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ARTICLE INFO ABSTRACT

Keywords: Children born very preterm (VPT; <32 weeks’ gestation) have alterations in brain white matter and poorer math
Preterm birth ability than full-term (FT) peers. Diffusion-weighted magnetic resonance imaging studies suggest a link between
ArithmeFiC white matter microstructure and math in VPT and FT children, although longitudinal studies using advanced
fﬂiig:::ﬁcfsiormance modelling are lacking. In a prospective longitudinal cohort of VPT and FT children we used Fixel-Based Analysis

to investigate associations between maturation of white matter fibre density (FD), fibre-bundle cross-section
(FC), and combined fibre density and cross-section (FDC) and math computation ability at 7 (n = 136 VPT; n =
32 FT) and 13 (n = 130 VPT; n = 44 FT) years, as well as between change in white matter and math computation
ability from 7 to 13 years (n = 103 VPT; n = 21 FT). In both VPT and FT children, higher FD, FC and FDC in
visual, sensorimotor and cortico-thalamic/thalamo-cortical white matter tracts were associated with better math
computation ability at 7 and 13 years. Longitudinally, accelerated maturation of the posterior body of the corpus
callosum (FDC) was associated with greater math computation development. White matter-math associations
were similar for VPT and FT children. In conclusion, white matter maturation is associated with math compu-
tation ability across late childhood, irrespective of birth group.

Diffusion imaging
Magnetic resonance imaging

1. Introduction qualifications (Basten et al., 2015).

Complex neural systems are utilised for developing math skills and

Many children born very preterm (VPT; <32 weeks’ gestational age
[GA]) have academic challenges, particularly in math (Aarnoudse--
Moens et al., 2009; Twilhaar et al., 2018). Math ability is associated with
better economic, social and psychological outcomes well into adulthood
(Parsons and Bynner, 2005). In individuals born preterm, poor math
ability in childhood has been shown to be negatively associated with five
different wealth indicators at age 42 years, independent of educational

completing math tasks (Arsalidou et al., 2018; Peters and De Smedt,
2018). Furthermore, evidence suggests that the neural associations of
math change across development with age and experience (Cantlon
et al., 2009; Rivera et al., 2005; Rosenberg-Lee et al., 2011). The asso-
ciation between white matter properties and math ability is particularly
relevant for children born VPT because alterations in white matter are
common in this population (Nosarti et al., 2014; Thompson et al., 2014;
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Vangberg et al., 2006), with evidence of delayed white matter devel-
opment in many white matter tracts, including the corona radiata,
corpus callosum, forceps major, and the inferior and superior longitu-
dinal fasciculi (Kelly et al., 2016; Li et al., 2015). The microstructural
organization of these tracts is associated with math ability in typically
developing children ranging from 7 to 18 years (Li et al., 2013; Matejko
et al., 2013; Peters and De Smedt, 2018; van Eimeren et al., 2008) and
alterations have been observed in children with dyscalculia (Rykhlev-
skaia et al., 2009). White matter microstructural and macrostructural
anatomy can be modelled in vivo using diffusion magnetic resonance
imaging (MRI). Diffusion MRI studies have the potential to help us better
understand the neural mechanisms underlying poor math ability in VPT
individuals.

A common diffusion model used to investigate white matter micro-
structure is diffusion tensor imaging (DTI), generating measures such as
fractional anisotropy (FA). However, FA cannot differentiate between
axonal alterations (such as reduced axonal diameter and reduced axonal
packing densities) and the effects of crossing fibres and other complex
fibre arrangements. In comparison, Neurite Orientation Dispersion and
Density Imaging (NODDI), a compartmental model, enables investiga-
tion of more complex white matter microstructural organization,
providing measures of axonal orientation dispersion and axonal density
(Zhang et al., 2012). By performing a Tract-Based Spatial Statistics
analysis of DTI and NODDI metrics, our group reported that math
computation ability was positively associated with FA in widespread
white matter tracts in 7-year-olds born VPT (Kelly et al., 2016),
including the corona radiata, corpus callosum, forceps major and the
inferior and superior longitudinal fasciculi, as well as with FA and
axonal density in similar tracts in both VPT and full-term born (FT; >37
weeks’ GA) children at 13 years of age (Collins et al., 2019). However,
these associations did not differ between VPT and FT children. In
contrast, previous studies have reported differences between VPT and
FT groups for associations between white matter microstructure and
general intelligence, executive function and reading, in terms of asso-
ciated tracts and direction of association (Bruckert et al., 2019; Travis
et al., 2016; Vollmer et al., 2017).

Although compartmental models such as NODDI improve estimates
of white matter microstructure compared to DTI, they remain limited to
the voxel level and the anatomical specificity of results are compro-
mised. In contrast, the recently developed fixel-based analysis (FBA)
framework models white matter microstructure and macrostructure at
the level of each individual fibre population within a voxel, termed a
‘fixel’ (Raffelt et al., 2017). For each fixel, FBA estimates three white
matter properties: 1. the microscopic density of axons within the fibre
population (fibre density, FD); 2. the macroscopic cross-sectional area
that the fibre population occupies (fibre-bundle cross-section, FC); and,
3. a combined measure encompassing both of these microstructural and
macrostructural properties (fibre density and cross-section, FDC; Raffelt
et al.,, 2017). Typically, FBA metrics in the white matter increase
throughout childhood (Genc et al., 2018). VPT infants (Pannek et al.,
2018) and children (Kelly et al., 2020) have widespread lower FD, FC
and FDC compared with term controls, and we recently found that the
increase in FDC specifically in parts of the corpus callosum and corti-
cospinal tract over the 7 to 13-year time period was comparatively
slower in VPT children than FT peers (Kelly et al., 2020). The FBA
metrics at term-equivalent age have been positively associated with
cognitive and motor outcomes in VPT children at 12 and 24-months of
age (Pannek et al., 2020), but it remains to be investigated whether FBA
alterations in VPT children underpin their poorer math ability.

The aims of the current study were two-fold. First, we aimed to
investigate whether the cross-sectional relationship between math
computation ability and FBA estimates of white matter microstructure
and macrostructure differed between VPT and FT children at 7 and 13
years. While we expected to find positive associations between math
computation ability and FD, FC and FDC in FT children in the corona
radiata, corpus callosum, forceps major and inferior and superior
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longitudinal fasciculi, we expected the pattern of associated tracts to
differ in VPT children. Second, we aimed to investigate how the matu-
ration of white matter microstructure and macrostructure from 7 to 13
years is associated with the development of math computation ability
across the same time period, and whether this relationship differed be-
tween VPT and FT children. We hypothesised that greater increases in all
FBA metrics would be associated with greater improvement in math
computation ability for both VPT and FT children but that there may be
regional variations between groups.

2. Method
2.1. Participants and procedure

224 VPT infants (<30 week’s GA or <1250 g birth weight) and 45 FT
infants (>37 weeks’ GA) were recruited in 2001-2003 at the Royal
Women’s Hospital, Melbourne and form the prospective longitudinal
Victorian Infant Brain Study (VIBeS). Infants with genetic or congenital
abnormalities were excluded. A further 31 FT participants were
recruited from Maternal Child Health Centres at age 2 years and
matched to VPT participants based on socio-demographic details. At 7
years (corrected for prematurity; Wilson-Ching et al., 2014), 197 VPT
and 69 FT children returned for follow up (88 % and 90 %, respectively),
and at 13 years (corrected for prematurity) 179 VPT and 61 FT children
were followed up (80 % and 79 %, respectively). A total of 176 VPT and
60 FT children attended both the 7 and 13-year follow ups.

At each follow up participants completed a battery of neuropsy-
chological assessments and were offered an MRI. The 31 FT participants
recruited at 2 years were only offered an MRI at 13 years. Ethics
approval was obtained from the Human Research Ethics Committee at
the Royal Children’s Hospital, Melbourne. Parents/guardians provided
written informed consent and children provided verbal assent at each
follow-up.

2.2. Measures

2.2.1. Math computation ability

To assess math computation ability at both 7 and 13 years, children
completed the Math Computation subtest from the Wide Range
Achievement Test — 4th edition (WRAT-4; Wilkinson and Robertson,
2006), which is appropriate for ages 5 years and older. At 7 years,
children begin with 15 ‘oral math’ questions including counting and
single digit addition and subtraction word problems, before moving to
40 written calculation problems that increase in difficulty. Written
problems include addition, subtraction, multiplication, division and
algebra. At 13 years, children are required to complete only the written
problems, unless they fail to answer at least 5 problems correctly, in
which case they are then asked the ‘oral math’ questions. Children were
instructed to complete as many written items as possible within 15 min.
In order to assess each child’s individual development in computation
ability over time, we used participants’ raw scores in analyses, with
higher scores reflecting better ability.

222 1Q

At 7 years, IQ was estimated using the 4-subtest version of the
Wechsler Abbreviated Scale of Intelligence (WASL, Wechsler, 1999). At
13 years, IQ was estimated using the composite score of the Kaufman
Brief Intelligence Test — 2nd edition (KBIT-2; Kaufman and Kaufman,
2004). Both measures include estimates of verbal and non-verbal IQ,
with a mean of 100 and standard deviation of 15 (higher scores reflect
better performance).

2.2.3. Social risk

At 7 and 13 years, parents provided details on a questionnaire
relating to six domains: 1) family structure, 2) primary caregiver edu-
cation level, 3) employment and 4) income status of the primary income
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earner, 5) maternal age at birth and 6) level of English spoken at the time
of recruitment. To compute a Social Risk Index score, the 6 domains
were scored 0O, representing the lowest risk, to 2, representing the
highest risk (Roberts et al., 2008). The maximum possible score is 12.
The Social Risk Index score was then categorised around the median, as
lower (0-1) or higher (2-12) social risk (Roberts et al., 2008). Where
social risk information was missing it was imputed based on their score
from the previous timepoint. One VPT participant had no social risk
information at any timepoint and was excluded.

2.2.4. MRI acquisition

At both 7 and 13 years, scans were completed following mock MRI
training at the Royal Children’s Hospital, Melbourne, using a Siemens
Magnetom Trio, Tim System 3 T scanner. At 7 years the diffusion
weighted imaging (DWI) sequence was acquired with a b-value = 3000
s/mm?2, 45 noncollinear gradient directions in total, 6 b = 0 s/mm?
images, TR = 7,400 ms, TE = 106 ms, FOV = 240 x 240 mm, matrix =
104 x 104 and an isotropic voxel size of 2.3 mm>. A T;-weighted
sequence was also acquired with TR = 1900 ms, TE = 2.27 ms, FOV =
210 x 210 mm, matrix = 256 x 256, flip angle = 9° and 0.8 mm
isotropic voxels. At 13 years, the DWI sequence was acquired with a b-
value = 2800s/mm?, 60 diffusion-weighted gradient directions, 4 b =
0 s/mm? images, TR = 3200 ms, TE = 110 ms, FOV = 260 x 260 mm,
matrix = 110 x 110 and an isotropic voxel size of 2.4 mm®. Additionally,
a pair of b = 0 s/mm? images were acquired with reversed phase
encoding. A T;-weighted sequence was also acquired with TR = 2530
ms, TE =1.77, 3.51, 5.32, 7.2 ms, FOV = 230 x 209 mm, matrix = 256
x 230, interpolated 256 x 256, flip angle = 7° and 0.9 mm isotropic
voxels.

2.2.5. DWI pre-processing

Diffusion weighted images (DWI) underwent susceptibility-induced
distortion correction at 7 years using BrainSuite version 18, based on
T1-weighted images (Bhushan et al., 2012), and at 13 years using the
Functional MRI of the Brain Software Library (FSL; version 5.0.11)
‘topup’ tool based on availability of reversed phase-encoded images
(Andersson et al., 2003). For both timepoints, images underwent
correction for eddy currents and motion using the FSL ‘eddy’ tool
(Andersson et al., 2017, 2016; Andersson and Sotiropoulos, 2016). The
b-vectors were rotated for use in subsequent steps (Leemans and Jones,
2009). Corrected DWI were visually inspected and quantitative quality
control metrics were obtained using the FSL QUality Assessment for
DMRI (QUAD) and Study-wise QUality Assessment for DMRI (SQUAD)
tools (Bastiani et al., 2018). Quality control metrics were similar be-
tween the VPT and FT groups, although the 7-year images generally had
higher motion metrics than the 13-year images (Kelly et al., 2020).
Corrected images were brain extracted using the FSL Brain Extraction
Tool (BET; Smith, 2002).

2.2.6. Fixel-based analysis

Preprocessed images were analysed as per recommendations for a
single-shell, single-tissue FBA in MRtrix3, version 3.0 RC3 (Tournier
et al., 2019). This involved bias field correction (Tustison et al., 2010),
global intensity normalisation, upsampling to 1.3 mm isotropic voxels,
and constrained spherical deconvolution (Tournier et al., 2013) using an
average response function derived from all participants’ images. Sepa-
rate 7-year and 13-year fibre orientation distribution (FOD) templates
were generated from a randomly selected subset of 30 images per
timepoint (15 VPT without major neonatal brain abnormalities and 15
FT). A longitudinal template was also created using the total 60 images
from both timepoints. Age and sex of the template subsets did not differ
from the larger sample (all p > 0.1). 7-year FOD images were registered
to the 7-year template, 13-year FOD images were registered to the
13-year template, and all FOD images were registered to the longitudi-
nal template (Raffelt et al., 2012, 2011). FODs were segmented to esti-
mate fixels, and FBA metrics (FD, FC, FDC) were then computed (Raffelt
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et al., 2017). The FC metric was log transformed prior to analyses being
undertaken (Raffelt et al., 2017). Whole-brain tractography was per-
formed on the templates, and tractograms underwent
spherical-deconvolution informed filtering of tractograms (SIFT; Smith
et al., 2013). Image analysis steps have been detailed previously (Kelly
et al., 2020).

2.2.7. Statistical analysis

Perinatal and demographic characteristics, as well as neuro-
developmental (math computation ability and estimated IQ) outcomes,
were compared between the VPT and FT participants using independent
samples t-tests and chi-square models for continuous and categorical
variables, respectively, in Stata 16 (StataCorp, 2019).

Perinatal and neurodevelopmental variables were compared be-
tween those that were included in the current study at each follow up
(participants) and those that were recruited at birth but were not
included in the current study (non-participants) using independent
samples t-tests and chi-square models in Stata 16.

Statistical analyses of FBA metrics were completed at every fixel
across the brain white matter using general linear modelling and
connectivity-based fixel enhancement (CFE) in MRtrix3 (Raffelt et al.,
2015). Multiple comparisons were controlled for using non-parametric
permutation testing (n = 5000), assigning a family-wise error rate
(FWE)-corrected p-value to each fixel (Nichols and Holmes, 2002).

To address aim one, we investigated whether the cross-sectional
associations between each FBA metric and math computation ability
(i.e. 7-year FBA metric and 7-year math; and 13-year FBA metric and 13-
year math) differed between VPT and FT children using an interaction
model. This was adjusted for age at assessment and social risk. Sec-
ondary analyses were undertaken excluding children with an IQ < 70 at
the time of assessment, ensuring low intelligence was not a confounding
factor. We also investigated whether the relationships between FBA
metrics and math computation ability differed between males and fe-
males using an interaction model. When no significant interactions were
identified, all participants were combined to examine associations be-
tween FBA metrics and math computation ability in the total sample.
Cross-sectional analyses were performed in the relevant cross-sectional
template space.

To address aim 2, we investigated whether the change in FBA metrics
over time (calculated by subtracting the 7-year images from the 13-year
images) was associated with development in math computation ability
over time (calculated by subtracting the 7-year score from the 13-year
score). This was adjusted for baseline math computation ability at 7
years, the number of years between assessments and social risk at 7
years. Secondary analyses were undertaken excluding children with an
IQ < 70 at either 7 or 13 years. Two interaction models were constructed
to explore whether the relationship between the change in FBA metrics
and change in math computation ability differed between VPT and FT
children, or between males and females. Longitudinal analyses were
performed in the longitudinal template space using a modified version of
CFE (Genc et al., 2018; Kelly et al., 2020).

In line with previous work (Kelly et al., 2020; Pecheva et al., 2019),
for each aim we ran additional sensitivity analyses for the FC and FDC
metrics adjusting for intracranial volume (ICV; generated from
T1-weighted images using Statistical Parametric Mapping, version 12
and log transformed; Smith et al., 2019). For the longitudinal analyses,
this sensitivity analysis was performed adjusting for the log value of the
change in ICV over time. At the 7-year timepoint, some participants had
excessive motion artefacts on their T;-weighted image and ICV data was
unable to be extracted, therefore, these participants were excluded from
sensitivity analyses adjusting for ICV at 7-years and in the longitudinal
analyses.

Additionally, at the 7-year timepoint, a subset of images (~30 %)
were acquired with non-uniform gradient directions and we therefore
repeated the 7-year and longitudinal analyses excluding these partici-
pants, to examine whether results were influenced by this subset (Kelly
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et al., 2016).

Fixels were considered statistically significant at p < 0.05, FWE-
corrected. Significant fixels were anatomically localised by visual in-
spection with reference to a white matter atlas (Oishi et al., 2011), with
confirmation by a paediatric neurosurgery research fellow, experienced
in white matter tract anatomy and tractography research (JYMY).

3. Results
3.1. Participant characteristics

At 7 years, 159 VPT and 35 FT children had an MRI, with 136 VPT
and 32 FT children having sufficient data for inclusion in the FBA ana-
lyses (representing 61 % and 42 % of the original samples, respectively).
At 13 years, 141 VPT and 47 FT children had an MRI, with 130 VPT and
44 FT children included in the FBA analyses (representing 58 % and 58
% of the original samples, respectively). The longitudinal analyses
included 103 VPT and 21 FT participants (representing 46 % and 28 % of
the original samples, respectively). For exclusions at each timepoint and
a participant flow chart see Supplementary Fig. S1.

Perinatal and demographic characteristics and neurodevelopmental
outcomes in VPT and FT participants are reported in Table 1. There were
no differences between groups for age at assessment or sex. As we have
reported elsewhere (Collins et al., 2019), VPT children had lower math
computation ability, a lower estimated IQ and were more often from a
higher social risk background than FT children (Table 1).

Perinatal and neurodevelopmental characteristics of participants
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and non-participants are reported in Supplementary Table S1. VPT
participants were more likely to have been from a multiple birth and less
likely to have had a postnatal infection and moderate-to-severe white
matter abnormalities at term-equivalent age, compared with VPT non-
participants (see Supplementary Table S1). The math computation and
estimated IQ of VPT participants were significantly higher at 7 years
compared with VPT non-participants, though this was not the case at 13
years. For the longitudinal analyses, VPT participants had a higher
estimated IQ at 7 years compared with VPT non-participants (see Sup-
plementary Table S1). FT participants were similar to FT non-
participants on most perinatal characteristics. However, FT partici-
pants in the longitudinal analysis had a slightly younger GA at birth than
FT non-participants (mean difference = 0.67 weeks [95 % confidence
interval, 0.01-1.33], p = 0.047). There were no differences in math
computation or estimated IQ scores between FT participants and non-
participants.

3.2. Cross-sectional associations between FBA metrics and math
computation ability

There were no group differences in FBA-math associations between
VPT and FT children at either timepoint. There were also no differences
in FBA-math associations between males and females. Thus, associations
between FBA metrics and math computation ability are reported for the
total sample. There were no negative associations between FBA metrics
and math computation ability, thus all associations reported are in the
positive direction.

Table 1
Demographic and perinatal characteristics of VPT and FT participants included in the 7-year, 13-year and longitudinal analyses.
7 years 13 years Longitudinal
VPT FT VPT FT VPT FT
n=136 n=32 n=130 n=44 n =103 n=21
Age (years) at assessment”, M (SD) range 7.52(0.23) 7.58 (0.22) 13.23 (0.38) 13.21 (0.45) 5.68" (0.42) 5.78" (0.44)
’ 6.8-8.1 7.1-8.1 11.8-14.9 12.3-14.3 4.2-7.4 5.2-6.7
Female, n (%) 69 (51) 17 (53) 61 (47) 23 (52) 52 (50) 10 (48)
Gestational age (weeks), M (SD) 27.5(1.9) 39.0 (1.3) 27.4 (1.9) 39.0 (1.4) 27.5(1.9) 38.7 (1.2)
Birthweight (g), M (SD) 977 (224) 3247 (509) 964 (230) 3303 (551) 975 (230) 3273 (549)
SGA, n (%) 11 (8) 13 11 (9) 0 9(9) 0
Multiple pregnancy, n (%) 65 (48) 2(6) 63 (48)** 49 54 (52)** 209
BPD, n (%) 40 (29) - 42 (32) - 29 (28) -
PDA, n (%) 66 (49) - 61 (47) - 51 (49) -
Postnatal infection®, n (%) 43 (32) - 42° (33) - 31¢ 31) -
Grade I1I/1V IVH, n (%) 5(4) - 7 (5) - 5(5) -
Cysti® PVL, n (%) 4 (3) - 4(3) - 4 (4) -
Moderate-to-severe WMA, n (%) 18" (13) - 17 (13) - 13(13) -
19.2 (4.9)* 21.4 (3.4) 34.7 (7.3)** 39.0 (6.8) 16.1% (4.9)** 19.8% (3.5)
Math raw score, M (D), range 4-33 12-28 13-53 27-54 —2" 07 13-25
92.1 (17.3)* 99.1 (14.6) 92.1 (15.8)* 101.6 (15.3) 1.3%(11.9) 5.2¢ (11.3)
Math standard score, M (SD), range 55-144 61-129 55-140 77-144 ~36-25 —22.24
Low math score', n (%) 46 (34)* 4 (12.5) 45 (35)* 8 (18) - -
1Q, M (SD) 99.2 (12.6)** 109.1 (11.49) 99.6 (18.0)** 110.0 (12.5) 99.17 (12.8)** 110.5 (11.5)
1Q < 70, n (%) 1(<1%) 0 9 () 0 6“ (5) 0
Higher social risk background, n (%) 79 (58)* 9 (28) 78 (60)* 16 (36) 58' (56)* 5' (24)

n = number of participants, M = mean, SD = standard deviation, SGA = small for gestational age, BPD = bronchopulmonary dysplasia, PDA = patent ductus arteriosus,
IVH = intraventricular haemorrhage, WMA = white matter abnormality, PVL = periventricular leukomalacia.

" p-value <0.05.

" p-value <0.001.

@ Corrected for prematurity.

b Represents the number of years between assessment at each timepoint.
¢ Defined as a confirmed case of sepsis or necrotising enterocolitis.

4 2 missing data points.

¢ 3 missing data points.

f 1 missing data point.

8 Represents change in math computation ability from 7 to 13 years.

" One child scored 2 points lower at 13 years than at 7 years. They had an IQ < 70 at 13 years and were excluded from the secondary IQ analyses.

! Defined as a score >1 SD (15) below the normative test mean (100).
J Estimated IQ at 7 years.

X Number of children with IQ < 70 at either 7 or 13 years.

! Represents social risk background at 7 years.
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3.2.1. 7-year associations

3.2.1.1. FD. Significant associations were observed in a small number
of fixels (n = 370; 0.07 % of the total number of fixels in the white matter
template analysis fixel mask). The location of these fixels included the: i)
corticospinal tract from the level of the internal capsule in the left
hemisphere and from the level of the cerebral peduncle in the right
hemisphere, through to the brain stem; ii) left inferior fronto-occipital
fasciculus; and iii) splenium of corpus callosum (including the right
forceps major; see Fig. 1 and Supplementary Table S2 for more detail;
see Supplementary Fig. S2 for p-values of significant fixels). These re-
sults were similar after excluding the child with an IQ < 70 (Supple-
mentary Fig. S3, Supplementary Table S3). No significant fixels
remained after excluding the images acquired with non-uniform
gradient directions.

3.2.1.2. FC and FDC. Significant associations were identified in 17,744
(3.4 %) fixels for FC, and 8,005 (1.5 %) fixels for FDC, both of which
occupied similar anatomical regions (Fig. 1 and Supplementary
Table S2; see Supplementary Fig. S2 for p-values of significant fixels).
They included: i) bilateral corticospinal tracts following their entire
intracranial course; ii) bilateral superior corona radiata; iii) bilateral
somatosensory fibres traversing through the posterior limbs of the in-
ternal capsules and into the thalamij; iv) the posterior body of the corpus
callosum (including the isthmus); v) both inferior fronto-occipital
fasciculi traversing through the external capsules (predominantly left
lateralised); and the pontine crossing tract and bilateral middle cere-
bellar peduncles. A specific association was identified with FDC in the
anterior thalamic radiations (predominantly left lateralised). Results
were similar after excluding the child with an IQ < 70 (Supplementary
Fig. S3, Supplementary Table S3). Results were also similar, although
the spatial extent reduced slightly, after adjusting for ICV (Supplemen-
tary Fig. S4, Supplementary Table S3). No significant associations
remained after excluding the images acquired with non-uniform
gradient directions.

VACELS
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3.2.2. 13-year associations

3.2.2.1. FD. Significant associations were observed in 1,070 fixels (0.2
%), located in the: i) brainstem portion of the right corticospinal tract; ii)
right anterior thalamic radiation; iii) posterior body, splenium and
tapetum of the corpus callosum; iv) bilateral superior corona radiata
(Fig. 1 and Supplementary Table S2; see Supplementary Fig. S2 for p-
values of significant fixels). Many of the same regions remained asso-
ciated after excluding the children with an IQ < 70 (Supplementary
Fig. S3, Supplementary Table S4).

3.2.2.2. FC and FDC. Associations were identified in 29,100 (5.0 %)
fixels for FC and 17,710 (3.0 %) fixels for FDC, in similar regions for both
parameters (Fig. 1 and Supplementary Table S2; see Supplementary
Fig. S2 for p-values of significant fixels). Associations were observed in:
i) both corticospinal tracts along the entire intracranial course; ii)
bilateral corona radiata; iii) bilateral anterior thalamic radiations; iv)
bilateral somatosensory fibres in the posterior limbs of the internal
capsule and thalami (left lateralised for FDC); v) the callosal genu
(including forceps minor), posterior body (including the isthmus), and
splenium (including forceps major; right lateralised for FC); vi) the
cingulum (right lateralised for FC); vii) bilateral inferior fronto-occipital
fasciculus through the external capsules; viii) and the middle cerebellar
peduncles. Specific associations were identified with FC in the pontine
crossing tract and the anterior commissure, and with FDC in the callosal
tapetum fibres and the hippocampal portion of the cingulum. Significant
associations remained in most regions after excluding the children with
an IQ < 70 (Supplementary Fig. S3, Supplementary Table S4). These
results largely reduced after controlling for ICV (Supplementary Fig. S4,
Supplementary Table S4).

3.3. Longitudinal associations

As with the cross-sectional analyses, there were no group differences
in FBA-math associations between VPT and FT children or between
males and females. Therefore, all participants were combined for the
longitudinal analyses. We found no significant associations between
change in FD or FC and development in math computation ability from 7

13 years

Fig. 1. Images illustrate regions where there were cross-sectional associations between math computation ability and fixel-based analysis metrics [a) fibre density
(FD), b) fibre-bundle cross-section (FC), and c) combined fibre density and cross-section (FDC)] at 7 years (left panel) and 13 years (right panel). Results are adjusted
for age at assessment and social risk. Results are presented as fibre tracts (streamlines) passing through significant fixels (p < 0.05, FWE-corrected). Streamlines are
coloured by direction: red: left-right; green: anterior-posterior; blue: inferior-superior. In the first three columns of each panel, streamlines are presented as 2D slices
overlaid on the template image. In the final column, streamlines are presented in 3D in glass brain representations (Mito et al., 2018). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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to 13 years (calculated as 13 year math score minus 7 year math score).

Increases in FDC in a small number of fixels (n = 56, 0.01 %) in the
posterior body of corpus callosum were positively associated with
development in math computation ability (Fig. 2, Supplementary
Table S2; see Supplementary Fig. S5 for p-values for significant fixels),
which remained present after controlling for ICV and after excluding
children whose 7-year images were acquired with non-uniform gradient
directions (Supplementary Fig. S6, Supplementary Table S5), but not
after excluding children with an IQ < 70 at either age.

4. Discussion

Using FBA, this study found that higher FD, FC and FDC, predomi-
nantly in visual, sensorimotor and cortico-thalamic/thalamic-cortical
tracts, were associated with better math computation ability in 7 and
13-year-old children. Increasing values of FDC in the posterior body of
the corpus callosum from 7 to 13 years (i.e. increasing maturation) were
associated with greater improvement in math computation ability. VPT
children had similar associations between math computation and white
matter microstructure and macrostructure to their FT peers.

Contrary to our hypothesis, the relationships between longitudinal
white matter development in FBA metrics and development in math
computation ability did not differ between VPT and FT children. Other
studies have reported that VPT children rely on different white matter
systems for reading (Bruckert et al., 2019; Travis et al., 2016), executive
function and general intelligence (Vollmer et al., 2017) compared with
FT peers, but this does not appear to be the case for math computation.
We have previously reported no birth group differences in the associa-
tion between white matter microstructure and math computation in this
cohort at age 13 years using voxel-wise analysis of DTI and NODDI
metrics (Collins et al., 2019). The current study confirms this finding,
using the more specific FBA framework and incorporating data from 7
and 13 years. However, we caution that the VPT study sample may not
be representative of the original birth cohort as participants had higher
math computation scores and were less likely to have
moderate-to-severe white matter abnormalities at term-equivalent age
than participants without FBA data. It remains possible that examining
more foundational math skills (i.e., magnitude processing or fact
retrieval) may uncover group differences in these associations, although
to date the examination of these more foundational skills in the preterm
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population is limited (Simms et al., 2015).

In the total sample of VPT and FT children, we found converging
evidence for associations between white matter microstructure and
macrostructure, and math computation ability at 7 and 13 years. Much
of the previous literature investigating the association between math
and brain white matter must be interpreted with caution as analyses
have utilised voxel-level estimates of diffusion, limiting the anatomical
specificity and biological interpretability of findings. FD, FC and FDC
were all associated with math computation ability in the current study,
suggesting that increased cross-sectional area of specific white matter
tracts, in conjunction with higher axonal density, is associated with
better math computation ability in childhood (Pannek et al., 2020).

Associations were present in tracts important for processing visual
stimuli. More specifically, the fixel-based measures in the splenium of
the corpus callosum along with the callosal fibres making up the forceps
major, and inferior fronto-occipital fasciculi were associated with math
computation ability at both 7 and 13 years. These associations are
concordant with previous DTI investigations showing positive associa-
tions of FA in these tracts with math in our VPT cohort (Collins et al.,
2019; Kelly et al., 2016) and in typically developing children (Li et al.,
2013) and adolescents (Matejko et al., 2013), with reduced FA evident in
children with dyscalculia compared with peers (Rykhlevskaia et al.,
2009). Axonal density in the splenium, estimated with NODDI, has also
been positively associated with math computation in our cohort of VPT
and FT children at 13 years (Collins et al., 2019). The splenium and
forceps major provide interhemispheric connections between visual
cortical regions (Dougherty et al., 2005; Hofer and Frahm, 2006; Put-
nam et al., 2010); while the inferior fronto-occipital fasciculi provide
intrahemispheric connections between cortical regions associated with
visual and verbal processing of numeric information (Dehaene et al.,
2003; Shum et al., 2013), arithmetic fact retrieval (Grabner et al., 2009)
and domain-general skills such as working memory (Klein et al., 2018).
Our work suggests that children with better math computation ability
have greater overall axonal development (i.e. increased FD, FC and FDC)
in these tracts, which may in turn enhance their capacity for the inte-
gration of multi-modal numeric information and domain-general pro-
cessing, including working memory.

We found consistent evidence for associations with math computa-
tion across FBA metrics at both timepoints in white matter tracts
implicated in the sensorimotor network, including the corticospinal

FDC, Longitudinal

Fig. 2. Images illustrate regions where development in math computation ability from 7 to 13 years was associated with increases in combined fibre density and
cross-section (FDC) from 7 to 13 years, adjusted for math computation ability at 7 years, the number of years between assessments and social risk at 7 years. Results
are presented as fibre tracts (streamlines) passing through significant fixels (p < 0.05, FWE-corrected). Streamlines are coloured by direction: red: left-right. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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tract and superior corona radiata, and the posterior body and isthmus of
the corpus callosum. Similar cross-sectional findings have been reported
in DTI studies, whereby positive FA-math associations have been iden-
tified in the bilateral corticospinal tract for adolescents (Matejko et al.,
2013) and in the left superior corona radiata in our previous VPT in-
vestigations (Collins et al., 2019; Kelly et al., 2016), in typically devel-
oping children (van Eimeren et al., 2008) and adolescents (Matejko
et al., 2013). Conversely, reduced FA in the right corticospinal tract has
been observed in children with dyscalculia compared to peers (Rykh-
levskaia et al., 2009). The functional relevance of the sensorimotor
tracts for math is less clear than for the visual pathways. It has been
hypothesised, however, that as the left superior corona radiata is
commonly associated with reading performance (Deutsch et al., 2005;
Niogi and McCandliss, 2006), it may be involved in the phonological
processing of numbers when completing math tasks (van Eimeren et al.,
2008). Alternatively, the superior corona radiata could be related to
children’s use of finger counting due to a shared neural representation
between fingers and numbers (Matejko and Ansari, 2015). Children’s
use of finger counting strategies reduces over time (Peters and De Smedt,
2018) and may no longer be dominant by 13 years, however, it is
possible that the repeated use of this strategy during development
strengthens the shared neural pathways and they remain more perma-
nently linked. Although the functional relevance of the sensorimotor
tracts for math requires further investigation, we provide evidence that
the development of axons in these tracts is important for children’s math
computation ability.

Further emphasising the importance of the sensorimotor network,
we found that greater change over time in FDC in the posterior body of
the corpus callosum from 7 to 13 years was associated with greater
development in math computation ability in all children. Only one
previous study has investigated math abilities in relation to FA changes
over time in children, but this was conducted over an 8-week period
only, investigating the effects of a tutoring program, and the DTI anal-
ysis focused specifically on the superior longitudinal fasciculus (Jolles
et al., 2016). Thus, children with accelerated axonal development of the
posterior body of the corpus callosum may experience greater devel-
opment in math computation ability, possibly due to enhanced inter-
hemispheric integration and efficiency of information transfer between
motor and somatosensory cortices.

White matter microstructure and macrostructure in some cortico-
thalamic and thalamo-cortical pathways were also associated with bet-
ter math computation ability at both 7 and 13 years, including the
anterior and posterior corona radiata, and the anterior thalamic radia-
tions. In line with these findings, we have previously reported positive
FA-math associations in the anterior and posterior corona radiata in this
cohort of VPT and FT children (Collins et al., 2019; Kelly et al., 2016).
Furthermore, higher FA in these regions has been observed in
mathematically-gifted adolescents compared with controls (Nav-
as-Sanchez et al.,, 2014) and reduced FA observed in the anterior
thalamic radiations of children with dyscalculia, compared with con-
trols (Rykhlevskaia et al., 2009). Further corroborating the importance
of the thalamic connections for childhood math, we also found that FC
and FDC of the somatosensory fibres passing into and within the thalami
were associated with math computation at both 7 and 13 years. We
therefore propose, in line with the dominant neuroanatomical model of
mathematical cognition (Dehaene and Cohen, 1995), that the
fibre-specific microstructure and macrostructure of the thalamic path-
ways play a vital role in children’s math computation ability, possibly
through the modulation of attention, memory and processing speed
(Fama and Sullivan, 2015).

Two white matter tracts where we did not find converging evidence
of associations with math compared to voxel-level analyses are the su-
perior and inferior longitudinal fasciculi (Li et al., 2013; Rykhlevskaia
etal., 2009; Tsang et al., 2009), even though our previous studies in this
cohort have observed positive FA-math associations in both of these
tracts (Collins et al., 2019; Kelly et al., 2016). While the lack of
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associations in the current study was initially surprising, it is likely
explained by our use of the fibre-specific FBA framework which has
allowed us to differentiate between crossing white matter tracts. For
example, the superior longitudinal fasciculus is a long association tract
that crosses other tracts where we have identified positive associations
in the current study, including the corticospinal tract and fibres of the
posterior body of the corpus callosum (Mito et al., 2018) which extend
into the corona radiata (Yakar et al., 2018). The inferior longitudinal
fasciculus, on the other hand, is often difficult to separate from the
inferior fronto-occipital fasciculus using voxel-level analyses, however,
using FBA allowed us to more clearly differentiate these tracts and assign
associations to the inferior fronto-occipital fasciculus, rather than the
inferior longitudinal fasciculus. As such, it is possible that previous
voxel-level analyses that report positive associations with the superior
and inferior longitudinal fasciculi may be a reflection of crossing fibres.
These distinctions, however, need future investigation and replication in
other samples using fibre-specific frameworks.

Adjustment for ICV for FC and FDC sometimes did not change or
slightly reduced the number of significant fixels (7-year analysis and
longitudinal analysis) and sometimes more substantially reduced the
number of significant fixels (13-year analysis), with associations in
general more confined to sensorimotor tracts after ICV adjustment. This
suggests findings for FC and FDC in these sensorimotor tracts are un-
likely to have been driven by macroscopic brain differences, whereas
findings in other parts of the brain may have been. Cross-sectional as-
sociations remained present in similar regions when children with an IQ
< 70 were excluded, indicating that these associations were largely in-
dependent of general cognitive ability. However, longitudinal associa-
tions were no longer present, after excluding children with an IQ < 70,
suggesting they may be influenced by general cognitive ability. One
consideration when interpreting our sensitivity analyses excluding
children with an IQ < 70, however, is the use of different IQ tests at 7
and 13 years. While the WASI 4-subtest full-scale IQ and the KBIT-2
composite score are highly correlated (r = 0.81; Kaufman and Kauf-
man, 2004), the increased number of children with an estimated IQ < 70
at 13 years (n =1 at 7 years ton = 9 at 13 years) may be attributed to the
application of different IQ measures across time points.

A major strength of our study is our large sample size, however, we
do acknowledge that the FT sample was smaller than the VPT sample
and we were possibly underpowered to detect birth group interactions
due to the smaller FT sample size. Additionally, in future, segmenting
and analysing individual fibre tracts would be beneficial for specifying
effect sizes for specific tracts and may reveal more subtle group differ-
ences in specific fibre pathways. However, we believe a whole-brain
approach is appropriate given evidence that VPT children rely on
different white matter pathways to FT peers for other cognitive skills
(Bruckert et al., 2019; Travis et al., 2016; Vollmer et al., 2017), which
may be missed when focussing on specific tracts of interest. Application
of the advanced FBA pipeline is another strength of our study, as this
approach has been shown to provide more anatomically specific and
biologically interpretable results compared with previous
non-fibre-specific approaches (Dhollander et al., 2020; Mito et al.,
2018), and also enabled us to examine both the microstructural and
macrostructural properties of individual fibre populations. Our data is of
high quality at both timepoints, however, there are two limitations that
should be considered when interpreting the findings. Firstly, a subset of
our 7-year scans were acquired with non-uniform gradient directions
and after excluding this subset in sensitivity analyses, results at the
7-year timepoint were no longer significant, which could be related to
the non-uniform gradient directions or a reduction in power due to the
substantial reduction in sample size of nearly one-third, meaning these
results should be interpreted with caution. Secondly, we acknowledge
there were differences in the diffusion sequences used at each timepoint,
which could affect the longitudinal analysis. While this limitation is
common in long-term, longitudinal neuroimaging studies as technology
and techniques improve over time, all sequences and processing in this
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study were the same between the groups (Kelly et al., 2020). Future
studies using identical image sequences over time are required to vali-
date our results. Additionally, in the future, studies investigating brain
white matter in conjunction with cortical morphology may provide a
more complete picture of the brain structural-functional relationships
underpinning math ability.

In conclusion, this study found evidence that the fibre density and
cross-sectional area of specific visual, sensorimotor and cortico-thalamic
tracts are associated with better math computation ability, and accel-
erated maturation of the posterior body of the corpus callosum is asso-
ciated with greater development in math computation ability in late
childhood. The underlying neural pathways for math computation are
similar for children born VPT and FT.
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