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Abstract

Studies in adults indicate that white matter microstructure, assessed with diffusion tensor imaging
(DTI), has high heritability. Little is known about genetic and environmental influences on DTI
parameters, measured along fiber tracts particularly, in early childhood. In the present study, we
report comprehensive heritability data of white matter microstructure fractional anisotropy (FA),
radial diffusion (RD), and axial diffusion (AD) along 47 fiber tracts using the quantitative
tractography in a large sample of neonatal twins (n=356). We found significant genetic influences
in almost all tracts with similar heritabilities for FA, RD, and AD as well as positive relationships
between these parameters and heritability. In a single tract analysis, genetic influences along the
length of the tract were highly variable. These findings suggest that at birth, there is marked
heterogeneity of genetic influences of white matter microstructure within white matter tracts. This
study provides a basis for future studies of developmental changes in genetic and environmental
influences during early childhood, a period of rapid development that likely plays a major role in
individual differences in white matter structure and function.
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1. Introduction

Recent diffusion tensor imaging (DTI) studies have found abnormalities of white matter
microstructure in neuropsychiatric disorders such as schizophrenia, bipolar disorder, autism
spectrum disorder, and attention-deficit/hyperactivity disorder (Dennis and Thompson,
2013; Kuswanto et al., 2012; Mueller et al., 2012; Nortje et al., 2013). It is becoming clear
that most of these neurodevelopmental and psychiatric disorders are the result of abnormal
trajectories of prenatal and early childhood brain development (Bale et al., 2010; Insel,
2010; NIMH Workgroup, 2008). The abnormal developmental trajectories that underlie
these disorders are likely contributed to by the additive and interactive effects of multiple
genetic and environmental factors, each with small individual effects.

Early childhood is a period of very rapid development of the basic structural and functional
framework of the brain, including global tissue volumes (Knickmeyer et al., 2011), cortical
thickness and surface area (Lyall et al., 2014), white matter tract microstructure (Dubois et
al., 2006, 2008; Gao et al., 2009a; Geng et al., 2012a; Gilmore et al., 2007) and resting state
functional networks (Gao et al., 2009b, 2011, 2013; Lin et al., 2008). During the first 2 years
of life in particular, DTI studies show that white matter exhibits significantly increasing
fractional anisotropy (FA) and decreasing radial diffusivity (RD) and axial diffusivity (AD),
with rates of change faster in the first year than the second (Dubois et al., 2006, 2008; Gao et
al., 2009a; Geng et al., 2012a). Very little is known about how genetic and environmental
factors influence white matter development during this period, one that will likely determine
individual differences in cognition and behavior, as well risk for psychiatric disease.

Twin DTI studies in adults have reported high heritability of regional FA in the splenium
and genu corpus callosum (Pfefferbaum et al., 2001), and of lobar FA in bilateral frontal,
parietal, and left occipital lobes (Chiang et al., 2009). Whole brain white matter FA and RD
were found to have significant genetic variability, with heritability values of .52 and .37
respectively, while genetic variation in AD was non-significant (Kochunov et al., 2010). A
recent multi-site study found additive genetic factors explaining over 50% of inter-subject
variance in FA values across multiple white matter regions (Kochunov et al., 2014). Studies
in older children indicate that the heritability of FA decreases significantly from adolescence
(70-80%) to adulthood (30-40%) (Chiang et al., 2011b), while studies of 9 year olds find no
significant heritability of FA with little change between 9 and 12 years (Brouwer et al.,
2010; Brouwer et al., 2012). In neonates, we found rather high heritability of FA in
neonates, compared to the study of 9 year olds (Brouwer et al., 2010), that tended to
decrease with tract maturation (Geng et al., 2012b).

Studies to date suggest that heritability of white matter microstructure changes with
development. Twin studies of white matter in childhood will allow a better understanding of
when specific structures and circuits are more or less amendable to environmental and
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experimental influence, identifying periods of heightened plasticity that can be targeted by
early environmental interventions to reduce risk and improve long term developmental
outcomes. These studies also provide temporal and regional targets with high genetic
influence for future genetic studies of development in early childhood, allowing the field to
gain traction in the face of the enormous genetic complexity of psychiatric disorders. It has
been proposed that structural endophenotypes used in genetics studies be highly heritable
(Glahn et al., 2012; Medland et al., 2014). Blokland et al. (2012) concluded in a meta-
analysis that twin studies are “the first step to determine whether it is worthwhile to perform
gene finding analyses on a given imaging phenotype.”

Irrespective of the scarcity of heritability studies in early childhood, previous studies only
provide us limited information by reporting only one diffusion parameter (Chiang et al.,
2009; Pfefferbaum et al., 2001), global diffusion measurements (Gilmore et al., 2010;
Kochunov et al., 2010), or measurements in several discrete sites along fiber pathways
(Geng et al., 2012b). In the current work, we have extended our previous region-of-interest
(ROI) based analysis in neonates to a quantitative tract-based analysis in a large sample, in
which anatomically informed curvilinear regions are used to analyze diffusion at specific
locations all along fiber (Goodlett et al., 2009; Verde et al., 2014). Using this quantitative
tractography, we report a comprehensive heritability data of white matter DT measures
along 12 bilateral fiber pathways and the respective subdivision in the largest sample of
pediatric twin subjects to date (n=365).

2. Materials and methods

2.1. Participants

Pregnant women with twin fetuses were recruited from the outpatient OB-GYN clinics as
part of the UNC Early Brain Development Studies (www.earlybrainresearch.org) between
2004 and 2014. Exclusion criteria for mothers included major maternal illness or infection
during pregnancy, and maternal diagnosis of a major psychiatric disorder; those for neonates
were chromosomal abnormalities, severe congenital abnormalities, major medical illness or
infection, abnormalities on MRI other than small intracranial hemorrhages which are
common in neonates (Looney et al., 2007). Zygosity was determined with polymerase chain
reaction-short tandem repeat (PCR-STR) analysis of 14 loci on DNA prepared from buccal
swab cell collection (BRT Laboratories, Baltimore, MD). Written informed consent was
obtained from a parent of all infant participants. This study was approved by the Institutional
Review Boards of the University of North Carolina School of Medicine and Duke
University Medical Center.

A total of 356 of twin neonates were included in the final analysis: 129 twin pairs and 98
unrelated “singleton” twins — a single unpaired twin subject in which a usable scan was not
obtained from the co-twin. Demographic variables are presented in Table 1. Data from these
participants has been published previously in a ROI-based study of heritability (Geng et al.,
2012b).
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2.2. Image acquisition

Most (N = 304, 85%) of MRI were acquired on a 3T Siemens Allegra head only scanner
(Siemens Medical System, Erlangen, Germany). For the 170 (56%) subjects scanned with
the Allegra model, diffusion weighted images (DW!Is) were acquired using a single shot
echo-planar imaging (EPI) spin-echo sequence with the following parameters: Time to
Repeat [TR]/Time to Echo [TE] = 5200/73 ms, slice thickness = 2 mm, in-plane resolution =
2 x 2 mm2, and 45 slices. For each EPI sequence, a total of 6 diffusion weighted images
with a b value = 1000 s/mm? and one reference image without diffusion sensitization (b
value = 0) were acquired. The diffusion gradients were applied in six non-collinear
directions, (1,0,1), (-1,0,1), (0,1,1), (0,1,-1), (1,1,0), and (-1,1,0) for each sequence, with
each sequence repeated 5 times for a total 35 diffusion weighted images per scan session to
improve signal-to-noise. For the other 134 (44%) subjects scanned on the Allegra, DWIs
were acquired with the following parameters: TR/TE/Flip angle = 7680/82/90°, acquisition
matrix = 128 x 96, voxel resolution = 2 x 2 x 2 mm3, field of view [FOV] = 256 x 192
mm?2, 42 non-collinear diffusion gradients with 7 b = 0 scans (60 axial slices), and diffusion
weighting b = 1000 s/mm2.

The remaining 52 (15%) were scanned on a new 3T Siemens Tim Trio scanner (Siemens
Medical System, Erlangen, Germany). DWIs were acquired with acquisition protocol similar
to the second Allegra DWI protocol: TR/TE = 7200/83 ms, acquisition matrix = 128 x 96,
voxel resolution = 2 x 2 x 2 mm3, FOV = 256 x 192, 42 non-collinear diffusion gradients,
with 7 b = 0 scans (62 axial slices), and diffusion weighting b = 1000 s/mm2.

2.3. Diffusion tensor imaging analysis

A study specific quality control protocol was performed for all raw diffusion-weighted
images (DWI) using DTIPrep (http://www.nitrc.org/projects/dtiprep) for slice-wise and
gradient-wise artifact detection, as well as eddy current and motion correction (Oguz et al.,
2014). Removal of the skull and other non-brain tissue was performed using FSL’s Brain
Extraction Tool (Smith, 2002) to generate a binary brain mask from the baseline image
(average of all b = 0 images) for use in limiting tensor field estimation to only brain tissue
included within the mask. The tensors were estimated from the DWI with the binary brain
mask applied by using the weighted least squares fitting method (DTIEstim, Goodlett et al.,
2009). For further visual quality control, the diffusion scalar properties were extracted out of
the skull-stripped tensor volumes to obtain FA, AD, and RD maps (DTIProcess ToolKit,
http://www.slicer.org). Our adaptation of the UNC-Utah NA-MIC DTI framework (Verde et
al., 2014) included creation of an unbiased, cross-sectional, study-specific neonate DTI atlas
for application of a fiber tract based analysis to the present study of neonatal brain
development (http://www.nitrc.org/projects/dtiatlasbuilder). All fiber tract segments were
reconstructed in the neonate atlas space using a streamline tractography algorithm

(www slicer.org; Fedorov et al., 2012), as shown in greater detail in Appendix A. Via the
deformation field computed in pair-wise registration of the DTI atlas with our study subject
DTI data, we mapped atlas fiber tracts into each subject’s original DTI space, where all
diffusion properties were sampled along the tracts (DTI-Reg, DTIAtlasFiberAnalyzer,
https://wwwe.slicer.org). We then generated statistical profiles for each of three diffusion
property parameters (FA, AD, RD) along the length of each fiber tract for every individual
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subject in the present study. After statistical analyses were performed, we merged the
statistical findings with the atlas fiber bundles to visualize our results with reference to
anatomy (MergeStatWithFiber, https://www.slicer.org). These steps are described in greater
detail in Appendix A.

2.4. Genetic analysis of twins

We fitted a novel functional ACE model that can accommodate both twin pairs and
unrelated “singleton” twins, to diffusion parameters along each fiber tract. This functional
ACE (fACE) model is a novel extension of our FADTTS toolbox available at http://
www.nitrc.org/projects/fadtts/ (Zhu et al., 2011; Yuan et al., 2014). Specifically, in the
fACE model, we introduced A (additive genetics), C (common environment), and E (unique
environment) functions as random functions of fiber location. Moreover, we included
varying coefficients associated with five covariates including biological sex, gestational age
at birth, postmenstrual age at scan, scanner type, and gradient direction. Our fACE model
explicitly models differing genetic makeups for MZ twins, sharing nearly 100% of their
genes, and dizygotic (DZ) twins sharing only about 50% of their genes. To quantify the
genetic and environmental contributions, we estimated all ACE functions varying coefficient
functions and then used local and global test statistics to test the heritability and any varying
coefficient along each tract.

2.5. Statistical analysis

Genetic analysis for twins, in the end, generated additive genetic (a2), shared environmental
(¢?), and unique environmental (e2) contribution estimates of DTI parameters at every data
point along the length of the tract that was analyzed. To make single representative estimates
for each tract as a whole, we averaged all of the FA, AD, and RD values along a given fiber
segment and generated estimates of tract-averaged DTI parameters using the same genetic
analysis.

For demographic variables, frequency distributions were calculated for categorical variables,
and the means and standard deviations were calculated for continuous variables.
Nonparametric Spearman’s correlations were used when studying the associations between
DTI parameters and their heritability for individual tract because heritability estimates in
this study did not met the assumption of normal distribution. For analysis of all points in all
tracts, the zero-inflated Poisson (ZIP) model based on the discretized heritability values and
the DTI parameters values was carried out, since the cumulative number of data points with
zero heritability is considerable (N = 525 (11%) for FA, 2,555 (56%) for AD, 1,178 (26%)
for RD). Heritability values in [0,1] were uniformly discretized into 20 groups with larger
values corresponding to larger integers (N = 1 to 20), with the zero values remaining zero.
The ZIP model estimates two equations that correspond to two zero generating processes.
The Poisson part is governed by a Poisson distribution that generates counts, some of which
may be zero and the binomial part is governed by a binary distribution that generates
structural zeros. The log link is used for Poisson part and the logit link is used for binomial
part (the probability of a = 0).
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R statistics were calculated to explore the contribution of biological sex, gestational age,
postmenstrual age, scanner type, and gradient direction on DTI parameter variability. Three
sample fibers were selected; the genu and the splenium with higher heritability and the right
cingulate bundle of the cinglum with lower heritability in FA.

All the data were analyzed using SPSS for Windows, version 20.0 (SPSS, Inc.; Chicago, IL,
USA), R and in-house programs written in Matlab. Differences were considered statistically
significant at p <.05.

3.1. Heritability of the tract-averaged values of DTI parameters for individual tracts

Table 2 presents heritability estimates for tract-averaged FA, AD, and RD. In general,
almost all tracts showed significant heritability, and mean + SD heritability across all tracts
were similar for FA (0.33 £ 0.10), AD (0.32 = 0.14), and RD (0.30 + 0.09). FA showed no
significant common environmental variance in any tract while for AD and RD, estimates
were significant in 9 and 4 tracts respectively. However, the common environmental
portions of variance were still low, from 0.11 to 0.24, even in those significant tracts.

Among 47 tracts, the right fornix had the highest heritability in all three parameters. Other
tracts with high heritability for FA were the hippocampal bundle of right cingulum (a2 =
0.57) and splenium of corpus callosum (a2 = 0.52), for AD the rostrum (a2 = 0.54) and
premotor body (a2 = 0.53) of corpus callosum, and for RD the premotor body of corpus
callosum (a2 = 0.46).

3.2. Relationships between genetic contribution estimates of three DTl parameters

AD and RD showed robust correlation in their genetic contribution estimates (rs=.70, p<.
0001). AD and FA also showed moderate correlation in those estimates (rg= .33, p =.02)
while FA and RD did not show significant correlation (rg = .25, p =.92).

Fig. 1 shows relationships between the genetic estimates of three parameters together. The
three major types of white matter fibers were roughly grouped along the scatter plot of a2 of
AD vs. a2 of RD. Commissural fibers had higher heritability for both AD and RD while
association fibers tended to have lower values of both AD and RD; projection fibers were in
between. However, contrary to cingulate portion of cingulum fiber, bilateral hippocampal
portions of cinguli commonly showed the lowest heritability values of AD and RD. Note
that a2 of FA is presented as a radius in this plot and tended to be more variable, with
commissural and projection fibers having higher heritability than association fibers.

3.3. Heritability of single data point along individual tract

Table 3 presents a summary of genetic and common environmental estimates for single data
points across each tract. Relative to the values of genetic and environmental variances from
tract-averaged value of DTI parameters, genetic estimates of single data points were
generally reduced and environmental contribution estimates were increased. However, fibers
still maintained their ranks in the heritability.
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For FA, 40 % of all tract data points had significant genetic variance; the highest was the
premotor portion of the corpus callosum (73.9%) and the lowest was the right cingulate of
cingulum (0%). For AD, only 15.9% of all tract data points had significant genetic variance;
the highest was right fornix (62.3%) and the lowest was right medial lemniscal pathway and
left superior longitudinal fasciculus (0%). For RD, 53.0% of all tract data points had
significant genetic variance; the highest was the right fronto-parietal portion of arcuate
fasciculus (91.8%) and the lowest was the right medial lemniscal pathway (0%).

Fig. 2 and 3 show data points with statistically significant genetic variation along each tract
(see Appendix C for all tracts). By highlighting genetically significant points along each
tract, we were able to visualize which portions had significant genetic variance. For FA,
substantial portions of all corpus callosum bundles showed significance, with no
significance at each end of the tract. Corticothalamic and corticofugal tracts had significant
regions mainly in the cortical portions of the tracts. Corticofugal tracts, in particular, had
additional significant regions at the level of the internal capsule and cerebral peduncle (Fig.
4). The frontal part of the fronto-temporal branch in the arcuate fasciculus was significant
while the remainder was not significant. The cingulate region of cingulum showed less
significance while the hippocampal region of cingulum had significance. RD heritability
along individual tracts demonstrated relatively similar patterns to those observed in FA
heritability. Compared to FA and RD, AD along tracts demonstrated a pattern of more
variable and smaller, more interrupted segments of significant heritability.

3.4. Relationships between DTI parameters and their heritability

In the ZIP model including all data points of all tracts, count coefficients were significant for
FA and AD, but not RD, which suggests that for increasing FA and AD, heritability
increases. On the other hand, zero-inflation coefficients were significant for FA, AD, and
RD, indicating that as FA, AD, and RD increase, chances of a point having zero heritability
decrease. In general, larger DTI values correspond to larger mean of heritability for the
Poisson part and to smaller probability of a2 = 0 (Table 4). We also provide histograms of
DTI parameters and their heritability in Appendix B.

Individual tracts also show the similar pattern of the relationship between DTI parameters
and their heritability. For example, the splenium had higher heritability in the tract-averaged
FA analysis demonstrated higher FA, while the cingulate gyrus had lower heritability and
lower FA in Fig. 5. However, results of correlation analyses for individual tracts were
variable. Although positive correlations were found in the majority of fibers, about a dozen
fibers showed no correlation and several fibers even showed negative correlations across
DTI parameters. For FA and its heritability, most bundles within the corpus callosum
showed high correlation coefficients. However, most bundles of the corticothalamic and
corticofugal tracts showed no or negative correlations. For AD and its heritability, contrary
to FA, all bundles of the corpus callosum except the parietal portion of body and tapetum
had no or negative correlations while all of corticothalamic and corticofugal tracts except
one showed positive correlations. For RD and its heritability, all corticothalamic and
corticofugal tracts showed the highest correlations among all tracts across DTI parameters
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(Table 5). Most of the correlations still remained significant even if the alpha level was set
at .001 (=.05/47) controlling for multiple comparisons.

3.5. Relative contributions of heritability versus other factors on DTl metrics

The covariates of biological sex, gestational age, postmenstrual age, scanner type, and
gradient direction explained 31% to 59% of total variance across DTI parameters in three
selected fibers. Variances explained by gestational and postmenstrual age were slightly
lower than variances by all five factors, suggesting that among five factors, age-related
variables, especially postmenstrual age at scan have a dominant impact on DTI metrics
variability (Table 6). Compared to the genetic variation from 0.15 to 0.46, age variation is
similar or moderately larger. Note that age did not influence the genetic variation much, but
influenced the common environment part more, when age was included in the model.

4. Discussion

To the best of our knowledge, this is the first tract-based study of white matter
microstructure heritability in neonates. We found significant genetic influence on variation
in almost all tracts with similar mean genetic variances across three diffusion parameters.
Commissural fibers tended to have highest heritabilities for AD, RD and FA, while
association fibers tended to have the least. Whole tract estimates were reflected in the spatial
distribution of points along each tract with significant heritability, with commissural fibers
such as the corpus callosum having the greatest number of points with significant
heritability.

4.1. Heritability of the tract-averaged values of DTI parameters

Previous reports of FA heritability at different ages (0.60 for whole brain at neonate, 0.55
for frontal lobe at age 25, 0.52 for whole brain at age 19 to 85, 0.49 for genu at age 75)
(Geng et al., 2012b, Chiang et al., 2009; Kochunov et al., 2010; Pfeefferbaum et al., 2001,
respectively) seem to support a general notion that genetic variation might decrease with
development and aging because different environmental exposures could be a dominant
force shaping white matter integrity after birth. One cross-sectional study comparing
adolescents (age 12 or 16) and adults (mean age 23.7) also demonstrated this trend in FA
heritability from 0.7-0.8 in the adolescents to 0.3-0.4 in the adults (Chiang et al., 2011b).
However, developmental changes in heritability during childhood may be more complicated
considering the complex interplay between genes and environment, as well as different
developmental schedules of individual tract maturation. For example, a longitudinal study
with children as age 9 did not find the decrease in heritability in their 3 year follow-up
(Brouwer et al., 2012).

The mean (£SD) genetic variance in this study was 0.33 £ 0.10 for FA, 0.32 £ 0.14 for AD,
and 0.30 + 0.09 for RD. These estimates were somewhat lower, when compared to our
earlier study of neonates (Geng et al., 2012b), reporting 0.60, 0.57, and 0.53 for FA, AD,
and RD, respectively, over whole brain white matter ROIs. This discrepancy may be due to
the methodological differences. Unlike ROI methods including literally ‘interesting’ regions
possibly showing high heritability, quantitative tractography includes all the data along a
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tract and, thus, heritability estimates may be standardized downward (see the range of
genetic estimates including maximum values in table 3). In fact, heritability estimates in this
study were rather consistent with those around 0.3 in one study using the same method of
quantitative tractography (Brouwer et al., 2010). Moreover, Eyler et al. (2012) argued that
the degree of averaging or summation differs substantially from region to region, increasing
with enlarging region size and heritability estimates should increase with increased region
size for ROI-based calculations because of the inclusion of measurement error in the unique
environmental variance component of the twin model.

4.2. Relationships between heritability estimates of three DTI parameters

We found that heritability was generally highest in commissural fibers such as the corpus
callosum, followed by projection fibers such as corticothalamic and corticofugal bundles,
with association fibers having the least heritability. This general pattern was found in
previous studies though those reported using ROIs in neonates (Geng et al., 2012b) or
tractography in a few tracts in 9 year olds (Brouwer et al., 2010). These findings suggest
that, whether white matter fibers are well-developed (-myelinated) or not, some fibers like
corpus callosum vary between people because of genetic factors. In other words, other fibers
with less heritability of AD and RD, like association fibers, may be more substantially
influenced by environmental influences or have more measurement error. In effect,
association fibers with lower heritability, for example, the hippocampal portion of the
cingulum, tended to show higher common environmental contribution estimates than
commissural or projection fibers (see table 2). This observation is also in line with the
general notion that projection fibers become myelinated before association fibers in the
white matter maturation process (Kinney et al., 1988).

It is interesting that the right fornix had the highest heritability in all three parameters (see
Fig. 1). This is consistent with the fact that the fornix and the cingulum are the most
noticeable tracts in the fetal brain and their entire fiber paths are already developed at 19
gestational weeks (Huang et al., 2006). Regarding left-right asymmetry, a recent study
showed no age-related development of structural laterality in the fornix (Song et al., 2014).
However, there have not been any studies on functional (including heritability) asymmetry
yet, although we do not generally see much genetic variance in differences between
hemispheres (Eyler et al., 2014). Of note is that, contrary to cingulate portion of cingulum
fiber, hippocampal portions of cinguli commonly showed the lowest heritability values of
AD and RD among all tracts. Although it seems a continuous band of white matter, the
cingulum bundle contains many short association fibers (Schmahmann and Panya, 2006)
and is composed of distinct white matter clusters that are likely to play different functional
roles (Jones et al., 2013). Here we add additional heritability data that supports a distinction
between the cingulate and hippocampal subdivisions of cingulum.

4.3. Relationship between heritability and maturation status

The ZIP regression analyses of overall data points demonstrate that higher DTI parameters
are associated with higher heritability and fewer points with zero heritability. Our previous
ROI-based study for entire ROIs (Geng et al., 2012b) also found positive correlations
between AD and RD and their genetic estimates (r = .05, p=.02 for AD; r = .17, p <.00001
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for RD), though no significant relationship for FA. Our correlation analyses of individual
tracts strongly support this general relationship because for most tracts, there is a positive
correlation between AD, RD and FA and heritability. Although these findings may be
theoretically influenced by changes in measurement error with development, it seems very
unlikely that FA, RD, and AD would be influenced in opposite directions by this potential
artifact.

The reason for this relationship is unclear. One potential explanation is related to tract
maturation. A fiber that is actively being myelinated, a process likely driven by genetic
factors may show high heritability in the twin model. Given that myelination is generally
associated with increasing FA, FA and the heritability would be positively correlated.
However, this would not explain the positive relationship with AD and RD which decrease
with fiber maturation. Another potential explanation is related to the image analysis method.
The positive association between DTI measures and their heritability may reflect the fact
that higher values of FA may improve registration and fiber tracking resulting in less
variability which would be reflected in higher heritability. Again, this would not explain the
relationship for AD and RD.

Major changes in the white matter maturation are related to myelination after term (Dubois
et al., 2014) and are especially evident for DTI parameters, with a marked increase in FA
and decrease in AD as well as RD from neonates to 1-year (Gao et al., 2009a; Geng et al.,
2012a). Around 40 weeks of the postmenstrual age, motor tract and the somatosensory
radiations of the corticospinal tract begin to myelinate first at the level of the internal
capsule (Berman et al., 2005) whereas association and limbic fibers are largely
unmyelinated. Thus, mature fibers (e.g., projection fibers) have higher FA and lower RA
and AD than inmature fibers (e.g., association fibers). Considering the general positive
relationships between DTI parameters and their heritability in this study, mature fibers may
have higher heritability in FA and lower heritability in RA and AD. However, since it has
been shown that DTI parameters do not inevitably correspond to myelin (Beaulieu, 2002),
the heritability of a given fiber may only partially reflect the level of myelination. In the
present study, unmyelinated fibers such as the corpus callosum and the fornix with high FA
as well as heritability are typical examples for this.

On the other hand, several studies have investigated gene variants and their relation to white
matter integrity derived from DTI, such as FA, and identified that variation in
oligodendrocyte/myelin (OM) genes (Voineskos et al., 2013), the neuregulin 1 tyrosine
kinase receptor ErbB4 (NRG1-ErbB4) system (Zuliani et al., 2011), and neutrophin genes
(Chiang et al., 2011a) is associated with white matter microstructures (Voineskos, 2014).
Since all these genes are involved in oligodendrocyte, myelin, and axonal development and
maintenance, these findings may support the relationship between DTI measures and their
heritability as potential mechanisms which genes could influence DTI parameters. However,
genes associated with FA have been studied only in adults and their role in the neonatal
brain is largely unknown.

However, when it comes to this relationship in a single tract, the relationships between
heritability and maturation seems to be more complex than those in the whole brain. In
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terms of heritability of DTI measures and their maturation, corpus callosum and association
fibers showed more positive correlations in FA than in AD and RD whereas corticothalamic
and corticofugal fibers showed more positive correlations in AD and RD than in FA. These
findings suggested that commissural and association fibers may follow the general notion
that maturation is associated with heritability — the higher FA, the higher heritability — while
projection fibers may not follow this notion or have additional developmental rules to
follow. One possible explanation is that projection fibers, relative to other fibers, showed
disproportionate genetic influence of FA along the tract (described in the next section in
detail). The significant genetic influence was exclusively found in the regions of the fiber
located in the corona radiata irrespective of FA value. On the other hand, these located
closer to the cortex in the projection fibers have high values of AD and RD, resulting in high
positive correlations between these two parameters and their heritability (see Appendix C).
We assume that dominant genetic influence in the regions between the internal capsule and
the cortex leads to additional development of the corona radiata after birth, considering the
low visibility of the peripheral regions of projection tracts (the corona radiata) in the fetal
brain (Huang et al., 2006).

4.4. Genetic influences along the tract

Visualizing the heritability estimates of DTI parameters along the length of a fiber bundle
provides evidence of differential genetic influences within a single tract. For example, the
motor fibers of the left corticofugal bundle showed significant genetic influences in FA in a
region of the tract located between the cortex and the internal capsule that constituted nearly
half of the tract length as well as two small regions located ventrally along the tract length
(see Appendix C). In particular, the first small segment (from 70 to 80 data points on x axis)
exactly matched the level of the internal capsule and the second one (from 110 to 120 data
points on x axis) matched the level of the cerebral peduncle. Interestingly, the bands of
significance were arranged along the arc length in correspondence with known patterns of
normal myelination visible on MRI. Specifically, regions of tracts with high significance
values matched with anatomical sites known to exhibit high anisotropy at birth (Welker and
Patton, 2012). We assumed that early myelination as well as coherent organization of axons
may contribute to the higher heritability noted in these regions. This pattern was also
observed in other bundles of corticofugal fibers and it is interesting that we did not find high
heritability in same regions for AD and RD (see Appendix C). In fact, the internal capsule
and the cerebral peduncle are well-developed in the early phase of development (Huang et
al., 2006). These findings emphasize that genetic heritability of white matter integrity should
be understood in the context of the maturations of the fibers, the structures that the tracts
connect, as well as regions of crossing fibers that likely interfere with true heritability
estimates. Futures studies with higher resolution and ability to detect crossing fibers will be
improve assessment of true heritability.

A novel ratio of the length of fiber under genetic influence vs. the whole fiber length
indicates to what extent a given fiber is genetically influenced. In general, about half of the
tracts showed genetic influence on FA and RD values whereas only 16 % of the tracts did on
AD values. In terms of FA and RD, substantial portions of the tract were already under
genetic influences in neonates.

Neuroimage. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 12

Compared to ROI-based analysis, quantitative tractography provides a reasonable
representative value for a given tract as a whole. Atlas-based ROIs may contain different
tracts in the ROI. Tract-based analysis also gives information about points along the length
of the entire tract, allowing identification of different developmental trajectories at different
regions within the same tract.

Several methodological considerations need to be discussed. First, there was heterogeneity
of heritability along tracts, with region of high and low heritability adjacent to one another.
Although the idea that a fiber would show the genetic influence sporadically may be a
possible explanation, this pattern may be due to methodological limitations in our study:
sample size, problems in DTI data preparation, tractography, and twin analysis model. In
addition, zero heritability at certain data points seems unlikely on its own to account for the
absence of genetic variation though this resulted from equal correlations in MZ and DZ
twins. The developmental trajectories of these white matter regions/tracts may be relatively
conserved and resistant to genetic variation, at least at this early stage of development.
Second, we note that quantitatively tracked fibers may not actually correspond to
anatomically specific fibers or fiber bundles. Although quantitative tractography may reflect
the fiber shape, it is a statistical representation of the voxel-to-voxel coherence of MRI-
detectible water diffusion in white matter. Third, we have to consider the possibility that
genetic contributions could be underestimated due to measurement error, as measurement
error can be attributed to unique environmental variance (Blokland et al., 2012; Neale and
Cardon, 1992). In the same context, although we applied the same method across tracts, it is
possible that some tracts may be well-tracked while others may not (inter-tract variability),
or even within the same tract, some portions may be well-tracked while other portions may
not (intra-tract variability) because of variable factors such as fiber profiles and anatomical
structures. Test-retest measures within a subject would be useful to estimate the error of
neonatal tractography measures. If these data were available, it would be possible to
statistically correct for the effects of measurement error and obtain a more precise picture of
genetic and environmental factors on development. Finally, although we controlled for
gestational age at birth, which would account in part for premature birth, we could not
meticulously control for every factor that might alter the development of white matter.

In conclusion, exhaustive quantitative tract-based white matter heritability study in 356 twin
neonates demonstrated significant genetic influences in almost all tracts with similar mean
genetic variances across three DTI parameters and positive relationships between three
parameters and their heritability. More importantly, in a single tract analysis, relationships
between parameters and their heritability as well as genetic influences along the length of
the tract were highly variable. These findings suggest that genes may have influence on
white matter microstructures simultaneously at multiple spots with various degrees along the
tract. In future, studies focused on individual fibers along the tract and their interaction with
neighboring structures will give us more insight on the intricate relationship between the
white matter maturation and heritability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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sjewnse onusD)

Actual heritability plot of FA (A) and simplified versions of FA (B), AD (C), and RD (D)
along tracts. In the graph B, C, and D, data points (x-axis) which showed significant

heritability of FA, AD, and RD are highlighted in red, blue, and pink, respectively, on the
mean value of each diffusion parameter (y-axis) along the individual tract. For real values
for AD and RD, values on the y-axis are multiplied by 1072.
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Fig. 3.

Stgtistically significant heritability estimates of FA along each tract for representative fibers.
The genu and the splenium (A), the inferior longitudinal fasciculus (B), the inferior fronto-
occipital fasciculus (C), and the fornix (D). The color bar shows heritability estimates of the
FA. Heritability estimates with significance are highlighted; non-significant portions are
white.
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Statistically significant heritability estimates of the FA along the left prefrontal bundle of the
corticofugal fibers at different anatomical levels of the tract. The color bar shows heritability
estimates of the FA. ACR, anterior corona radiata; ALIC, anterior limb of internal capsule;
PLIC, posterior limb of internal capsule; CP, cerebral peduncle.
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CC, Splenium Corticofugal, motor IFOF Cingulate gyrus
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Fig. 5.

Correlation plots of FA, AD, and RD and their heritability estimates within single tracts.
Heritability (a%) and p-value of the tract-averaged FA along the length of a given tract are
indicated in the parenthesis under the name of the tract. As the heritability of the tract
increases from cingulate bundle to splenium, their FA and a2 also tend to increase. The
corticofugal bundle and the cingulate gyrus bundle are on the left and right side of the brain
respectively. CC, corpus callosum; IFOF, inferior fronto-occipital fasciculus.

Neuroimage. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Leeetal.

Table 1
Demographic characteristics
MZ twins DZ twins Single twin Total

Number of subject 96 162 98 356
Biological sex

Male (%) 40 (41.7) 91 (55.5) 59 (60.2) 190 (53.4)

Female (%) 56 (58.3) 73 (44.5) 39 (39.8) 166 (46.6)
Birth weight? (g) 2202.6 (562.3) 2407.7 (491.1) 24343 (551.7) 23614 (534.7)
Gestational age at birth? (week) 35 [32,36] 36 [35,37] 36 [35,37] 36 [34,37]
Postmenstrual age at MRIP (week) 40 [39.42] 41[39,42] 41 [40,42] 41[39,42]
NICU admission

Number of subject (%) 43 (44.8) 45 (27.8) 28 (28.6) 116 (32.6)

Days of admission P (%) 8.2 (13.8) 36(8.1) 46(10.3) 5.2(10.7)

Intubation (%) 8(8.3) 8(4.9) 5(5.1) 21 (5.9)
Scanner type

Allegra (%) 90 (93.8) 136 (84.0) 78 (79.6) 304 (85.4)

Trio (%) 6(6.3) 26 (16.0) 20 (20.4) 52 (14.6)
Diffusion gradient directions

6 (%) 66 (68.8) 62 (38.3) 42 (42.9) 170 (47.8)

42 (%) 31(31.3) 100 (61.7) 56 (57.1) 186 (52.2)
Ethnicity

Caucasian (%) 70 (72.9) 118 (72.8) 77 (78.6) 264 (74.2)

African American (%) 22 (22.9) 44 (27.2) 18 (18.4) 85 (23.9)

Other (%) 4(4.2) 0(0) 3(3.2) 7(2.0)

a .
represent means and standard deviations.

b . L .
represent median ages with interquartile ranges.

NICU, neonatal intensive care unit

Neuroimage. Author manuscript; available in PMC 2016 May 01.

Page 23



Page 24

Leeetal.

0¥ 200 S00° 820 160 ¥60  (L000)90°T 00§ 000 T00> /¥'0 +80 680 (900)6S'T G/€ €00 8T0° %20 G60 160 (2000920 6L ‘rejarred
Gy’ 100 T00> T€0 260 ¥60 (L00)60T  00S 000 STO°  8E0 €80 180 (9000)6ST 218 200 L00° G20 G600 960 (2000)S20 Ya) ‘|esared
8¢ S00 TO0> 0£0 060 €60 (900).60 005 000 TOO> 6€0 980 060 (S00)8¥T 00§ 000 TOO> L€0 S60 L60 (200).20 6L ojow
Gz 900 TOOT [Z0 060 ¥60 (90060 00§ 000 TOO> 90 980 060 (S00)6rT  S6 000 200 ¥EOD G600 60 (200)82°0 Ya ‘1010w
762 600 T00> 0€0 60 960 (L0OWOT L T00 TO0> 90 680 260 (900)yT 005 000 TOOT 820 €60 G600 (2000)€Z0 161 ‘Jojowaud
06T 900 TO0> 820 ¥60 L60 (900)20T 06T OT'0 €000 2¢€0 T60 €60 (S00)6¥T 005 000 TOO 80 960 L60 (200)S20 y9| ‘Jojowaid
980" 600 TO0° 220 €60 S60 (LOOETT €€0°  6T0 TIT" STO0 G80 880  (90°0)eS'T 26 000 6000 ¥20 260 ¥6'0 (2000020 W6 ‘lesuoyaid
8ge’ 200 T00> 820 G60 260 (L000TT /200 8T0 €80° GTO 060 260 (S00)6yT 005 000 200 ¥Z0 260 G600 (200020 43| ‘jepuoyaid
1004} [€AN}0210D
0S5z G00 TO0> €€0 T60 260 (8000660 82 800 TOO> 8E0 060 G600 (900)IFT 00§ 000 TOO> 6E0 680 60 (200)€20 ybu ‘esorsed
GG0° TT0 T00> 20 v60 260 (L00)860  ¥¥O' LTO TEO 020 160 G600 (900)er'T 005 000 TOO> €60 G600 260 (2000)S20 Ya) ‘|esared
8T¢° 900 T00> €£€0 060 G60 (L0000T €& G00 TOO> TYO 680 €60 (900)TFT 005 000 TOO> 9€0 V60 960 (200)€T0 6L ojow
00 00 TO0> €€0 €60 960 (L00)660 005 000 TOO' LEO 060 G60 (900WYT 005 000 TOO> ¥EOD 960 60 (20°0)52°0 Ya ‘1010w
ST L00 T00> T€0 G600 860 (80°0)SOT  ZkE SO0 TOO> IO 260 G600  (9000)eST IS T00 2000 820 960 860 (200920 161 ‘Jojowaud
€ ¥00 T00> ¢€0 S60 260 (L00)S0T L€y 200 TOO> 6€0 260 ¥60  (900)eST 00§ 000 TOO> TE0 S60 260 (200)S20 Y| Jojowald
T6T° 900 T00> 620 €60 960 (600)TT €0T° TT0 T00> 2€0 7160 ¥60 (800)EST 005 000 TO0° ¥20 €60 960 (2000810 W6 ‘lesuoyaid
005 000 TOO> Z€0 60 960 (6000)LTT  ¥9T' 600 €000 820 260 G60 (L00)eST 008 000 TOO> 9Z0 €60 960 (20°0)8T0 43| ‘jepuoyaid
10eJ] J1Weeyloonion
€5 900 600" ZF0 080 880 (600006CT 662 600 ZIO° L0 SL0 80 (600)8T 00§ 000 TOO> 8E0 060 €60 (200)€20 [esodwiay ‘wnadey
005 000 TOO> 8€0 280 680 (6000)9TT 00§ 000 6000 vEO 180 980 (800)9LT  vOF €00 TO0> 250 60 960 (€0°0).20 [end190 ‘wniua|ds
005 000 TOO> 6€0 180 T60 (0TO)LZT 005 000 TOO> 6¥0 L0 980 (B0'0)69T  OZy 200 TOO> €€0 880 160 (200)8T°0 [esaured ‘Apog
005 000 TOO> TFO 2.0 980 (6000)LTT 00§ 000 TOO> w0 €00 ¢80 (800W9T 00§ 000 TOO> ¥¥0 €80 060 (€0°0)€Z0 Jojow ‘Apoq
TV 200 T00> 9¥0 [90 160 (0T'0)9ZT 00§ 000 TOO> €50 ¥20 980 (800)yLT 008 000 TOO> G#0 T60 G600 (€0°0)220 Jojowsald ‘Apoq
G9T" 800 TOO> 0€0 680 €60 (TTOSCT  T9y  TO0 TOO> 90 880 060 (800)e8T 22T’ 600 TOO> GC0 [60 860 (€00)vC0 [eyuolyaid ‘nuab
005 000 TOO> L€0 280 060 (TTOWZT 00§ 000 TOO> S0 €40 6.0 (800)6LT 29 €00 200 920 €60 G600 (€0°0)yZ0  [eIOLONGIO ‘WSOl
wnsoj|ed m:EoO
2lod 29 zelod 2 Zai  ZINA *An_mv:mw_\/_ 2lod 2 celod 2 Zat  ZIN4A %Dmvcmo_\,_ 2lod 2 ;elod 2 Zar zW4a  (as)uesin
AligelsH uolelaI10d anjeA AljgenasH uolepai0d anfeA AljgelsH uone|ati0d anjeA
ad av V4

Author Manuscript

"J9RJ) [eNPIAIPUI 10} Ja1swesed |1 10 anjeA pabeiaAe-10e4] 8yl JO S81RWIISS UOIINGLIUOD [EIUSWUOIIAUS LUOWWO0D PUe 2118Uds)

Author Manuscript

¢ ?olqel

Author Manuscript

Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 May 01.



Page 25

Leeetal.

9/T" 900 T00> G20 ¢80 680 (600)ccT LTz 600 90 20 8.0 80 (600)OLT  6YTT 800 2000 €20 160 €60 (c00)2e0 pIE]
sn[naiasey [e31d1990-0Ju0ly "Ju|

2,00 0T0 200 2z0 €90 ¥.0 (6000TZT 0200  ¥20 G 800 080 280 (80'0)0LT 008 000 ¥OO© 9€0 880 060 (200)220 Wbu

005 000 TOO> €€0 090 G0 (600)€cT ¢TI ¥T'0O 880 8T0 180 80 (BO0)ELT 06y 000 €000 L€0 680 160 (200)2z0 pIE]
sn|naiasey [euipnibuol “yuj

v20° 90 T00" $20 990 220 (6000002T /2 600 TIO 2€0 850 990 (80'0)eST 008 000 TOO> €0 €90 9.0 (2000)STO Wbu

90" SGT0 T00 ¥20 990 8.0 (600)0CT  ¥¥O' 6T0 ¥60° LT0 G90 890 (B00O)IST  00S 000 TOO> 8E0 0.0 8.0 (200)STO pIE]
sn[naiasey feuipniibuol “dns

vog 200 T00> /20 80 880 (0TO)ZZT  TET  ITO0 S0 LTO ¥.0 120 (800)29T S0 ¥00 TIOC 120 880 980 (20000670 Wbu

2T 900 T00>  ¥z0 S80 060 (0TO)ZZT WO GTO  9T0° 020 LL0 080 (800)09T 00§ 000 TOO 920 060 260 (200)8T°0 pIE]
SN|NJIdse) 8jeuldun

00T OT0 TO0" €20 8.0 880 (6000627  62€ ¥00 2000 TE0 080 680 (8000)09T 005 000 TIO° 220 180 680 (20°0)ST'0  ubui ‘essrred-oiodwe)

880° TT0 070 020 S90 7T.0 (600)9¢T  ¥¥0' 8T0 €v¢ 600 290 ¥90 (00)EST  ¥6T° 20 2ET'  8T0 090 090 (200)vT'0 Wl ‘[esaried-osoduway

2100 /T0 T00> €20 8.0 880 (0TOWZT  TZT 20 TO0C 00 820 980 (8000)09T 00§ 000 TOO> GE0 080 /80 (200)8T°0  ubM ‘leodwal-ojuoly

9z 600 T00> 820 TLO0 280 (0T0)9ZT LT 800 910 20 TL0 1.0 (6000)6ST  8YT IO 6000 220 280 80 (200)9T0 WAl ‘leodwal-ojuoy

2T 800 TOO> 8€0 180 T60 (TT0)6CT 005 000 TOO> 0SS0 €0 980 (600)E9T 00§ 000 TOO> ¢y0 [90 080 (€000)9T0 61 ‘|essried-ojuoly

€80° ZI'0 T00> 620 L0 980 (IT0)ZT 06 800 9000 0E0 0.0 920 (6000)09T 00§ 000 TOO> Z¥0 TL0 080 (2000)9T0 Yo ‘[elsned-ojuoly
SN|NJIdse] 81endly

00S 000 TOO> Y90 TL0 880 (erO)gyT 00§ 000 TOOT T90 v.0 .80 (€T’0)00Z 00§ 000 TOO> ¢90 920 /80 (c00)zz0 wbu

0T 020 660 920 GL0 ¥80 (6000)8T  99% 200 ST 6¥0 690 180 (600)28T 005 000 SO0 €40 880 160 (200)€20 ual
Xiulo4

890" SGT0 9¥Z 600 €90 690 (900)STT WO 6T0 005 000 9S50 €90 (900)6¥T €6 000 TOO LS0 690 8.0 (200)LT0 W61 ‘leduresoddiy

€50 20 9v0"  ¥T0 9.0 080 (900)STT  TOO>  ¥20 00§ 000 290 220 (900)IST 660" 8T0  ¥90° 820 S90 TLO (200)LT0 o) ‘redwresoddiy

/SF° 100 T000  T€0 090 G0  (80°0)T2T 00S 000 8I0" 9€0 /€0 G50  (60°0)9S'T 85T° GT'0 TG STO 690 €20 (200).T0 b ‘sniAB apenburd

005 000 TOO> ¢€0 S90 9.0 (800)0ZT 00 000 TOOT €€0 0 090 (600)8ST  TEY 200 €800  ¢€0 S0 080 (200)8T°0 Y| 'snuAB arenbuio
wnnbuty

€9T 220 9ge° €T0 80 S80 (8000)ZZT 8L T00 SO TE0 2.0 G20 (0T0)8ST  v9y 200 260 2€0 S80 ¥80  (2000)LT0 Wbu

005 000 TZ0 980 060 T60 (S00OTT 005 000 6200 9€0 6.0 180 (L00)9¥T 00§ 000 S5O0 ¥EO 680 060 (200)6T0 pIE]
Aemuyyed [easiuwa| [e1pain

pjod o eyod e zas zW4 (QS)uesn  djod o eyod e zas zZIWA (@S)uesn  djod 0 ejod e zas ZWA (QS)uesin
AmcenisH uoIre[31i0d ENTETN AimnaenisH uoiFe|31i0d angeA AunqeisH uoIFe|31i0d an[en
ad av V4

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 May 01.



Page 26

Leeetal.

anjeA [eal 10} «0T Aq papiAIp

- 90'0 - 050 280 680 (800)TT - L0°0 - ze0 8.0 80 (800091 - 200 - €€0 980 680 (200120 uesw |[essn0
005 000 620’ ¢€0 60 960 (900)e€'T 6.7 T00 €T G20 v60 S6°0 (L00)eLT 005 000 0T00 €£0 680 060 (T00)8T0 wbu
005 000 69T’ G0 €60 v60 (80°0)9¢'T 005 000 ¢6T 670 ¢60 €60 (80°0)LLT 005 000 8T00 Tvr0 980 680 (€0°0)600 U9l

wen ando
6v0° 110 T00> €20 €80 160 (600)T2'T S6T 800 T00° ¢€0 v.0 €80 (80°0)89'T T 00 T00° G20 060 €60 (200220 wbu
2jod 2 2jod 2 zar zna *Aomvcmm_\/_ 2Jod QA zejod e zar zN4 *An_mvccm_\,_ 2QJod 2 zejod 2 za+s zIN4  (as)uesn
AljigelsaH uohejaii0o anfeA STTCEIRET] uohefpa10o aneA AljIqelsH uoheali0o aneA
ad av vd

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 May 01.



Page 27

Leeetal.

[ee0-al TT°0 v'62 [es0-al vT'0 [os0-0l 6T°0 G'6E [ss0-0l TT°0 [6z'0-01 200 €0y [c20-0lvz0 61T Wb ‘reyarred
[oz:0-0l 010 LTy [rv0-0l sT0 [ovo-0l T2°0 Gl [ve'0-0] 900 [te'0-0] 00 €8y [vs0-0l 220 0zt ua| ‘[esaried
[ee0-al TT°0 0'Tv [rs0-0l 8T°0 [2v'0-0l €20 TTE [95'0-01 600 [9e'0-01 800 6'S [t90-0l€z'0 44} 6L ‘1010w
[2z0-0lzT0 §'Sy [ss0-0l 8T°0 [ev'0-0l 020 8'8y [co0-0l 210 [ve'0-0l 60°0 €9y [es0-0l T2°0 1T 43| ‘1010w
[vz'0-0] 600 0’65 [8v0-0]l 220 [ee'0-0] 80'0 0'€S [t90-0l €€0 [62'0-0]1 900 €'6¢ [ov0-0l €20 LTT 6L sojowaud
[oe'0-0l €10 T'6v [os'0-0l 9T°0 [ev'0-0l v2'0 9'82 [85°0-01 600 [og'0-01 200 zor [es0-0l 0z'0 2T Ya| ‘tojowaud
[ee'0-0l 2170 g'Ge [rvo-al TT°0 [6570-0l 220 G'se [8v'0-01 600 [oz'0-0l 200 L'ee [oe'0-0l 8T°0 01T W61 ‘reyuoyaud
[eeo-0l sT0 L'9g [evo-0lzt0 [sy0-0] 20 Gl [ov0-0] 90'0 [9z'0-0] v0'0 TYS [tv0-0l vzo 60T y9| ‘Teluouyaid
el _mmEoo_toO
[sz'0-0l oT'0 9'69 [6v'0-0l v2'0 [ov'0-0l €20 '8y [290-0l€T0 [ez'0-0l v0'0 G'Z9 [ss'0-0l T€°0 9 Wb ‘reyarred
[szo-0l€T0 0°0S [6v'0-0] 8T°0 [tro-0l €20 €'Ge [ss0-0] 200 [9z'0-0] 200 9'Sy [evo-0l €20 89 49| ‘resatied
[2z0-0lTT°0 8'65 [es0-0l vz0 [ov'0-0l T2°0 218 [ro0-0l v1°0 [6z'0-01 800 005 [ss0-0l €20 28 6L ‘1010w
[9z'0-0l 600 g'.§ [es0-0l zz0 [2e0-0] LT°0 8'€S [6s'0-0l ST°0 [ce0-al TT°0 882 [yv'0-0l 9T°0 08 43| ‘Joj0w
[6z0-0l€T0 €719 [8v0-0] 220 [evo-0l €20 005 [eso-0l €T'0 [eg'0-0] 600 007 [ov0-0l €20 08 b1 “Jojowaid
[cz'0-0l 800 029 [os0-0l €20 [tv'0-0l 020 9'92 [ss'0-0l 0T°0 [9z'0-0l €00 905 [es0-0l S2'0 6. Ya| tojowaud
[te'0-al 910 o'ey [os'0-0l sT°0 [sy'0-0l T2'0 90§ [os0-0l v1°0 [te'0-0l v0'0 LSS [ov'0-0l €20 6. 61 ‘reyuoyaid
[8z'0-0l 0T"0 T8y [es0-0l 810 [£z0-0l 0z'0 6'97 [zy0-0l€T'0 [9z'0- -0l 200 0'€9 [es0-0] 6270 18 Y| ‘fewolyaid
10BJ} 91WERY10dIH0D
[ee'0-0l oT'0 805 [¥9:0-0l 92°0 [sy'0-0l 8T°0 8'62 [r9'0-0l 6T°0 [ee'0-0l 500 €99 [rs0-0l T€°0 781 [elodwiy ‘wnadey
[og'0-0]1 600 119 [ss'0-0] 1€°0 [ter0-0l 91°0 7’91 [os'o-0l oT'0 [ve'0-0] s0°0 L'TL [o20-0] 6€°0 ST [endio00 ‘wnjuajds
[ee'0-0l 900 v'eL [¥5'0-0l 0€'0 [2e'0-0l 020 TLT [rs0-0l 010 [¥z'0-01 900 879 [e9'0-0l 82°0 821 [eated ‘Apog
[sz'0-0l 900 T°0L [r9:0-0l €€'0 [oe'0-0l 8T°0 0'TE [co0-0l v1°0 [tz0-0l €00 829 [ss'0-0l s€°0 /8 Jojow ‘Apoq
[ov'0-0]1 800 G18 [69:0-0] €0 [6g0-0l T2°0 T'6€ [.50-0] 6T°0 [v10-0] 200 6'€L [t20-0l€c0 26 Jorowaid ‘Apog
[ve'0-0l 60°0 8'6L [rs0-0l T€°0 [tv0-0l 220 €8¢ [os0-0l v1°0 [ee'0-0l 200 099 [ss'0-0l S2°0 76 [eyuolyaid ‘nush
[2z'0-0l 500 L'yl [es0-0l ze0 [6e'0-0l 120 89T [6570-0] 200 [6T°0-0l €00 €5y [ov'0-0l vz'0 6 [BJU0JJOEUO ‘WNAISOJ
wnsojea sndio)
A 2@ 2
[sBued] uesw ;0 uwwwwmromm [sbue.] uesw ‘e [aBues] uesw waw_ﬁ_:o%m [sBue] ueaw ;e [abues] uesw ‘0 waww“ro%m [sbued] ueaw ;e m%%a
10 % 10 0p 10 9 40 ‘0N
ad av v4

Author Manuscript

"J9e.) Yyoea Joj syutod eyep aj6uls 18 SalewWiISs UoNNQLIUOD [IUSLLILOIAUS UOWWOD pue o1sush Jo Arewwng

€9lqelL

Author Manuscript

Author Manuscript

Author Manuscript

; available in PMC 2016 May 01.

Neuroimage. Author manuscript



Page 28

Leeetal.

snynafosey [endioo0-01uoly “Juj

[8co-0l TT°0 ocy [vs0-0l 220 [tv0-0l €20 0'G [8v'0-0] 500 [ceo-0] 00 0'9g [os'0-0] €20 00T wbry

[te'0-01 600 029 [sv'0-0l v2'0 [ve'0-0l vz'0 00 [te'0-0l 200 [9z'0-0] 500 0'L5 [os'0-0l 62°0 00T yo
SN|NaIose) _mc_uz,,._m:o_ ‘Ju|

[ozo-0l TT°0 629 [ts0-0] 920 [tv0-0lsT0 L'Se [eso-0leT0 [ve'0-0l 200 9'8g [ov0-0l vz'0 0L wbry

[te0-0lzT0 L'8S [rv0-0l €2°0 [ev'0-0l s2°0 00 [sz'0-0l 200 [9z'0-0] €00 0'9¢ [rv'0-0l 120 6L yo
snjnalosey [euipniibuol “dns

[8c0-0l zT0 7Ty [evo-ol€T0 [ee0-0l 810 7'y [s¥0-0] 200 [5z'0-0] 900 7Ty [6v0-0] 02'0 18 wbry

[oz0-0l TT°0 118 [s¥'0-01 LT°0 [se'0-0l v2'0 002 [ev'0-0l 200 [sz'0-0] 500 9'SS [ov'0-0l €20 06 yo
SN|NJIdse) 81euldun

[6c0-0] zT0 9 [2e:0-0] 020 [og'0-0] G20 9C [tv0-0l 100 [ez'0-0] 900 8'9¢ [ov0-0l 61°0 9/ bu ‘jesorred-osodwsy

[sz0-0l 0T'0 9'Sy [6v'0-01 LT°0 [og'0-0l €T°0 Let [sv'0-0l 0T'0 [ce'0-0l 0T'0 68 [se'0-0l 0T°0 6. 39| ‘[essried-ol0dws)

[sz0-0l€T0 8'0L [os'0-0l s2°0 [ov'0-0l vz'0 €T [sv"0-0l 500 [vz'0-0l 00 96 [rs0-0l G20 90T 61 ‘[esodwier-ojuosy

[te'0-0] 800 8'65 [2v0-0] vz0 [ov0-0] 170 4 [ee0-0] 200 [og'o-0] v1°0 6'€C [ov0-0l sT°0 LTT Y| ‘[esoduial-ojuouy

[tz'0-01 900 8’16 [es0-0l 8€'0 [6e'0-0l LT°0 T'9¢ [vs0-0l LT°0 [sz'0-0l €00 0'65 [s'0-0l T€0 19 W6 ‘|eyarred-ojuosy

[og0-0l TT°0 €L [yv'0-0l 22°0 [2e'0-0l T2°0 7L [ev'0-0l 00 [ce'0-0l €00 7’18 [ts0-0l 820 0L Yd| '[eldlied-ojuol4
SN|NJIJS.) 81Ny

[ve'0-01 S0°0 129 [sg'0-0l 9v'0 [se'0-01 800 €29 [tg'0-0l zv'0 [2€'0-0] 500 7'¥9 [99'0-0] 2£0 orT wbry

[og'0-0l vT°0 6Ly [c90-0l 20 [ev'0-0l 8T°0 €'Le [t9'0-0l 0z'0 [os'0-01 800 029 [es'0-0l 0€0 [a% ua
Xilulo4

[og0-0l vT°0 §'Se [6v'0-0l €T°0 [tv'0-0l LT°0 6'C [te'0-0l €00 [oe'0-01 500 8'19 [6570-0] L£0 20T WBL ‘leduresoddiy

[og'0-0l 9T°0 LT [es0-0l€T'0 [eer0-0l 120 6¢C [ee'0-0l 200 [se'0-01 900 gy [o9'0-0l Z€'0 0T 49| ‘fedwedoddiy

[se'0-0] 800 7'SE [ero-0l 810 [se0-0l€T0 06T [tvo-0lzto [92'0-0] 600 00 [eeo-0l oT'0 6. 61 'snIAB syenburo

[9z'0-01 800 v'Te [og'0-0l sT'O [ov'0-0l 0T'0 0T [ov'0-0l zT°0 [sz'0-01 900 €91 [6e'0-0l 020 98 49| ‘snUAB ayejnburd
wnnbuly

[ee'o-0] 8T°0 00 [ev'0-0] 600 [sz'0-0l vT°0 00 [evo-0l zT0 [og'0-0] 80'0 §'6 [og0-0] 0T'0 44 wbry

[sz0-0l 0T'0 VI [og0-0l vT°0 [ee0-0l €10 L9T [2e'0-0l2T°0 [2z'0-01 800 L'9T [sy'0-0l ¥T°0 a4 yo
Aemuyred [easiuwsa| [e1pajN

2 2 ®
[eBued] ueaw ‘, H%ww%ro%w [sbued] uesw ;e [ebues] uesw *; uwwwwnro%m [eBued] uesw ‘e [abues] uesw ‘;0 “www_uh__ro%m [sBued] ueaw ;e wﬂmﬂg
J0% 0% 109% 100N
ad av Lz

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

; available in PMC 2016 May 01.

Neuroimage. Author manuscript



Page 29

Leeetal.

[6z'0-0l 0T'0 8'Se [o20-012T°0 [sy'0-0l vT°0 L'6T [so0-0l 210 [ce'0-01 600 90T [r7'0-0l 6T°0 99 wbry
[ovo-0l TT°0 9'82 [t90-0l€T0 [ov'0-0l zT°0 LSz [to0-aleT0 [se'0-0] 00 9'8e [s'0-0l 020 0L ua
e ondo
[se'0-0l 0T'0 169 [os'0-0l 92°0 [ov'0-0l €20 v'ze [vor0-0l TT°0 [sz'0-0] 200 9§ [6v°0-0] 92°0 2sT wbry
[6z'0-01 80'0 7’19 [ov'0-0l S2°0 [tv'0-0l 120 602 [6v'0-0l TT°0 [ve'0-01 800 6'8S [ss'0-0l 220 8T ua
2 2 ®
[eBued] ueaw ‘,0 HmWmePo%w [sBued] uesw ;e [ebuea] uesw ‘, uwaWJromﬁum [eBued] uesw ‘e [abues] uesw ‘;0 “ﬂ_ﬁm%c_ro%m [sBued] ueaw ;e wﬁwﬂa
J0% 0% 109% 100N
ad av Lz

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 May 01.



Page 30

Leeetal.

Author Manuscript

1000>  §'Sz- R rad Teves- e zT- 6'62 L9g- QM

1000>  €41- 96T 9€ziz-  T000> 9§ 8.2 69T AV

1000>  Li- 80 S  1000> 861 T0 A v4
d anjeAZ  J0UI3'pPIS  erewns3 d anjeAZ  J0JJ9pPIS  81ewns3

T{UIT 110 (1M [eIWioUlq) [3potl UOMeJUI-015Z  — (ul] BOJ (1M U0SSI0) [3potl JUN0D

anjeA AljigelLIay pazieiosip ay) pue Jsyaweled |1 8yl U0 Paseq [apow UoISsaifal UossIod palejjul-01a7

v alqel

Author Manuscript Author Manuscript Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 May 01.



Page 31

Leeetal.

Author Manuscript

S8]BLISe UONNQLIU0D 218uab J1ay) pue siajawered uoisnyip pabielane-10e.] Usamiaq UoNe|aiIo)d

G 9olqel

Author Manuscript

[e2SIUWIB| [RIPBIN

T00> 680 TO0O> 8E0 TO0> €E0- W6 ‘|eraired
100> 6.0 TO0O> 8€E0 e 600 ya| ‘reseried
T00> ¢L0 T ¥1'0 TO0O> GE0- b1 tiojow
T00> SS90 €0 020 ST €T0- Ya| ‘Jojow
T00> €L0 TO00> ¢S50 09’ S0'0- b1 ‘Jorowsa.id
T00> SS90 TOO> 890 LL €00 13| ‘Jojowald
T00> ¢/0 TO0O> 690 €6 100 W6 ‘leyuouyeud
T00> 890 TOO> 990 o 100 ua| ‘reolgaid
10843 [eBNy0d110D
T00O> 980 TOO> €EVO 8 €0°0- W6 ‘|eraired
100> T.0 TOO> 090 0’ era wa| ‘esarred
T00> 190 S00> SE€0 10 0€0 b1 ‘1oj0w
T00O> 990 TOO> €EVO 16 100 Ya| ‘Jojow
T00> 0.0 S00> LEO 4] €0'0- 61 ‘Joyowsa.d
T00> €50 T00O> ¥¥O TOO> TI¥O 13| ‘Jojowald
T00> G0 TOO> ¢80 S00> €E0 W6 ‘leyuosyeud
100> T.0 TOO> €0 TOO> 650 33| ‘[euolpaid
198l 9JWeeyl-09110D
T00> 190 TOO> €0 TOO> EVO [eJodwsay ‘wniadey
9¢ S0°0- L €00 TO0O> 8.0 [endig90 ‘wniualds
T00>  S9°0 T0° ¢c0 T00> .0 [e1oried ‘Apog
S00> S€0 e 60°0- T0° 0€0 Jojow ‘Apog
100> Zv0 100 820- T00> TLO Jojowaud ‘Apoqg
€9’ S0°0 ToO> <¢¥0- TO0O> €S0 [ewuoyaid ‘nusb
T00> 890- TOO> TS0- TO0O> 890 [€1U0JJ01IQO ‘Wnuisol
wnsojfed sndiod
d 1 d p d a
adze snad avze shav VdzB SA V4

Author Manuscript

Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 May 01.



Page 32

Leeetal.

Author Manuscript

e ondo

T00> T€0 TOO> ¥EO TOO> CEO Wb

T00>  0€0 T0° T¢0 TOO> 090 Ua|
snIna1asey. [e}d1990-03U04} “Ju]

L0 8T'0- 1% 9T'0 T00O> 990 Wb

T00> 690- S00> O0€0- TOO> VS0 Ua|
sn|na1asey feurpniibuol “Juj

9¢” 170 L0 [44] [40) 8¢°0 Wb

89" S0°0- LT 910 TOO> ¥¥O0 Ua|
sn|na1asey feurpnyibuol ‘dng

§00> ¥€0 TOO> S50 S00> GE0 Wb

700> 9.0 TOO> 8.0 TOO> SG¥O Ua|
SNIN21asey 8jeUIdUN

100 620 Oy OT0- €  vT'0- Iubu ‘[esslred-osoduie)

€0 20— o 80°0- ST LT°0 uo| ‘esaried-osodway

6T €T°'0- TO00> 8S0- TO0> O b ‘[esodwisl-ojuo.y

o 00— oT ST0 T00O> 990 ya| ‘[eJodwsal-ojuoly

69 10°0- 60 20  S00>  9€°0 W61 ‘jerarred-ojuoly

8 €0°0- S0 ¥20 T00> %90 18] ‘[erstred-0juoly
SNINoJasey 81eNdlY

0’ LT0- TO00> 650 TO0O> 1I¥O Wb

100> ¢/0 100> 080 TO0> 8EO ol
X1U104

10° /20 0T 9T0- 20 v20 1461 ‘ledwesoddiy

100> G20 18 200 T00> 990 1a) ‘[eduresoddiy

10 T€0 TO00O> E¥O0- 6¢ ZTro 61 ‘snIAB arenbud

16 T00 19 900 T00O> %S0 ua| ‘snuAB ayeinburo
wnnbuiy

S00>  ¥¥°0 S0 T€0 TO00> %90 Wb

To0O> €90 S00> 190 TOO> 690 Ua|

d p d bl d bl
ayze snad avze shav Vdze sSA V4

Author Manuscript

Author Manuscript

Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 May 01.



Page 33

Leeetal.

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Leeetal.

Variations explained by various factors

Table 6

Variation explained by five factors

Variation explained by age-related factors

Genetic variation

FA  Genu
Splenium
Cingulum

AD  Genu
Splenium
Cingulum

RD  Genu
Splenium

Cingulum

0.59
0.35
0.31
0.41
0.39
0.37
0.56
0.53
0.58

0.57
0.33
0.22
0.40
0.36
0.34
0.55
0.50
0.57

0.25
0.52
0.15
0.46
0.34
0.36
0.30
0.38
0.31

Five factors are gender, scanner type, gradient direction, gestational and postmenstrual age (two age-related factors)
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