be-
tween symbolic and verbal magnitude systems with nonsymbolic
magnitude systems towards the end of math development in the current
sample. However, only developmental imaging studies following the link
between nonsymbolic magnitude representation and math skills over the
course of acquiring symbolic math skills will be able to disentangle the
feedback mechanisms responsible for such findings.

5. Future directions

Several limitations exist in the current study that should be noted.
First, the current study used the most frequently utilized method for
controlling for visual parameters of dot sets in order to make results
relevant to an existing body of behavioral literature. However, this
method of control is not ideal for the long-term project of understanding
the interaction of congruency of visual parameters and perception of
numerical magnitude, and their relation to math. Behavioral studies have
provided in-depth analyses of more extensive visual properties of dot sets
than those mentioned in the current study (Gebuis and Reynvoet, 2012;
Leibovich and Henik, 2013). Though it is impossible to rid the
nonsymbolic comparison task of the influence of visual cue congruency,
two practices may be employed in future studies to further elucidate the
nuanced effects presented by controlling congruency of stimulus prop-
erties. First, stimuli in future studies should tightly control as many visual
parameters as possible, including surface area, density, convex hull, dot
size, and luminance. Secondly, since degree of congruency and ratio are
inherently related in the visual control method used in the present study,
the two cannot be separated in any analysis. Future studies should pro-
vide the opportunity to analyze degree of congruency as ratio is held
constant as well as the converse by designing stimuli with such
properties.

Secondly, performance on the nonsymbolic comparison task is not
related to all math measures equally. This may be true of neural correlate
results as well. Meta-analyses indicate that the correlation for nonsym-
bolic comparison to early math abilities, such as mental arithmetic, has
an effect size of r ¼ 0.454 compared to an effect size of r ¼ 0.288 for
written arithmetic and curriculum-based measures (Schneider et al.,
2017), such as the one used in the current study. Importantly, all three of
the studies that show a difference between incongruent and congruent
trials on the nonsymbolic comparison task and math achievement utilize
measures of math mostly targeting mental arithmetic (Bugden and
Ansari, 2015; Fuhs and McNeil, 2013; Gilmore et al., 2013). Given that
the current task shows robust differences in neural activation according
to visual control condition only for overall task activity, and not the
neural ratio effect, the current preliminary findings about their relation
to math achievement should not be considered conclusive and further
studies are needed with a larger sample size and various measures of
math achievement, including mental arithmetic. It may be the case that
various aspects of mathematical competencies are differentially associ-
ated with number processing. Investigating these nuances may provide
insight to the heterogeneity of individuals differences associated with
math difficulties. Moreover, developmental differences are also likely,
particularly as proficiency of mental calculations has a protracted and
varied trajectory in the early school years.
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Lastly, task difficulty has been shown to greatly influence the neu-
roimaging results of studies measuring individual differences in task-
related competency. Often, more proficient individuals show lower
task-related brain activation (Dunst et al., 2014). In the current study,
where we found a negative correlation between the neural ratio effect
and math achievement, accuracy rate was approximately 10 percent
lower than in the studies of Ansari and Dhital (2006) (decreased ratio
effect in children compared to adults) or of Price et al. (2007)(decreased
rIPS modulation in dyscalculic children compared to control children).
Unfortunately, difficulty and ratio are inextricably linked, making their
comparison difficult. Future studies will need to explore paradigms that
control for subject-level difficulty while allowing for a wide enough
range in ratio to investigate both dimensions, ratio and
subject-level difficulty.

6. Conclusion

In sum, the present results show that visual control parameters often
utilized in the nonsymbolic comparison task, originally intended to serve
as a control against non-numeric task strategies, significantly influence
the degree of general task-related neural activity in multiple brain re-
gions but do not influence neural activity modeled according to the ratio
of number comparisons. There was a consistent neural ratio effect in the
right superior parietal lobule and left IPS that did not differ by congru-
ency, suggesting that parietal results from previous studies collapsing
across congruent and incongruent trials likely captured activity related to
numerical encoding mechanisms rather than inhibitory control. Incon-
gruent trials elicited a greater overall response in several regions impli-
cated in previous literature focused on magnitude perception, including
the right inferior frontal gyrus. Further, response time in this task
correlated with PSAT math scores while controlling for reading (but did
not reach significance before controlling) as did neural activation
modeled according to trial ratios. This finding aligns with previous
research. Additionally, the directionality of the neural ratio effect related
to higher math scores was opposite for congruent and incongruent trials
when controlling for reading achievement. Together, these findings
support the idea that performance on the nonsymbolic comparison task
relates to math competency and that traditionally cited parietal mecha-
nisms used for numerosity extraction do not differ as a function of con-
gruency condition, but that congruent and incongruent trials generally
recruit different neural mechanisms. Further, results from the current
study show that the correlation between ratio-dependent neural activa-
tion andmath achievement differs as a function of the congruency of non-
numeric visual cues. This suggests that behavioral measures aimed at
capturing math-relevant magnitude perception deficits should attend to,
rather than simply control for, individual differences related to the in-
fluence of non-numeric visual information. Further, interventions aimed
at training this approximate number system, should they prove success-
ful, may find greater efficacy by intentionally manipulating the congru-
ency of non-numeric visual cues.
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