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Abstract
The corpus callosum is the brain’s largest commissural fiber tract and is crucial for interhemispheric integration of neural 
information. Despite the high relevance of the corpus callosum for several cognitive systems, the molecular determinants of 
callosal microstructure are largely unknown. Recently, it was shown that genetic variations in the myelin-related proteolipid 
1 gene PLP1 and the axon guidance related contactin 1 gene CNTN1 were associated with differences in interhemispheric 
integration at the behavioral level. Here, we used an innovative new diffusion neuroimaging technique called neurite orienta-
tion dispersion and density imaging (NODDI) to quantify axonal morphology in subsections of the corpus callosum and link 
them to genetic variation in PLP1 and CNTN1. In a cohort of 263 healthy human adults, we found that polymorphisms in 
both PLP1 and CNTN1 were significantly associated with callosal microstructure. Importantly, we found a double dissocia-
tion between gene function and neuroimaging variables. Our results suggest that genetic variation in the myelin-related gene 
PLP1 impacts white matter microstructure in the corpus callosum, possibly by affecting myelin structure. In contrast, genetic 
variation in the axon guidance related gene CNTN1 impacts axon density in the corpus callosum. These findings suggest that 
PLP1 and CNTN1 gene variations modulate specific aspects of callosal microstructure that are in line with their gene function.
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Introduction

White matter comprises about 30–40% of the human 
cerebral cortex (Ge et  al. 2002). In recent years, neu-
roscience has acknowledged that white matter plays an 
important role in cognition, especially within a network-
driven understanding of human cognition. For example, 
reduced white matter in aging brains is associated with 
impaired executive functioning (DeCarli et  al. 1995), 
impaired spatial and verbal abilities (Skoog et al. 1996), 
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and lower performance IQ (Garde et al. 2000). Therefore, 
it appears that white matter is essential for normal cogni-
tive functioning.

There are three main types of white matter pathways. 
Association pathways, such as the arcuate fasciculus, con-
nect different brain areas within one hemisphere. Projection 
pathways, such as the corticospinal tract, connect cortical 
areas to subcortical networks. The third type of white mat-
ter pathways is commissural pathways, such as the corpus 
callosum, which connect areas between the two hemispheres 
(Schmahmann et al. 2008). In particular, commissural path-
ways have been the focus of research concerning the impact 
of white matter structures on human cognition, as they are 
critical in ensuring that the left- and right-hemispheric 
subsections of integrated neural networks work together 
smoothly (Suárez et al. 2014; van der Knaap and van der 
Ham 2011).

The largest commissural pathway in the human brain is 
the corpus callosum, consisting of approximately 200 mil-
lion fibers (Fabri et al. 2014). While the corpus callosum 
consists of some heterotopic interconnections, in which 
different areas in the two hemispheres are connected, most 
interconnections are homotopic, in which the same areas 
in the left and right hemisphere are connected (Clarke and 
Zaidel 1994). Therefore, the corpus callosum is crucial for 
the bilateral integration of motor, sensory, and higher-order 
cognitive networks in humans (Suárez et al. 2014).

To perform this integration of neuronal information, a 
high transmission speed of neuronal information is piv-
otal. The transmission speed of information along callosal 
axons is dependent on two main factors. First, axon diameter 
determines transmission speed, with thicker axons showing 
higher conduction velocity (Caminiti et al. 2009). Second, 
axon myelination also determines transmission speed, with 
myelinated axons increasing conduction over unmyelinated 
axons (van der Knaap et al. 2005). Importantly, the corpus 
callosum is not one uniform structure, but instead is organ-
ized according to an anterior–posterior topography gradi-
ent (Schmahmann et al. 2008). Anterior parts of the corpus 
callosum have been shown to connect anterior parts of the 
cortex, and posterior callosal fibers to areas in the posterior 
cortex (Hofer and Frahm 2006).

Myelination also differs between parts of the corpus cal-
losum. Posterior parts of the corpus callosum, which con-
nect sensory areas such as the occipital lobe and auditory 
network, tend to have more myelinated axons (Aboitiz et al. 
1992a, b). On the other hand, anterior parts of the corpus 
callosum, which connect frontal areas of the brain, tend 
to have less myelinated axons (Aboitiz et al. 1992). These 
differences in subsection myelination have been suggested 
to reflect a need for higher conduction velocity in sensory 
areas, compared to frontal areas (Westerhausen and Hugdahl 
2008).

Myelin plays a critical role in interhemispheric transmis-
sion of information. Therefore, we have recently suggested 
that to investigate the molecular basis of interhemispheric 
integration, research should look to variation in specific 
genes involved in myelin sheath formation and the axon 
ensheathment process (Ocklenburg et al. 2017). We previ-
ously genotyped a cohort of 453 healthy adults for 18 sin-
gle nucleotide polymorphisms (SNPs) in six myelin-related 
candidate genes (PLP1, GPM6A, MOG, MBP, CNTN1, and 
MOBP). Interhemispheric integration was tested using the 
Banich–Belger task (Banich and Belger 1990), a commonly 
used behavioral task to assess this important function of the 
corpus callosum. Interestingly, the results of our previous 
study indicated that specific sequence variations in PLP1 
and CNTN1 were associated with interindividual differences 
in interhemispheric integration in the Banich–Belger task 
(Ocklenburg et al. 2017).

PLP1 encodes the proteolipid protein 1, which serves 
as the predominant component in myelin, and constitutes 
around 80% of myelin protein mass along with another 
major myelin protein, myelin basic protein MBP (Boiko 
and Winckler 2006). PLP1 is directly relevant for the devel-
opment of the human corpus callosum, since mutations in 
PLP1 can lead to atrophy of the corpus callosum (Sarret 
et al. 2016). CNTN1 encodes contactin 1, a protein that is 
associated with ogliodendrocyte differentiation, and axon 
guidance and formation (Czopka et al. 2010). It has been 
shown to modulate axon connections and neurogenesis 
during central nervous system development (Bizzoca et al. 
2012).

While our previous results strongly suggest that PLP1 
and CNTN1 are relevant for interhemispheric integration 
on the behavioral level, possibly by modulating corpus 
callosum function, the actual impact of genetic variation 
of these genes on corpus callosum microstructure is still 
unclear. However, revealing this relationship would be a 
critical step in establishing the relevance of these genes for 
corpus callosum development. Thus, the present study is 
the first neurogenetic study to link PLP1 and CNTN1 gene 
variation to neuroimaging parameters of corpus callosum 
microstructure.

Conventional imaging methods such as diffusion tensor 
imaging (DTI) allow for in-vivo tractography of specific 
fiber tracts (Behrens et al. 2007) as well as the microstruc-
tural quantification of white matter via means of fractional 
anisotropy (FA; Le Bihan 2003; Pierpaoli and Basser 1996). 
FA in white matter is thought to reflect myelin, axon diam-
eter and packing density, axon permeability, and fiber geom-
etry (Beaulieu 2002; Mädler et al. 2008; Mori and Zhang 
2006; Zatorre et al. 2012) and is thus seen as a measure of 
microstructural integrity (Genç et al. 2015; Zatorre et al. 
2012). However, the function of the corpus callosum is 
determined by both its myelination and structural properties 
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of its neurites such as axon geometry. Thus, conventional 
DTI might not be the optimal phenotype in neurogenetic 
studies investigating genetic associations with corpus cal-
losum structure, as it does not measure neurite structure. 
A better neuroimaging technique to use as a phenotype in 
such studies is neurite orientation dispersion and density 
imaging (NODDI), as it allows for the assessment of FA 
and also offers a novel way to quantify neurite morphology 
in white matter, that is, both axons and dendrites. NODDI 
was recently used to estimate diffusion markers of neurite 
density and orientation dispersion by in-vivo measurements 
in humans (Genç et al. 2018; Zhang et al. 2012). NODDI 
uses a multi-shell high-angular-resolution diffusion imag-
ing protocol and features a three-compartment model dis-
tinguishing intra-neurite, extra-neurite, and cerebrospinal 
fluid (CSF) environments. Furthermore, NODDI is based 
on a diffusion model, which was successfully validated by 
histological examinations utilizing staining methods in the 
gray and white matter of rats and ferrets (Jespersen et al. 
2010, 2012). NODDI yields three dependent measures: 
INVF, ODI, and ISO. Intra-neurite volume fraction (INVF) 
is a measure of neurite density, and represents the amount 
of symmetric diffusion caused by the restriction of water 
molecules within the membranes of neurites (Jespersen et al. 
2010, 2012; Zhang et al. 2012). In contrast, orientation dis-
persion (ODI) is a measure of dendritic arborization, and 
isotropic volume fraction (ISO) reflects the amount of iso-
tropic diffusion with Gaussian properties likely to be found 
in the cerebrospinal fluid. As the corpus callosum comprised 
of axons, but not dendrites, NODDI is used to specifically 
measure axonal density and orientation dispersion, rather 
than the neurite as a whole. NODDI has been used to detect 
white matter microstructural deficits in multiple sclerosis 
patients. Grussu et al. (2017) reported that neurite density 
obtained from NODDI significantly matched neurite density, 
orientation dispersion, and myelin density obtained from 
histological samples. Moreover, Grussu et al. (2017) also 
found that NODDI neurite dispersion matched histological 
neurite dispersion. These findings indicate that NODDI met-
rics are a valid measure of white matter microstructure as 
they closely reflect their histological conditions.

The aim of the current study was to examine the effects 
of genetic variation in the PLP1 and CNTN1 myelin-
related genes on the microstructure of the corpus callo-
sum as assessed with FA and the three NODDI measures, 
INVF, ODI, and ISO. As myelination and axon density dif-
fer between different subsections of the corpus callosum 
(Aboitiz et al. 1992a, b), we specifically assessed five sub-
segments of the corpus callosum, following the commonly 
used classification scheme by Hofer and Frahm (2006). As 
PLP1 encodes for the proteolipid protein 1, the predomi-
nant component of myelin, we hypothesize that the genetic 
variation in PLP1 should be linked to differences in FA, as 

this measure encodes microstructural integrity of white mat-
ter and has been at least partly linked to myelin structure. 
In contrast, CNTN1 has been linked to axon formation and 
guidance. Thus, we expect genetic variation in CNTN1 to be 
associated with axonal density differences between subsec-
tions of the corpus callosum as reflected by INVF.

Methods

Participants

Overall, we tested a cohort of 263 healthy adults (135 males 
and 128 females). Participants ranged in age from 18 to 
69 years (mean age 25.2 years) and were mostly univer-
sity students. All participants were of Caucasian descent for 
at least two generations, the majority of which were Ger-
man. Participants were genetically unrelated to each other, 
as measured via self-reports. The majority of participants 
were right-handed (240 right-handers and 23 left-handers) 
as determined by the Edinburgh Handedness Inventory (Old-
field 1971). All participants gave informed written consent 
and were treated in accordance with the Declaration of Hel-
sinki. The study was approved by the ethics committee of 
the medical faculty, Ruhr-University Bochum.

Genotyping

Oral mucosa samples were collected with buccal swabs 
from all participants. DNA isolation of the exfoliated cells 
was performed using the QIAamp DNA kit (Qiagen GmbH, 
Hilden, Germany). To genotype selected genes, polymer-
ase chain reaction (PCR) and restriction fragment length 
polymorphism (RFLP) was used. Further details and primer 
sequences are available upon request. Based on our previous 
results (Ocklenburg et al. 2017), in which we found associa-
tions between myelin gene variation and interhemispheric 
integration, we focused on genotyping three different SNPs: 
CNTN1 rs1056019, a synonymous exchange N472N located 
in exon 11; and two in PLP1, rs1126707, a synonymous 
exchange D203D in exon 11, and rs521895 located in intron 
3.

Neuroimaging

Acquisition of imaging data

All imaging data were acquired at the Bergmannsheil hospi-
tal in Bochum, Germany, using a 3 T Philips Achieva scan-
ner (Best, The Netherlands) with a 32-channel head coil.

Anatomical imaging  For the purpose of segmenting brain 
scans into gray and white matter sections as well as for the 
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identification of anatomical landmarks, a T1-weighted high-
resolution anatomical image was acquired (MP-RAGE, 
TR = 8.2 ms, TE = 3.7 ms, flip angle = 8°, 220 slices, matrix 
size = 240 × 240, resolution = 1 × 1 × 1 mm). The acquisition 
time of the anatomical image was 6 min.

Diffusion‑weighted imaging  For the analysis of NODDI 
coefficients, diffusion-weighted images were acquired 
using echo planar imaging (TR = 7652  ms, TE = 87  ms, 
flip angle = 90°, 60 slices, matrix size = 112 × 112, resolu-
tion = 2 × 2 × 2  mm). Diffusion weighting was based on a 
multi-shell, high-angular resolution scheme consisting of 
diffusion-weighted images for b-values of 1000, 1800, and 
2500 s/mm2, respectively, applied along 20, 40, and 60 uni-
formly distributed directions. All diffusion directions within 
and between shells were generated orthogonal to each 
other using the MASSIVE toolbox (Froeling et  al. 2017). 
Additionally, eight data sets with no diffusion weighting 
(b = 0 s/mm2) were acquired as an anatomical reference for 
motion correction and computation of NODDI coefficients. 

The acquisition time of the diffusion-weighted images was 
18 min.

Analysis of imaging data

Analysis of  anatomical data  We used published surface-
based methods in FreeSurfer (http://surfe​r.nmr.mgh.harva​
rd.edu, version 5.3.0) to reconstruct the cortical surfaces of 
the T1-weighted images (see Fig. 1, top-left). The details of 
this procedure have been described elsewhere (Dale et  al. 
1999; Fischl et al. 1999). The automatic reconstruction steps 
included skull stripping, gray and white matter segmenta-
tion, as well as reconstruction and inflation of the cortical 
surface. These processing steps were performed for each 
participant individually. After preprocessing, each segmen-
tation was quality-controlled slice by slice. Inaccuracies for 
the automatic steps were corrected by manual editing if nec-
essary. The parcellation of the corpus callosum was done 
using an automatic segmentation procedure implemented 
in FreeSurfer (Rosas et al. 2010). The parcellation scheme 
was based on the Hofer and Frahm (2006) approach and was 

Fig. 1   Schematic description of 
the geometry-based tract seg-
mentation in the corpus callo-
sum and estimation of diffusion 
properties. Geometry-based 
tract segmentation of the corpus 
callosum via T1-weighted 
images in FreeSurfer (top-left). 
As defined by the scheme of 
(Hofer and Frahm 2006), the 
whole corpus callosum was 
divided into five subsections 
from anterior to posterior 
along the y-axis (middle-left): 
the five callosal subsections 
were defined as: the anterior 
sixth section (S1, yellow), the 
anterior half minus the anterior 
sixth section (S2, light-blue), 
the posterior half minus the 
posterior third section (S3, 
blue), the posterior third minus 
the posterior one-fourth section 
(S4, red), and the posterior one-
fourth section (S5, green). The 
callosal subsections were lin-
early transformed into the native 
space of the diffusion-weighted 
NODDI images (bottom-left) 
and different microstructural 
measures (FA, INVF, ODI, 
ISO) were computed (right-
panel). The following abbrevia-
tions are used: P, posterior; A, 
anterior

http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu
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utilized to divide the corpus callosum into five subsections 
along the anterior to posterior y-axis (see Fig.  1, middle-
left). The five callosal subsections were defined as: the ante-
rior sixth section (S1), the anterior half minus the anterior 
sixth section (S2), the posterior half minus the posterior 
third section (S3), the posterior third minus the posterior 
one-fourth section (S4), and the posterior one-fourth sec-
tion (S5). In a final step, each callosal subsection yielded by 
the parcellation algorithm was linearly transformed into the 
native space of the diffusion-weighted images (see Fig. 1, 
bottom-left). The transformed subsection served as ana-
tomical landmarks from which NODDI coefficients were 
extracted.

Analysis of  diffusion data  Diffusion images were preproc-
essed using FDT (FMRIB’s Diffusion Toolbox) as imple-
mented in FSL version 5.0.7. Preprocessing steps included 
a correction for eddy currents and head motion as well as a 
correction of the gradient direction for each volume using the 
rotation parameters emerged from head motion. NODDI coef-
ficients were computed using the AMICO toolbox (Daducci 
et al. 2015). The AMICO approach is based on a convex opti-
mization procedure which converts the non-linear fitting into a 
linear optimization problem (Daducci et al. 2015). This frame-
work allows robust estimation of multiple fiber populations 
as well as microstructural NODDI indices by dramatically 
reducing processing time (Sepehrband et al. 2016; Tariq et al. 
2016). Data analysis with NODDI can be applied to cortical 
regions as well as white matter structures. The technique is 
based on a two-level approach and features a three-compart-
ment model distinguishing intra-neurite, extra-neurite, and 
CSF environments. First, the diffusion signal obtained by the 
multi-shell high-angular-resolution imaging protocol is used 
to determine the proportion of free moving water within each 
voxel (Billiet et al. 2015; Daducci et al. 2015; Jespersen et al. 
2010, 2012; Zhang et al. 2012). This ratio is termed isotropic 
volume fraction (ISO) and reflects the amount of isotropic dif-
fusion with Gaussian properties likely to be found in the cer-
ebrospinal fluid of gray and white matter regions (see Fig. 1, 
bottom-right). Second, the remaining portion of the diffusion 
signal is divided into the intra-neurite volume fraction (INVF) 
and the extra-neurite volume fraction. Here by definition, the 
two volume fractions representing intra- and extra-neurite dif-
fusion complement each other and add up to 1 (Jespersen et al. 
2010, 2012; Zhang et al. 2012). INVF represents the amount 
of stick-like or cylindrically symmetric diffusion that is cre-
ated when water molecules are restricted by the membranes 
of neurites. In white matter structures, this kind of diffusion is 
likely to resemble the proportion of axons (see Fig. 1, middle-
right). In gray matter regions, it serves as an indicator of den-
drites and axons forming the neuropil. Extra-neurite volume 
fraction is based on hindered diffusion within extra-neurite 
environments, which are usually occupied by various types of 

glial cells in white matter structures, and both neurons and 
glial cells in gray matter regions (Jespersen et al. 2010, 2012; 
Zhang et al. 2012). Neurite orientation dispersion (ODI) is a 
tortuosity measure coupling the intra-neurite space and the 
extra-neurite space resulting in alignment or dispersion of 
axons in white matter or axons and dendrites in gray matter 
(Billiet et al. 2015; Zhang et al. 2012). As described above, 
each callosal subsection defined for the T1-weighted anatomi-
cal scan was transformed into the native space of the diffusion-
weighted images to compute NODDI coefficients for these 
subsections. Moreover, for the evaluation of microstructural 
integrity of callosal subsections, we also calculated the frac-
tional anisotropy (FA; Basser and Pierpaoli 1996) of each sub-
section via DTIFIT in FSL (see Fig. 1, top-right).

Statistical analyses

Four dependent variables were used in the present study: FA, 
INVF, ODI, and ISO, for each of the five subsections of the 
corpus callosum. The correlations between the dependent vari-
ables can be seen in Supplement 1 and Table S1. The statistical 
analyses were performed assuming a codominant effect for 
each polymorphism, following the analysis in our previous 
paper on PLP1 and CNTN1 (Ocklenburg et al. 2017). Thus, 
all genotype groups were analyzed separately. For each of the 
dependent variables, separate 5 × 3 repeated-measures ANO-
VAs were conducted (5 × 5 for PLP1 SNPs, as PLP1 is located 
on the X chromosome, and therefore has two genotypes for 
males and three genotypes for females). As myelination and 
axon density differ between different subsections of the corpus 
callosum (Aboitiz et al. 1992a, b), we used subsections of the 
corpus callosum (S1, S2, S3, S4, S5) as the within-subjects 
variable. Genotype was used the between-subjects variable 
(Greenhouse–Geisser corrected). Please note that the four 
dependent variables were partly correlated (see supplemen-
tary materials for details). Due to differences in average head 
size, and therefore possibly brain size, between male (M 57.9, 
SD 1.5) and female (M 55.4, SD 1.5) participants, t(261) = 13.5, 
p < 0.001, we used head size as a covariate in all our analyses. 
Bonferroni correction was chosen to correct for multiple com-
parisons and all significant effects are indicated as surviving 
Bonferroni correction for the number of investigated SNPs. 
Effect size of significant effects is given as partial η2. All t tests 
were also corrected for multiple comparisons using Bonferroni 
correction (α = 0.01).

Results

Genotype distributions

For CNTN1 rs1056019, 13.3% of participants were geno-
typed homozygous CC, 49.8% were genotyped heterozygous 
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CT, and 36.9% were genotyped homozygous TT. In our 
cohort, the minor allele frequency (MAF) for the CNTN1 
rs1056019 was 0.38. The MAF reported for this SNP in 
dbSNP (https​://www.ncbi.nlm.nih.gov/proje​cts/SNP/) is 
between 0.38 and 0.43. Therefore, the MAF observed in 
our cohort is in line with what would be expected in the 
population.

For PLP1 rs1126707 there were five different genotypes, 
as this gene is located on the X chromosome (C and T for 
male individuals, and CC, CT, and TT for female individu-
als). Therefore, genotype percentages were calculated sepa-
rately for male and female participants. For males, 28.0% 
of participants showed the C genotype, and 72.0% showed 
the T genotype. For females, 6.3% of participants were 
genotyped homozygous CC, 37.3% of participants were 
genotyped heterozygous CT, and 56.3% were genotyped 
homozygous TT. Genotypes could not be determined for five 
participants due to technical issues. For male participants, 
the MAF for the PLP1 rs1126707 was 0.28, and for female 
participants the MAF for this SNP was 0.25, resulting in a 
combined MAF of 0.265. The MAF reported for this SNP 
in dbSNP (https​://www.ncbi.nlm.nih.gov/proje​cts/SNP/) is 
0.29, and therefore the MAF observed in our cohort is in 
roughly line with what would be expected in the population.

For PLP1 rs521895, there were also five different geno-
types (A and G for male individuals, and AA, AG, and GG 
for female individuals). Therefore, genotype percentages 
were also calculated separately for male and female partici-
pants. For males, 30.6% of participants showed the A geno-
type, and 69.4% showed the G genotype. For females, 8.5% 
of participants were genotyped homozygous AA, 43.4% 
were genotyped heterozygous AG, and 48.1% were geno-
typed homozygous GG. For male participants, the MAF for 
the PLP1 rs521895 was 0.31, and for female participants the 
MAF for this SNP was 0.30, resulting in a combined MAF 

of 0.305. The MAF reported for this SNP in dbSNP (https​://
www.ncbi.nlm.nih.gov/proje​cts/SNP/) is 0.38, and therefore 
the MAF observed in our cohort in roughly in line with what 
would be expected in the population.

Neuroimaging results

Association between genetic variation and neuroimaging 
results

The results of all analyses are shown in Table 1. Further 
detailed analyses of significant effects are shown in the fol-
lowing subsections.

CNTN1 rs1056019

We investigated the effects of the CNTN1 rs1056019 SNP 
on corpus callosum microstructure by conducting 5 (cal-
losal subsections) × 3 (genotype groups) repeated-meas-
ures ANOVAs for each dependent variable, with head 
size as a covariate. There was a main effect of head size, 
F(1,242) = 18.15, p < 0.001, partial η2 = 0.07. For all four 
dependent variables, we found main effects of subsection, 
all F’s(4,968) > 3.34, all p’s < 0.013, all partial η2 > 0.01, 
but no main effects of genotype, all F’s(2,242) < 2.75, all 
p’s > 0.07. For one of the NODDI variables, INVF, there 
was a significant interaction between subsections of the cor-
pus callosum and genotype, surviving Bonferroni correction, 
F(8,968) = 3.28, p = 0.002, partial η2 = 0.03. For the remaining 
NODDI variables and FA, there was no significant interac-
tion between subsections of the corpus callosum and geno-
type, all F’s(8,968) < 2.03, all p’s > 0.05.

To further investigate the interaction between subsection 
and genotype for INVF, we performed Bonferroni-corrected 
(α = 0.01) independent-samples t tests between the three 

Table 1   The effects of genetic 
variation in the three SNPs 
on the microstructure of the 
subsections of the corpus 
callosum, as determined by 
the four different dependent 
variables FA, INVF, ODI, and 
ISO

Significant effects are shown in bold, after Bonferroni correction and the addition of head size as a covari-
ate. Partial η2 is given for significant results as a measure of effect size

Gene SNP Imaging measure ME genotype ME subsections Interaction

CNTN1 rs1056019 FA p = 0.30 p < 0.001; η2 = 0.03 p = 0.05
INVF p = 0.68 p = 0.005; η2 = 0.02 p = 0.002; η2 = 0.03
ODI p = 0.07 p < 0.001; η2 = 0.03 p = 0.14
ISO p = 0.58 p = 0.013; η2 = 0.01 p = 0.85

PLP1 rs1126707 FA p = 0.75 p = 0.12 p = 0.01; η2 = 0.03
INVF p = 0.67 p = 0.26 p = 0.48
ODI p = 0.25 p = 0.02 p = 0.16
ISO p = 0.05 p = 0.04 p = 0.004; η2 = 0.04

rs521895 FA p = 0.28 p = 0.23 p = 0.004; η2 = 0.04
INVF p = 0.74 p = 0.32 p = 0.21
ODI p = 0.12 p = 0.08 p = 0.02
ISO p = 0.07 p = 0.04 p = 0.07

https://www.ncbi.nlm.nih.gov/projects/SNP/
https://www.ncbi.nlm.nih.gov/projects/SNP/
https://www.ncbi.nlm.nih.gov/projects/SNP/
https://www.ncbi.nlm.nih.gov/projects/SNP/
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genotypes (CC, CT, and TT) for each of the subsections of 
the corpus callosum (S1–S5). Within each subsection of the 
corpus callosum, no differences between genotypes survived 
correction for multiple comparisons, all p’s > 0.02. However, 
for the CC genotype, INVF in the S1 subsection was signifi-
cantly different from all other subsections, all p’s < 0.001, 
and the S5 subsection also showed significantly different 
INVF from all other subsections, all p’s < 0.001. For the 
CT genotype, all subsections displayed significantly differ-
ent INVF from each other, all p’s < 0.008, except for the S3 
and S4 subsections, p = 0.96. Similarly, for the TT genotype, 
a non-significant difference between S3 and S4 subsection 
INVF was observed (p = 0.17), while all other subsections 
had significant differences in INVF (all p’s < 0.006). This 
interaction effect can be seen in Fig. 2.

PLP1 rs1126707

To investigate the effects of the PLP1 rs1126707 SNP 
on corpus callosum microstructure, we conducted 5 × 5 
repeated-measures ANOVAs for each dependent variable, 
with head size as a covariate. There was no main effect of 
head size, F(1,235) = 0.83, p = 0.37. For all four dependent 
variables, we found no significant main effects of subsec-
tion, all F’s(4,940) < 3.12, all p’s > 0.02, or genotype, all 
Fs(4,235) < 2.46, all p’s > 0.05. There was a significant interac-
tion effect for FA, F(16,940) = 2.08, p = 0.01, partial η2 = 0.03, 
surviving Bonferroni correction.

We calculated the same t tests for the interaction between 
genotype and subsection for FA. Within each subsection of 
the corpus callosum, no differences between genotypes sur-
vived correction for multiple comparisons (all p’s > 0.014). 
For the C genotype, FA in all subsections was significantly 
different to all other subsections, all p’s < 0.003, except 

between the S2 and S4 subsections, p = 0.99. This was the 
same for the T genotype, p = 0.64.

For the CC genotype, FA in the S5 subsection was signifi-
cantly different from all other subsections, all p’s < 0.001. 
No other FA differences were observed between subsections 
for this genotype. For the CT genotype, FA in all subsec-
tions was significantly different from all other subsections, 
all p’s < 0.01, except between the S4 and S1 subsections, 
p = 0.14, and the S4 and S2 subsections, p = 0.32. Similarly, 
for the TT genotype, FA in all subsections was significantly 
different from all other subsections, all p’s < 0.001, except 
between the S2 and S4 subsections, p = 0.82. A full sum-
mary of the interaction effect for FA between subsections 
can be seen in Fig. 3.

For one of the NODDI variables, ISO, there was also 
a significant interaction between subsections of the cor-
pus callosum and genotype, F(16,940) = 2.29, p = 0.004, par-
tial η2 = 0.04, surviving Bonferroni correction. To further 
investigate the interaction between subsection and genotype 
for ISO, we performed Bonferroni-corrected (α = 0.01) 
independent-samples t tests between the five genotypes 
(A, G, AA, AG, and GG) for each of the subsections of the 
corpus callosum (S1–S5). Within the S1, S3, S4, and S5 
subsections, there were no differences in ISO between all 
genotypes, all p’s > 0.02. However, within the S2 subsection, 
there was a significant difference in ISO between CC and 
CT genotypes, p = 0.002, as well as CC and TT genotypes 
(p = 0.002).

For the C genotype, ISO in the S1 subsection was sig-
nificantly different from ISO in all other subsections (all 
p’s < 0.001), except in the S2 subsection, where no signifi-
cant difference was observed, although it approached sig-
nificance (p = 0.011). ISO in the S2 and S3 subsections was 
significantly different from ISO in all other sections (all 
p’s < 0.001), except between these two sections (p = 0.46).

Fig. 2   Average INVF in each 
subsection of the corpus cal-
losum in relation to CNTN1 
rs1056019 genotype. Error bars 
show standard error
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For the T genotype, ISO in the S1, S2, and S3 subsections 
showed a similar pattern of differences to the C genotype: 
S1 subsection ISO was significantly different from all other 
subsections (all p’s < 0.001), except in the S2 subsection 
(p = 0.14). ISO in the S2 and S3 subsections was also signifi-
cantly different from all other subsections (all p’s < 0.002), 
except between those two subsections (p = 0.04). However, 
for the T genotype, ISO in the S5 subsection was signifi-
cantly different from all other subsections (all p’s < 0.002), 
including the S2 subsection, which for the C genotype was 
not significantly different (p = 0.11).

For the CC genotype, ISO in the S5 subsection was signif-
icantly different from all other subsections (all p’s < 0.005), 
except for the S3 subsection (p = 0.53). However, ISO in the 
S3 subsection was significantly different to ISO in the S1 
and S2 subsections (both p’s < 0.007).

For the CT genotype, ISO in the S1 and S4 subsections 
was significantly different from all other subsections (all 
p’s < 0.001), except between those two sections (p = 0.65). 

For the TT genotype, ISO in the S1 and S4 subsections 
was significantly different from all other subsections (all 
p’s < 0.003). In the CT and TT genotypes, no other signifi-
cant differences between subsections were observed. A full 
summary of the interaction effect for ISO can be seen in 
Fig. 4.

For the remaining two NODDI variables, INVF and ODI, 
no significant interaction was found between subsection and 
genotype (both F’s(16,940) < 1.39, both p’s > 0.16).

PLP1 rs521895

For PLP1 rs521895, we conducted 5 × 5 repeated-meas-
ures ANOVAs for each dependent variable, with head 
size as a covariate. There was no main effect of head 
size, F(1,240) = 1.26, p = 0.26. For all four dependent vari-
ables, we found no significant main effects of subsec-
tion (all F’s(4,940) < 2.63, all p’s > 0.04), or genotype (all 
F’s(4,240) < 2.17, all p’s > 0.07). For the FA measure, there 

Fig. 3   Average FA in each sub-
section of the corpus callosum 
in relation to PLP1 rs1126707 
genotype. Error bars show 
standard error

Fig. 4   Average ISO in each sub-
section of the corpus callosum 
in relation to PLP1 rs1126707 
genotype. Error bars show 
standard error
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was a significant interaction between subsections of the 
corpus callosum and genotype that survived Bonferroni 
correction (F(16,940) = 2.32, p = 0.004, partial η2 = 0.04). For 
one of the NODDI variables, ODI, the interaction effect 
approached significance, but did not survive Bonferroni 
correction (F(16,940) = 2.01, p = 0.02). For the remaining 
two NODDI variables, no significant interaction was found 
between subsection and genotype (both F’s(16,940) < 1.59, 
both p’s > 0.07).

To further investigate the interaction between subsection 
and genotype for FA, we performed Bonferroni-corrected 
(α = 0.01) independent-samples t tests between the five geno-
types (A, G, AA, AG, and GG) for each of the subsections 
of the corpus callosum (S1–S5). Within the S1 subsection 
of the corpus callosum, there was a significant FA difference 
between GG and AG genotypes, p = 0.006. Within all other 
subsections, there were no differences between A and G, and 
AA, AG, and GG genotypes.

For both the A and G genotypes, FA in all subsections of 
the corpus callosum was significantly different from all other 
subsections (all p’s < 0.005), except between the S2 and S4 
subsections (p = 0.95 and p = 0.57, respectively).

For the AA genotype, FA in the S5 subsection was dif-
ferent from all other subsections (all p’s < 0.001). FA in the 
S4 subsection was different from all other subsections (all 
p’s < 0.003), except for the S2 (p = 0.05) and S1 subsections 
(p = 0.41). For both of these subsections, FA was signifi-
cantly different from all other subsections excluding the S4 
(all p’s < 0.005). FA in the S3 and S2 subsections was not 
significantly different (p = 0.36), but all other subsections 
showed significantly different FA from the S3 subsection 
(all p’s < 0.003). For the AG genotype, FA in all subsec-
tions was significantly different from all other subsections 
(all p’s < 0.004), except between the S2 and S4 subsections 
(p = 0.62). For the GG genotype, FA in both the S3 and 
S5 subsections was significantly different from all other 

subsections (all p’s < 0.001). No other significant differ-
ences in FA between subsections were observed for the GG 
genotype. A full summary of the interaction effect between 
subsections of the corpus callosum and genotype for the FA 
measure can be seen in Fig. 5.

To test whether the inclusion of head size as a covari-
ate influenced the results, we also re-calculated the anal-
ysis without head size as a covariate (Supplement 2 and 
Table S2). Results of all analysis without head size as a 
covariate are shown in supplementary Table S2. The overall 
results pattern is almost identical to the analysis with head 
size as a covariate. Additionally, we also re-calculated our 
analysis with age as a covariate (Supplement 3 and Figure 
S1) and only for right-handed participants (Supplement 4).

Discussion

The present study tested the assumption that allelic vari-
ations in the myelin genes PLP1 and CNTN1 affect the 
microstructure of the corpus callosum and thus correlate 
with individual performance in interhemispheric integra-
tion (Ocklenburg et al. 2017). Here, we present results on 
microstructural corpus callosum differences found between 
cognitively healthy subjects as a function of their PLP1 
and CNTN1 genotypes. To this end, we used the diffusion 
neuroimaging technique NODDI to quantify axonal mor-
phology in subsections of the corpus callosum. In line with 
our hypothesis, we found a double dissociation between 
gene function and neuroimaging parameters. On the one 
hand, genetic variation in the myelin-related gene PLP1 
was linked to differences in FA, a measure that encodes 
microstructural integrity of white matter and has been at 
least partly linked to myelin structure. On the other hand, 
genetic variation in the axon guidance related gene CNTN1 

Fig. 5   Average FA in each sub-
section of the corpus callosum 
in relation to PLP1 rs521895 
genotype. Error bars show 
standard error
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was associated with axonal density differences between 
subsections of the corpus callosum as reflected by INVF.

For the general distribution and correlations between 
NODDI-dependent variables, our neuroimaging data were 
in line with previous NODDI studies (Mayer et al. 2017). 
Importantly, the finding that we found a strong association 
between FA and ODI replicates the findings of a recent 
microstructure imaging study in mixed-martial artists 
(Mayer et al. 2017). We used head size as a covariate to 
control for sex differences. For both PLP1 SNPs, there was 
no main effect of head size, but there was for the CNTN1 
SNP. To control for possible confounding effects of age, 
we re-ran the ANOVAs for all four significant depend-
ent variables. There was no significant effect of age or 
any change in the overall results pattern when age was 
included in the analysis.

For the CNTN1 rs1056019 SNP, the main finding was that 
we observed a significant interaction between genotype and 
corpus callosum subsection for INVF, but not for FA or the 
other NODDI variables. Although there were no differences 
between the three genotypes (CC, CT, and TT) within each 
subsection of the corpus callosum that survived correction 
for multiple comparisons, we did find that for the CT and TT 
genotypes, INVF in S2 was different from all other subsec-
tions, whereas this was not the case for the CC genotype. 
The NODDI measure INVF is a measure of neurite density, 
and represents the amount of symmetric diffusion caused 
by the restriction of water molecules within the membranes 
of neurites (Jespersen et al. 2010, 2012; Zhang et al. 2012). 
INVF is likely to represent the proportion of axons in white 
matter, i.e., in the corpus callosum. The interaction effect 
that we found between genotype and corpus callosum sub-
sections suggests that variation in CNTN1 specifically cor-
relates with axon density, but not axon or CSF dispersion.

The finding that genetic variation in CNTN1 did differ-
entially affect corpus callosum subsections is in line with 
the finding that myelination and axon density differ between 
different subsections of the corpus callosum (Aboitiz et al. 
1992a, b). Rs1056019 leads to the synonymous exchange 
of an asparagine in CNTN1. Although the specific effect of 
this SNP on CNTN1 gene function remains unclear, our find-
ing is well in line with previous literature on CNTN1 gene 
function in general. CNTN1 is located on chromosome 12 at 
12q11–q12 and is a member of the immunoglobulin (Ig) 
gene family. It encodes contactin-1, a glycosylphosphati-
dylinositol-anchored neuronal membrane protein that func-
tions as a cell adhesion molecule (Berglund and Ranscht 
1994). It has been shown to modulate axon connections and 
neurogenesis during central nervous system development 
(Bizzoca et al. 2012), which could explain why variation 
in this gene specifically affects the NODDI variable INVF. 
Moreover, it has been shown that a complex between contac-
tin-1 and the protein tyrosine phosphatase PTPRZ modulates 

the development and differentiation of oligodendrocyte pre-
cursor cells (Lamprianou et al. 2011).

For PLP1, we found that both SNPs show significant 
association with FA. For the PLP1 rs1126707 SNP, the 
main finding was that we observed a significant interaction 
between genotype and corpus callosum subsection for FA. 
While no differences in the relationship between genetic 
variation in PLP1 and FA in callosal subsections were 
found between the two genotypes in male participants, the 
CC genotype stood out in female participants, as it seemed 
to show less differentiation of FA between different callosal 
subsections. Comparable to the PLP1 rs1126707 SNP, we 
also found a significant interaction between genotype and 
corpus callosum subsection FA for the PLP1 rs521895 SNP. 
Here, we found that for subsection S1, the most anterior part 
of the corpus callosum, there was a significant FA differ-
ence between females with the GG and AG genotypes that 
survived correction for multiple comparisons. Moreover, 
comparable to the CC genotype for the PLP1 rs1126707 
SNP, the rare homozygous AA genotype stood out in female 
participants, as it seemed to show less differentiation of FA 
between different callosal subsections than the other geno-
types. It should be noted that both CNTN1 and PLP1 genes 
have complex phenotypes, and so we cannot know for cer-
tain whether there are any confounding effects of population 
substructure and stratification, which may result in exagger-
ated effect sizes.

The exact functional consequences of the two associated 
PLP1 SNPs also remain elusive, but our result that varia-
tion in PLP1 affected mainly FA is in line with the general 
gene function attributed to PLP1. PLP1 is located on the X 
chromosome at Xq22.2. It encodes a transmembrane prote-
olipid protein that is one of the major components of myelin 
(Martínez-Montero et al. 2013; Wight 2017; Woodward and 
Malcolm 1999). Proteolipid protein has been shown to be 
involved in the early stages of axon–oligodendrocyte interac-
tion and to modulate how the axon is wrapped (Yool et al. 
2001). Duplications or point mutations in PLP1 are known 
to be causative of Pelizaeus–Merzbacher disease (PMD), a 
classic example of a hypomyelinating leukodystrophy and 
the allelic spastic paraplegia 2 (SPG2). Pelizaeus–Merz-
bacher disease is characterized by nystagmus, hypotonia, 
and severe motor deficits (Inoue 2005; Martínez-Montero 
et al. 2013). Different types of mutations in PLP1 are sus-
pected to have different impacts on the oligodendrocyte line-
age. In most PMD children, the amount of white matter is 
reduced in volume and can be readily seen as thinness of the 
corpus callosum or general decrease in myelination (Plecko 
et al. 2003). In line with these findings, patients with Peli-
zaeus–Merzbacher disease typically show atrophy of the cor-
pus callosum (Sarret et al. 2016). As mentioned above, FA 
in white matter is thought to reflect myelin, axon diameter 
and packing density, axon permeability, and fiber geometry 
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(Beaulieu 2002; Mädler et al. 2008; Mori and Zhang 2006; 
Zatorre et al. 2012). As PLP1 encodes a major component 
of myelin, it is conceivable that it modulates FA by affect-
ing myelin structure. This idea is supported by a recent DTI 
study in a mouse model for Pelizaeus–Merzbacher disease 
that showed a significant reduction of FA in the corpus cal-
losum of PLP1 transgenic mice (Ruest et al. 2011).

Our finding that genetic variation in CNTN1 and PLP1 
affects corpus callosum microstructure is also in line with 
the finding of our previous study showing a relevance of 
genetic variation in CNTN1 and PLP1 for corpus callosum 
function (Ocklenburg et al. 2017). In this study, we investi-
gated whether performance in the Banich–Belger Task was 
also modulated by genetic variation in CNTN1 and PLP1. In 
this task, arrays of three letters are presented to participants 
in a triangular formation. Two letters are placed above a 
fixation point, with one letter presented in the left visual 
field (LVF) and the other in the right visual field (RVF). The 
third target letter is placed below the fixation point, in either 
the LVF or RVF. Participants have to indicate whether the 
target letter matches one of the other two letters based on 
name identity, or physical identity. In the name identity task, 
participants have to decide whether the target letter (in low-
ercase) has the same name value as one of the other two let-
ters (in uppercase). In the physical identity task, participants 
have to decide whether the target letter has the same physical 
form as one of the two other letters (all uppercase). Gener-
ally, participants are faster at the name identity task when the 
target letter is in the contralateral visual field (across trials), 
but are faster at the physical identity task when the target 
letter is in the ipsilateral visual field (Banich and Belger 
1990; Ocklenburg et al. 2017). Thus, the Banich–Belger task 
assesses interhemispheric integration, via the corpus callo-
sum. In our previous study, no differences between CNTN1 
rs1056019 genotype groups were found during the physi-
cal identity condition of the Banich–Belger task. However, 
during the more complex name identity condition, the CC 
group was more accurate during within trials, while both 
the CT and TT groups were more accurate during across 
trials. We argued that the CC genotype group likely had less 
efficient interhemispheric transfer via the corpus callosum 
than CT and TT groups (Ocklenburg et al. 2017). This is in 
line with findings of the present study. In the present study, 
it was also the CC genotype group that stood out from the 
CT and TT groups. In contrast to the other two genotypes, 
individuals with the CC genotype showed a lower frequency 
of significant differences between callosal subsections, argu-
ing for a less pronounced axonal density differentiation of 
callosal subsections, which could potentially lead to the less 
efficient interhemispheric integration observed in our behav-
ioral study with the Banich–Belger task.

In addition to the FA effects, we also observed a sig-
nificant interaction between PLP1 rs1126707 genotype and 

corpus callosum subsection for ISO. As outlined above, ISO 
reflects the amount of isotropic diffusion likely to be found 
in the cerebrospinal fluid of gray and white matter regions. 
We can only speculate why this measure is linked to genetic 
variation in PLP1, but has been shown that certain muta-
tions in PLP1 can lead to atrophy of the corpus callosum 
(Sarret et al. 2016). As a thinner corpus callosum would lead 
to less tissue dispersion, this would likely result in higher 
ISO values. Moreover, as shown in Table S1 (see supple-
mentary materials), FA and ISO were correlated negatively 
for all five callosal subsections. This makes sense as ISO 
reflects isotropic diffusion (as in cerebrospinal fluid), while 
FA reflects anisotropic diffusion (as in tissue).

As this study represents the first neurogenetic study on 
the relation between genetic variation in PLP1 and CNTN1 
and corpus callosum microstructure, it was explorative in 
nature. Despite that, it offers several interesting suggestions 
for the design of future studies. Obviously, independent rep-
lication of our results in larger cohorts would be essential 
to validate our findings (Flint and Munafò 2013). This is 
especially the case as in a recent analysis by the ENIGMA 
consortium, no associations between genetic variation in 
one of 15 candidate SNP’s and white matter microstructure 
remained significant after multiple-testing correction (Jahan-
shad et al. 2017).

In addition, it would be particularly interesting to assess 
corpus callosum microstructure in patient cohorts with PLP1 
mutations, e.g., patients with Pelizaeus–Merzbacher disease 
(Wight 2017), to get a better understanding of the func-
tional effects of PLP1 on corpus callosum microstructure. 
In healthy cohorts, extended neuroimaging, e.g., NODDI in 
other key white matter structures such as the arcuate fascicu-
lus or uncinate fasciculus (Ocklenburg et al. 2013) would 
be interesting to get a more detailed picture of the effects of 
genetic variation in PLP1 and CNTN1 on white matter brain 
structure. In addition to NODDI imaging, other advanced 
white matter neuroimaging techniques would also be inter-
esting to use in PLP1 and CNTN1 neurogenetics studies, 
e.g., estimation of myelin water fraction (Alonso-Ortiz et al. 
2015; Nam et al. 2015).

The current study represents the first neurogenetic study 
on corpus callosum microstructure using NODDI. Interest-
ingly, we found a double dissociation between gene function 
and neuroimaging variables. Our results suggest that genetic 
variation in the myelin-related gene PLP1 impacts white 
matter microstructure in the corpus callosum, as reflected 
by FA. As described above, FA does not exclusively reflect 
myelin structure, but it does so to a larger extent than INVF, 
which reflects neurite density, and specifically axonal den-
sity in the corpus callosum. Given the clear functional role 
of PLP1 in encoding one of the major myelin proteins, it is 
conceivable that variation in this gene affects FA by affect-
ing myelin structure. In contrast, genetic variation in the 
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axon guidance related gene CNTN1 impacts axonal density 
in the corpus callosum, as indicated by INVF.
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