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Mathematical skills are of critical importance, both academically and in everyday life. Neuroimaging research
has primarily focused on the relationship between mathematical skills and functional brain activity. Compar-
atively few studies have examined which white matter regions support mathematical abilities. The current
study uses diffusion tensor imaging (DTI) to test whether individual differences in white matter predict
performance on the math subtest of the Preliminary Scholastic Aptitude Test (PSAT). Grades 10 and 11
PSAT scores were obtained from 30 young adults (ages 17–18) with wide-ranging math achievement levels.
Tract based spatial statistics was used to examine the correlation between PSAT math scores, fractional an-
isotropy (FA), radial diffusivity (RD) and axial diffusivity (AD). FA in left parietal white matter was positively
correlated with math PSAT scores (specifically in the left superior longitudinal fasciculus, left superior corona
radiata, and left corticospinal tract) after controlling for chronological age and same grade PSAT critical
reading scores. Furthermore, RD, but not AD, was correlated with PSAT math scores in these white matter
microstructures. The negative correlation with RD further suggests that participants with higher PSAT
math scores have greater white matter integrity in this region. Individual differences in FA and RDmay reflect
variability in experience dependent plasticity over the course of learning and development. These results are
the first to demonstrate that individual differences in white matter are associated with mathematical abilities
on a nationally administered scholastic aptitude measure.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Mathematical skills are of critical importance academically and in
everyday life. Functional neuroimaging has provided evidence for the
involvement of a fronto-parietal network in numerical and mathemat-
ical processing,which includes the intraparietal sulcus, superior parietal
lobule, angular gyrus, supra-marginal gyrus, and inferior, middle and
superior frontal gyri (Ansari, 2008; Arsalidou and Taylor, 2011; Cohen
Kadosh et al., 2008; Dehaene et al., 2003). Traditionally, research on
the neural underpinnings of mathematical skills has primarily focused
on understanding brain function, and comparatively less is known
about underlying brain structure. The present paper reports an investi-
gation of the relationship between individual differences in high-school
level mathematical achievement scores and variability in white matter
measured by Diffusion Tensor Imaging (DTI).

DTI is an MRI technique that examines white matter microstruc-
ture and yields several parameters that can be indicative of white
matter integrity and can be used in brain–behavior correlations.
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Fractional anisotropy (FA) is related to axonal membranes, axonal
packing, and myelination (Beaulieu, 2002). Other diffusion parame-
ters such as axial (AD) and radial diffusivity (RD) can further eluci-
date the sources of anisotropy. A number of studies have used DTI
to examine how cognitive processes are related to brain structure.
In the literature on the relationship between mathematical cognition
and white matter integrity, several different approaches have been
used. Specifically, various analytical techniques have been employed
(region of interest, tractography and voxel-wise correlations), and
diverse populations have been studied (typically and atypically de-
veloping). Overall, there is some evidence to suggest that left parietal
white matter structures are important for numerical and mathemati-
cal processing. For example, van Eimeren et al. (2008) used an ana-
tomical regions of interest approach (ROI) and found a correlation
between individual differences in children's (7–9 years) scores on a
written calculation test and fractional anisotropy (FA) in the left infe-
rior longitudinal fasciculus and the left superior corona radiata. Using
tractography to define regions within which correlations were
conducted, Tsang et al. (2009) found that the left anterior superior
longitudinal fasciculus was correlated with approximate, but not
exact addition in children (10–15 years). In both adults and children,
more basic number processing (magnitude comparison) has been re-
lated to FA in the left isthmus of the corpus callosum, but not in the
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right (Cantlon et al., 2011). The authors speculated that relativelyweak
white matter integrity of the left isthmus may be related to more right
hemisphere activation in children compared to adults during numerical
tasks. They additionally hypothesized that this interhemispheric
connection and the increasing involvement of the left hemisphere
over the course of development could play an important role in the
maturation of numerical representations. In sum, studies on typical
development suggest that the specialization of left parietal whitematter
is important for arithmetic and basic numeracy skills.

Several DTI studies with atypically developing populations (i.e.
dyscalculia, fetal alcohol spectrum disorder, multiple sclerosis, and
velocardiofacial syndrome) have also demonstrated correlation between
mathematical abilities and diffusion parameters (Barnea-Goraly et al.,
2005; Lebel et al., 2010; Rykhlevskaia et al., 2009; Till et al., 2011).
However, these studies have yielded somewhat more mixed results
with some demonstrating correlations in right parietal (Rykhlevskaia
et al., 2009; Till et al., 2011) and right frontal microstructures (Till et
al., 2011), or the left corticospinal tract, cerebellar pundicle, and bilateral
projection fibers (Lebel et al., 2010). Yet, research on velocardiofacial
syndrome and fetal alcohol spectrum disorder have uncovered correla-
tions between mathematical skills of individuals with these disorders
and left parietal microstructures, which is consistent with the literature
on typically developing individuals (Barnea-Goraly et al., 2005; Lebel et
al., 2010). Thus, there is some level of consensus in the findings from
both typically and atypically developing populations that individual
differences in numerical and mathematical skills are related to white
matter microstructures in the left parietal lobe.

What is currently unclear iswhether the relationship betweenwhite
matter microstructure and mathematical competence would still hold
for more complex, educationally relevant measures. The available
studies have used measures of mathematical skills that focus on basic
mathematical (such as exact and approximate arithmetic) and number
skills (such as number comparison) as opposed to measures of more
complex, higher-level mathematical skills (such as algebra).

To address the outstanding question of which white matter struc-
tures are related to individual differences in higher-level mathematical
skills, the present study examines whether higher level mathematical
abilities such as algebra, complex geometry or complex arithmetic are
related to variability in left parietal white matter microstructures,
such as those highlighted above, or whether higher level mathematical
skills are related to an entirely different set of regions. On the one hand,
itmay behypothesized that complexmathematical abilitiesmay rely on
white matter structures similar to those of more basic mathematical
skills (such as single-digit arithmetic or approximate addition). If this
is true, it may suggest that later mathematical abilities are scaffolded
on earlier mathematical skills. On the other hand, it is equally plausible
that more complex mathematical tasks may rely on a different set of
regions. With increasing task complexity, a larger number of areas
may be needed to subserve aspects of processing that are required for
success in the application of higher-level math skills, but play no role
in more basic arithmetic and numerical skills.

The above-discussed studies on typical development exclusively ex-
amined correlations between mathematical skills and FA. Other
measures of whitematter that can be derived from DTI data, such as ra-
dial diffusivity (RD) and axial diffusivity (AD), have not been considered
in research on the relationship between mathematical abilities and
white matter in a typically developing population. An examination of
other diffusion parameters has been informative in studies on atypically
developing populations (Lebel et al., 2010; Rykhlevskaia et al., 2009).
For example, Lebel et al. (2010) found two clusters in left parietal
regions and a cluster in the left cerebellum that demonstrated a positive
correlation between FA and math performance. In addition, clusters in
bilateral regions of the brainstem showed anegative correlationbetween
FA and math scores. They further examined radial (perpendicular diffu-
sivity) and axial diffusivity (parallel diffusivity) in each of these regions
to determine the primary cause of the correlations with FA. This analysis
revealed that axial, but not radial diffusivity, was positively correlated
with math scores in the two left parietal clusters, whereas radial, but
not axial, diffusivity was negatively correlated with math scores in the
other two regions. These results suggest that there may be different un-
derlying contributors to correlations with FA, and examining parameters
such as AD anRDmay be useful in determining the sources of anisotropy.
Thus, investigating these parameters in a typically developing popula-
tion may provide additional information on the cause of correlation be-
tween math scores and FA.

To address these outstanding questions and extend our under-
standing of the structural neuroanatomy that supports mathematical
cognition, the current study uses DTI to examine whether individual
differences in white matter integrity (using measures of FA, RD and
AD) predict performance on the math subtest of the Preliminary
Scholastic Aptitude Test (PSAT), a broad and widely utilized measure
used to predict college achievement. To the best of our knowledge
this is the first study that has related college-level math achievement
scores to individual differences in white matter. The present study
has several aims: (1) Determine which white matter structures are
associated with broad, complex, and educationally relevant measures
of mathematics; (2) Examine whether individual differences in white
matter integrity predict mathematical skills above and beyond other
measures of scholastic aptitude; and (3) Explore the relationship be-
tweenmathematical competence and radial as well as axial diffusivity
to further elucidate any correlations with FA.

Materials and methods

Participants

Participants were recruited as part of a larger longitudinal study of
mathematical development (Mazzocco and Devlin, 2008) from a subur-
ban public school district in the greater Baltimore region of Maryland,
USA. When the cohort reached Grade 12, a representative sample of
these students was recruited to participate in an MRI study. Thirty
young adults between ages 17–18 (M=18.0; SD=0.4) years partici-
pated in this study (15 female, 30 right handed). Forty-three partici-
pants were originally scanned, however only 30 had all behavioral
measures. All participants consented to sharing their official College
Board test results.

Preliminary Scholastic Aptitude Test (PSAT)

We used the math subtest of the PSAT as a measure of mathemat-
ical competence. The PSAT is used to reliably predict college entrance
exam scores and is taken by over 3.5 million high school students in
the United States every year. This test is also the qualifying exam
for the U.S. Merit-based Scholarship Program. Consequently, this
measure is highly educationally relevant and has been designed to
predict future academic success.

The math subtest of the PSAT contains a wide variety of mathemat-
ical problems that range in difficulty; it consists of 38 questions in-
cluding word problems, geometry, algebraic equations, and complex
arithmetic. Importantly, the test, unlike the measures used in previous
studies of the association between individual differences in white mat-
ter structure and mathematical competence, assesses skills beyond
basic arithmetic. The participants in this sample completed the PSAT
in Grades 10 and 11. Since DTI data were collected in Grade 12, scores
from both grades were used to examine the reliability of correlations
with DTI parameters across two different time-points. PSAT subtests
have standard scores that range from 20 to 80. The national average
for the math subtest was 44.3 (SD=11.1) in Grades 10 and 48.3
(SD=11.4) in Grade 11. Our participants demonstrated a wide range
of achievement levels on the PSAT math subtest in Grade 10 (M=
49.9, SD=10.4) and Grade 11 (M=54.7, SD=10.6). As anticipated,
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there was a strong correlation between PSAT 10 and 11 math scores,
r(28)=.86, pb .001.

To control for non-mathematical academic competence, scores from
the PSAT critical reading subtest were also collected in Grades 10 (M=
47.2, SD=9.3) and 11 (M=51.8, SD=9.5). The national average for
the critical reading subtest was 41.9 (SD=11.4) in Grade 10 and 47.0
(SD=11.5) in Grade 11. This subtest includes sentence completion
(deciphering the logic of a sentence or understanding the meaning of
words in context) and reading comprehension problems (understanding
or interpreting written passages). PSAT critical reading and PSAT math
subtests were highly correlated in both Grade 10 r(28)=.50, pb .01
and Grade 11 r(28)=.49, pb .01.

MRI acquisition and analysis

Participants were scanned on a 3 T Phillips MRI scanner at the FM
Kirby Research Center for Functional Brain Imaging in Baltimore, MD,
using an 8-channel head coil with parallel imaging capability. Diffusion
Tensor Imaging (DTI) data were acquired using a single-shot echo pla-
nar imaging sequence (seventy 2.2 mm-thick axial slices with no
inter-slice gap, TR=6995.121 ms, TE=71 ms, 31 diffusion sensitiza-
tion gradients (b-value=700 s/mm2), a non-diffusion weighted scan,
a mean weighted scan (trace), FoV=212×212×154 mm, matrix size
96×96 reconstructed to 256×256, voxel size 2.2×2.2×2.2 mm
reconstructed to 0.83×0.83×2.2 resulting in an in-plane interpolation).
The total DTI acquisition time was 4:05 min.

DTI data were processed using FMRIB Software Library (Smith et
al., 2004). We used tract based spatial statistics (TBSS) to compute
voxelwise correlations between math PSAT scores, fractional anisot-
ropy (FA), axial diffusivity (AD), and radial diffusivity (RD) (Smith
et al., 2006). All data were checked for motion artifacts in all diffusion
directions before being included in the TBSS analysis, and none of the
30 participants showed motion related artifacts. After correcting for
eddy current distortion effects and using BET to extract the brain,
FA was calculated in every voxel by fitting a tensor model to the
raw diffusion data. Every subject's FA data were then warped into a
common space using the nonlinear registration with FSL. Nonlinear
Registration Tool to the standard adult template, FMRIB58_FA. A
mean FA image was created and thinned to produce a mean FA skel-
eton. FA data were then projected onto the skeleton to perform
voxelwise statistics. Axial (L1) and Radial (L2+L3/2) diffusivity
maps were also created using FA images for non-linear registration
and skeletonization. TBSS analyses were used for radial and axial dif-
fusivity to further constrain the understanding of the nature of any
correlations with FA and PSAT math scores. Higher FA could be indic-
ative of increased diffusivity along the primary diffusion axis or it
could represent reduced diffusivity along the perpendicular axis.

In the initial TBSS analysis, PSAT Math Scores in Grades 10 and 11
were correlated with FA without any covariates to determine the re-
gions that are correlated with PSAT math without taking into account
potential confounding factors. All subsequent analyses used multiple
regression statistics to estimate the effects of PSAT math on DTI pa-
rameters while controlling for the variance explained by both chrono-
logical age and PSAT Critical Reading scores. Therefore, variance from
the confound variables was removed from the diffusion parameters
(the dependent variables). The addition of these covariates ensures
that correlations were specific to mathematics and did not reflect
age, higher overall PSAT scores, or general abilities (such as working
memory, speed of processing etc.) that may be shared between
PSAT critical reading and math subtest and are therefore not specific
to math. Numerous studies have demonstrated that diffusion param-
eters change with age (i.e., Lebel et al., 2008), and given that we had
and age range of approximately 1.5 years, we used extra caution by
correcting for any variance due to age. Indeed, when we examined
whether FA was correlated with age, many voxels were positively
correlated (pb .05, uncorrected), suggesting that even though a
restricted age-range of relatively older participants was used, age
was still related to FA, making it an important factor to control for
when looking for variability in white matter microstructure specifi-
cally associated with mathematics achievement. Thus comparing
the correlated regions with and without controlling for PSAT Critical
Reading and chronological age allows for an assessment of the effects
of these potentially confounding factors.

All reported correlations are corrected for multiple comparisons
using Threshold-Free Cluster Enhancement (TFCE). TFCE is similar
to cluster-based thresholding except that it does not require an arbi-
trary definition of the initial cluster-forming threshold (Smith and
Nichols, 2009). It is considered to be more robust and provides greater
sensitivity than other methods (Smith and Nichols, 2009). All reported
results are reported at alpha levels of .05 and also at .01. An alpha level
of .01 was reported to determine white matter regions that were most
strongly correlated with PSAT math scores.

Results

The first analysis explored which white matter regions were cor-
related with PSAT Math scores without including any covariates. In
this analysis a large number of fronto-parietal regions were positively
correlated with PSAT Math scores (TFCE corrected) (Fig. 1). White
matter tracts that were positively correlated with Grade 10 scores
(pb .05) included the bilateral corticospinal tract, superior corona
radiata, cingulum, corpus callosum, posterior thalamic radiation, the
left inferior fronto-occipital fasciculus, right inferior longitudinal fas-
ciculus, right anterior limb of the internal capsule, right uncinate fas-
ciculus, and the right superior longitudinal fasciculus (the anatomical
locations were determined using the JHU ICBM–DTI White Matter
Atlas, JHU White Matter Tractography Atlas and the Juelich Histolog-
ical Atlas). At a higher threshold of pb .01, all of these regions
remained significantly correlated with math scores. FA and PSAT
Math 11 correlations (pb .05) closely overlapped those with PSAT
Math 10, and included the same tracts listed above as well as the
left anterior thalamic radiation. However this additional tract did
not survive a threshold of pb .01 (Fig. 1)

In order to determine which regions were specifically related
to mathematical competence, we carried out a second analysis
correcting for age and PSAT Critical Reading. At an alpha level of .05,
Grade 10 PSAT math scores positively correlated with FA in several
regions: bilateral superior corona radiata, bilateral corticospinal
tract, bilateral superior longitudinal fasciculus, corpus callosum, and
the left cingulum. Grade 11 PSAT math scores positively correlated
with all of the abovementioned regions as well as the bilateral
anterior limb of the internal capsule, bilateral anterior corona radiata,
bilateral fronto-occipital fasciculus, bilateral uncinate fasciculus, and
the right cingulum.

At a higher threshold of pb .01, only FA in left parietal white
matter significantly correlated with PSAT math scores in Grade 10,
and Grade 11 (TFCE corrected) (all correlation coefficients calculated
from mean t-scores from each cluster). In other words, participants
with higher PSAT math scores showed higher FA in left parietal
white matter (see Fig. 2). Voxels in this cluster spanned three tracts
including the left superior longitudinal fasciculus, left corticospinal
tract, and the left superior corona radiata. The cluster underlies grey
matter in the superior parietal lobule and post-central sulcus, and is
near the left intraparietal sulcus. As can been seen from Fig. 2, this
correlation was consistent across PSAT math scores in Grade 10 and
Grade 11 indicating that time between taking the PSAT math test
and the acquisition of the DTI data did not play a significant role in
the magnitude of the correlation. No negative correlations were
found with FA and PSAT math scores.

We further explored correlations between radial (RD) and axial
diffusivity (AD) and PSAT math scores to further elucidate the rela-
tionship between FA and PSAT math scores. The TBSS analysis with



Fig. 1.White matter structures showing a positive correlation between FA and PSAT Math scores in Grade 10 and Grade 11. The red-yellow color gradient represents all regions that
are significant where pb .05 and the white-black color gradient represents all regions that are significant where pb .01. All correlations are TFCE corrected. The statistical map is
overlaid onto the mean FA skeleton (green) and the mean FA map of all the subjects. There were no negative correlations between FA and PSAT Math scores.
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AD revealed no significant correlation with math scores in either Grade
10 or Grade 11. However, a negative correlationwith RDwas present in
left parietal white matter in both Grade 10 and Grade 11 (pb .05) (see
Fig. 3). These correlations did not survive .01 thresholds therefore
only .05 thresholds are presented. This cluster closely overlaps with
the above-mentioned FA and PSAT correlation (pb .01). TBSS results
with radial diffusivity revealed slightly different patterns for Grades
10 and 11. Correlations with PSAT math scores in Grade 10 show
more diffuse correlations including a small cluster in right parietal
white matter intersecting the right corticospinal tract, right superior
Fig. 2. White matter structures showing a positive correlation between FA and PSAT Math
Reading scores. The red-yellow color gradient represents all regions that are significant wh
where pb .01. All correlations are TFCE corrected. The statistical map is overlaid onto the m
corona radiata, and body of the corpus callosum. Correlations between
PSAT math scores in Grade 11 and radial diffusivity were limited to
the left parietal region (pb .05).

To further explore the specificity of the relationship between left
parietal white matter and mathematical scores, simple correlations
were conducted between with the diffusion parameters (FA and
RD) and PSAT Critical Reading scores in SPSS (Version 20.0). Masks
were created based on the above whole brain analyses (with covari-
ates, pb .01) and RD (with covariates, pb .05). Mean FA and RD values
were extracted from each individual's white matter skeleton based on
scores in Grade 10 and Grade 11, correcting for chronological age and PSAT Critical
ere pb .05 and the white-black color gradient represents all regions that are significant
ean FA skeleton (green) and the mean FA map of all the subjects.



Fig. 3. White matter structures showing a negative correlation between RD and PSAT Math scores in Grade 10 and Grade 11. Correlations were corrected for chronological age and
PSAT Critical Reading scores. Reported correlations are TFCE corrected where pb .05. The statistical map is overlaid onto the mean FA skeleton (green) and the mean FA map of all
the subjects. There were no positive correlations between RD and PSAT Math scores.
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these masks. PSAT Critical Reading scores in Grades 10 and 11 were
then correlated with the extracted mean FA and RD values. These anal-
yses revealed that PSAT Critical Reading from Grade 10 did not signifi-
cantly correlate with the mean FA extracted from the cluster in Grade
10 r(28)=− .11, p>.05 or with the RD clusters from Grade 10
r(28)=− .15 , p>.05. PSAT Critical Reading scores from Grade 11 did
not significantly correlate with the mean FA extracted from the cluster
in Grade 11 r(28)=.15, p>.05, nor did they correlate with RD cluster
from Grade 11 r(28)=− .34 , p>.05. The absence of a correlation be-
tween PSAT Critical Reading and both FA and RD in the left parietal
white matter regions demonstrates that the correlation revealed is
strongly math specific rather than simply reflecting a relatively larger
correlation with math compared to reading or indeed a third factor
that is common to both reading and math, such as working memory.

Discussion

Is variability in an individual's brain structure related to that person's
scholastic aptitude? Only a handful of studies have begun to chart the
whitemattermicrostructures associatedwith numerical andmathemat-
ical competence, and no study to date has investigated the white matter
structures associatedwith broad, college readiness tests ofmathematical
abilities. The present study fills this knowledge gap by revealing
an association between left parietal white matter and individual
differences on the PSAT math test in a sample of high-school seniors.
These relationships were identified using stringent whole brain analyses
and thus reveal those white matter microstructures which are most
strongly related to individual differences in math achievement. While
many regions are correlated with mathematical performance, left parie-
talmicrostructures predictedmath performance on the PSAT at themost
stringent thresholds and across two diffusion parameters.

Therefore, these findings significantly replicate and extend earlier
research by demonstrating that left parietal white matter is most
strongly related to mathematical performance, even when using a
college-readiness test to assess high-level mathematical abilities. Fur-
thermore, the present results extend previous research on the white
matter correlates of mathematical competence in typically developing
individuals by investigating multiple diffusion parameters to explain
FA-math score correlations. Left parietal white matter was consistently
related to PSAT math scores across two grades and across two diffusion
parameters, FA and RD. Higher FA is related to increased myelination,
axonal packing, and fiber coherence (Basser et al., 1994; Beaulieu, 2002)
and thus we can infer that greater white matter integrity in the left pari-
etal cortex of participants with higher PSAT math scores might be driven
by such neuroanatomical factors. Since both PSAT Critical Reading scores
and chronological age were used as covariates in the above analyses, the
observed correlations can be considered to be specific to individual
differences in math achievement. The specificity of left parietal white
matter to mathematical skills is highlighted by the fact that PSAT Critical
Reading scores did not correlate with FA or RD in this region. Therefore,
domain-general processes that are shared by these two skills (i.e. working
memory) are unlikely to account for these correlations.

These results also demonstrate the importance of correcting for fac-
tors such as chronological age and reading. The critical role played by co-
variates can be seen from the first analysis where, when age and PSAT
Critical Reading were not included as covariates, many white matter
microstructures were correlated with PSAT Math scores. Yet, once these
variables were taken into account, fewer microstructures predicted
mathematical competence. When comparing the analyses at the more
stringent threshold of pb .01, only left parietal white matter predicted
mathematical competence once chronological age and PSAT Critical
Reading were controlled for, while many additional regions remained
in the analysiswithout these covariates. Additional regions couldbe relat-
ed to the effects of age, PSAT Critical Reading, or an interaction between
the two. They may also be related to more domain-general processes
that are shared by complex skills such as those tapped by the critical
reading and math PSAT subtests. Apart from one study (Tsang et al.,
2009), studies examining the white matter correlates of math achieve-
ment in typically developing individuals have not controlled for other
cognitive abilities such as reading skills. In sum, using appropriate covar-
iate is useful in determining the unique variance associated with mathe-
matical skills and can have a considerable impact on significant regions.

Thefinding that radial but not axial diffusivity is related to individual
differences in PSATmath scores further constrains our understanding of

image of Fig.�3
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the relationship between white matter microstructure and math skills.
The negative correlation between RD and math scores in left parietal
white matter suggests that participants with higher RD in this region
tended to have lower PSAT math scores. The reported results therefore
replicate and significantly extend previous research by showing that
correlations between FA and math achievement may be driven by
changes in RD. This findings conflict with the results from Lebel et al.
(2010), which suggest axial, but not radial diffusivity, explained the cor-
relations between FA and math scores in their study. However, these
differences may largely be a result of differences in populations (typical
versus atypical). It should also be noted that in Grade 10, a correlation
between RD in right parietal white matter and PSAT math was found.
Thus while the evidence predominantly suggests an association be-
tween PSAT math scores and RD in the left hemisphere (since no right
parietal correlations were found in Grade 11 and correlations with left
parietal RDwere found in bothGrades 10 and 11), it should be acknowl-
edged that the lateralization of correlations is not entirely clear-cut and
the right parietal white matter microstructure may play some role in
mathematical competence. However, the present results, as well as
those from other studies discussed above, clearly show that this associ-
ation is less consistent than the association betweenmath performance
and left parietal white matter.

There are likely many neuroanatomical factors that contribute to
higher or lower RD, however, RDmay bemore sensitive to sources of an-
isotropy such as myelination when compared to AD. For example, re-
duced myelination can cause increases in RD but have no effect AD
(Song et al., 2002). Consequently, the relationship between RD and
math performance supports the interpretation that individual differ-
ences in neuroanatomical structures, such as myelination of left parietal
whitematter,may be associatedwith broadmath competence. Notwith-
standing, it is important to emphasize that there is no evidence for a
one-to-one relationship between myelination and RD and therefore RD
may reflect myelination as well as other white matter characteristics.

In previous studies, left parietal white matter integrity has been
linked with mathematical skills, however, these studies have used
basicmeasures such as simple arithmetic problems, and have not exam-
ined more complex, educationally relevant mathematical skills. For ex-
ample, Tsang et al. (2009) found a relationship between FA in the
anterior left superior longitudinal fasciculus and approximate addition,
but notwith exact addition or simplemath facts. In a sample of 6–8 year
old children, van Eimeren et al. (2008) found a positive correlation be-
tween written exact calculation problems and the left superior corona
radiata, and Lebel et al. (2010) reported that FA the left corticospinal
tract and the left superior longitudinal fasciculus were related to math
word problems in children with fetal alcohol spectrum disorder. In ac-
cordance with our findings, these studies have predominantly found
left-lateralized correlations betweenwhitematter integrity andmathe-
matical skills. Our results, however, are the first to demonstrate that
these white matter tracts are not only important in basic mathematical
skills, but also formore complex tasks such as geometry, algebraic equa-
tions, and complex arithmetic. These findings suggest that higher-level
mathematical abilities are related to white matter structures similar to
those correlated with skills such as single digit arithmetic and approxi-
mate calculation. Our results therefore support the hypothesis that
complex mathematical skills likely depend upon a solid foundation of
basic numeracy skills. Left parietal whitemattermay support the acqui-
sition of these skills and thereby provide the neuroanatomical scaffold
for successful learning of higher-level math skills of the kind that are
measured by the PSAT Math test.

Voxels spanning several tracts were associated with mathematical
competence, including the left superior longitudinal fasciculus, left
corticospinal tract, and left superior corona radiata. Further research
will need to use analyses with greater anatomical specificity to deter-
mine the relative importance of these tracts for mathematical pro-
cessing. The corona radiata has reciprocal connections to many
areas the cortex and the corticospinal tract has descending projections
to the brainstem from the motor, somatosensory, and parietal cortex
(Oishi et al., 2011). The superior longitudinal fasciculus has projections
to frontal, parietal, and temporal lobes (Oishi et al., 2011). It is impor-
tant to contextualize the results in terms of connectivity since the
above-mentioned tracts connect many cortical regions. Indeed, our
results suggest that connectivity between regions is strengthened in
individuals who show higher math performance and that transfer of
information to and from regions that are critical for number processing
in the left parietal cortex is therefore likely enhanced.

A large body of neuropsychological and functional neuroimaging lit-
erature provides convergent evidence for left-hemisphere lateralization
of the parietal cortex for symbolic mathematical processing. Acquired
brain damage in the left parietal cortex has long been linked to deficits
in calculation (Gerstmann, 1940) and many functional neuroimaging
studies have reported left hemisphere lateralization in adults during
calculation (Chochon et al., 1999; Pinel and Dehaene, 2010). Further-
more, in a developmental study, Rivera et al. (2005) found that activa-
tion of the left parietal cortex during arithmetic problem solving is
positively correlated with chronological age, suggesting that the left pa-
rietal cortex becomes specialized formathematical tasks over the course
of development (Rivera et al., 2005). Left hemisphere lateralizationmay
be a result of exact calculation being scaffolded on verbal systems
(Dehaene et al., 1999). The current DTI findings are highly congruent
with a range of evidence suggesting specialization of functional and
anatomical circuits in the left parietal cortex for mathematical skills,
and further support the triple-code model (Dehaene et al., 2003).

The fact that math scores correlate with left parietal white matter
over and above the PSAT critical reading test may appear surprising,
given that previous studies have shown an association between individ-
ual differences in reading scores and left-hemisphere tracts (Klingberg
et al., 2000; Niogi and McCandliss, 2006). However, in those studies
measures of foundational reading competencies, such as phonological
awareness, were used. The PSAT critical reading subtest assesses
complex language processing (reading comprehension, logic-based
sentence completion, and understanding words in context) and thus
represents a broad test of linguistic competencies which cannot readily
be compared to basic phonological processing. In this way the PSAT
critical reading serves a control measure for a broad set of cognitive
abilities, rather than representing a test that measures the foundational
skills underlying reading ability.

The present findings suggest that learning and education may pro-
duce plastic changes in white matter integrity. Mouse models have
shown that increasing or decreasing electrical activity in neurons
modulates myelinogenesis (Demerens et al., 1996). Myelomodulation
is experience dependent (Markham and Greenough, 2004), for exam-
ple, rats raised in enriched environments have an increased number
of myelinated axons in the corpus callosum (Juraska and Kopcik,
1988). It has been proposed that through experience, changes in my-
elin may optimize information processing (Fields, 2008). Indeed,
enriched environments in pre-term infants results in greater white
matter integrity and corresponds with improved performance on be-
havioral tests (Als et al., 2004). Relatedly, Scholz et al. (2009) have
demonstrated experience dependent changes in FA following training
in adults, and Bengtsson et al. (2005) showed that the number of
hours practicing piano positively correlated with FA in motor tracts.
In view of this body of findings, one plausible explanation for the
relationship between PSAT math scores, FA, and RD in the left parietal
cortex is experience dependent plasticity. White matter in this region
may become reorganized as a function of acquiring skills over devel-
opmental time. This reorganization may be reflected in individual
differences in FA and RD. Experimental studies will need to further
elucidate how learning or training mathematical skills relates to
white matter plasticity and what influences individual differences.

There are several important considerations that need to be noted
when interpreting these findings. First, the cluster in left parietal
white matter spans three white matter tracts (superior longitudinal
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fasciculus, corticospinal tract, and the superior corona radiata), there-
fore, crossing fibers may play a role in these correlations. Further-
more, only one or two of these tracts may be contributing to this
correlation. The methods used in the present study did not allow us
to determine whether one or all three tracts are important for math-
ematical processing. However, this could be addressed in future stud-
ies with other diffusion models that takes into account more than one
primary diffusion direction or methods such as tractography, which
can more easily delineate specific tracts and anatomical regions.

A second consideration is that the voxelwise analyses conducted
in this study only show regional correlations with white matter and
cognitive measures. Consequently, it is difficult to interpret how indi-
vidual differences in math achievement are related to connectivity
between regions. Finally, we hypothesize that left parietal micro-
structures become increasingly specialized with the acquisition of
mathematical skills. However, the present findings cannot disambig-
uate between the relative contribution of genetic and environmental
factors. Longitudinal and training studies will be needed to further
clarify this interaction.

Conclusions

In conclusion, our findings suggest that the integrity of whitematter
microstructures in the left hemisphere is critical for complex mathe-
matical processing. Moreover, the present results demonstrate that
the brain–behavior relationships observed in previous studies are not
restricted to basic number processing but remain evident when using
measures of higher-level mathematical abilities. Later mathematical
abilities are built upon more basic numeracy skills, and white matter
in the left parietal cortexmay support the development and acquisition
of these complex skills. Individual differences in FA and RD may reflect
variability in experience dependent plasticity over the course of learn-
ing and development. To our knowledge, this is the first study to
show that individual differences in white matter are associated with
mathematical abilities as measured by a nationally administered, edu-
cationally relevant test that predicts college performance and influ-
ences admittance. The current study supports and extends research
on the functional and anatomical correlates of math and number pro-
cessing, and provides novel evidence for the importance of left parietal
circuits in complex, educationally-relevant mathematical skills.
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