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Abstract

Background: Schizophrenia is considered a neurodevelopmental disorder with a 

pathophysiology that likely begins long before the onset of clinical symptoms. White matter 

abnormalities have been observed in schizophrenia and we hypothesized that the first 2 years of 

life is a period in which white matter abnormalities associated with schizophrenia risk may 

emerge.

Methods: 38 infants at high risk for schizophrenia and 202 healthy controls underwent diffusion 

tensor MRIs after birth and at 1 and 2 years of age. Quantitative tractography was used to 

determine diffusion properties (fractional anisotropy(FA), axial diffusivity(AD), and radial 

diffusivity(RD)) of 18 white matter tracts and a general linear model was used to analyze group 

differences at each age.

Results: Adjusting gestational age at birth, postnatal age at MRI, gender, MRI scanner type, and 

maternal education, neonates at high risk had significantly lower FA (p=0.02) and AD (p=0.03) in 

the superior segment of the left cingulate, and higher RD in the hippocampal segment of the left 

cingulate (p=0.04). High risk one year olds had significantly lower FA (p<0.01) and AD (p=0.02) 

in the hippocampal segment of the left cingulate. High risk two year olds had significantly lower 

FA in the left prefrontal cortico-thalamic tract (p=0.04) and higher RD in the right uncinate 

fasciculus (p=0.04). None of the tract differences remained significant after correction for multiple 

comparisons.
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Conclusions: There is evidence of abnormal white matter development in young children at risk 

for schizophrenia, especially in the hippocampal segment of left cingulum. These results support 

the neurodevelopmental theory of schizophrenia and indicate that impaired white matter may be 

present in early childhood.
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1. Introduction

Schizophrenia is generally considered a neurodevelopmental disorder with a 

pathophysiology that likely begins long before the onset of clinical symptoms caused by a 

combination of multiple environmental and genetic factors (Weinberger, 1987; Lieberman 

and First, 2018). Pre- and perinatal environmental factors significantly increase risk for 

schizophrenia, including maternal infection, hypoxia and other obstetric complications 

(Cannon et al., 2002; Laurens et al., 2015). Many of the genes of risk for schizophrenia play 

a role in multiple processes important for brain development and plasticity (Schizophrenia 

Working Group of the Psychiatric Genomics, 2014; Network and Pathway Analysis 

Subgroup of Psychiatric Genomics, 2015). Lastly, children who later develop schizophrenia 

are more likely than healthy controls to show minor deviations in motor, cognitive, and 

social development (Hameed and Lewis, 2016; Filatova et al., 2017).

Schizophrenia is associated with white matter abnormalities and diffusion tensor imaging 

studies have found decreased fractional anisotropy (FA), along with increased diffusivity 

within prefrontal and temporal lobes as well as within fiber bundles connecting these 

regions, including the uncinate fasciculus, cingulum bundle and arcuate fasciculus (Kubicki 

et al., 2002; Sun et al., 2003; Wang et al., 2004; Kubicki et al., 2007; Ellison-Wright and 

Bullmore, 2009). Reduced FA in white matter also appear to be present at the first episode of 

psychosis (Kyriakopoulos and Frangou, 2009). Myelination and maturation of white matter 

occur rapidly over the first 2 years of life, with a more gradual attainment of adult levels 

thereafter (Mukherjee et al., 2002; Geng et al., 2012; Dean et al., 2015). We hypothesized 

that the first 2 years of life is a period in which white matter abnormalities associated with 

schizophrenia risk may emerge. In this study, we compared diffusion tensor properties of 

white matter in children at risk for schizophrenia after birth and at one and two years of age 

with healthy controls.

2. Materials and methods

Participants

This study was approved by the biomedical Institutional Review Board of the University of 

North Carolina at Chapel Hill and is part of the UNC Early Brain Development Study 

(Knickmeyer et al., 2008; Gilmore et al., 2010b). Pregnant women with schizophrenia or 

schizoaffective disorder and control mothers without a history of major psychiatric illness or 

active substance use during pregnancy were recruited between 2003 and 2014 through 

inpatient and outpatient psychiatric facilities, emails, and obstetric clinics in central North 
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Carolina. A few mothers with limited substance use were enrolled if they stopped substance 

use early in pregnancy (usually after learning they were pregnant). Offspring were scanned 

at approximately 2-weeks of age and at ages 1 and 2 years. Exclusion criteria for high risk 

and control infants from this analysis were twin gestation, major medical illness or 

abnormality on MRI other than a minor intracranial hemorrhage which is common in the 

neonatal period. Additional exclusions for control subjects were parental psychiatric history 

or a maternal history of psychotropic medication during pregnancy. Mothers with 

schizophrenia/schizoaffective disorder were given the Structured Clinical Interview for 

DSM-IV Axis Disorders (SCID) (Willette et al., 2011) and past medical records were 

reviewed. A final diagnosis was assigned by two board-certified psychiatrists (LFJ, JHG). 

Control mothers were screened with a modified SCID questionnaire.

MR Image Acquisition

Infants were scanned unsedated during natural sleep. They were fed prior to scanning, 

swaddled, and fitted with ear protection, and their heads were secured in a vacuum-fixation 

device. Most MRI data were acquired on a 3T Siemens Allegra head-only scanner (Siemens 

Medical System), comprising 89% of the neonates, 82% of the 1-y-olds, and 88% of the 2-y-

olds in the present study. For earlier Allegra diffusion-weighted imaging (DWI) data, a 

single-shot echo-planar imaging spin-echo sequence was used with the following 

parameters: Repetition Time (TR)/ Echo Time (TE) = 5,200/73 ms, slice thickness = 2 mm, 

and in-plane resolution = 2 × 2 mm2, with a total of 45 slices for six directions using b value 

of 1,000 s/mm2 and 1 baseline image (b value = 0) per sequence, repeated five times total to 

improve signal-to-noise. For the remaining Allegra DWI data, 42 directions of diffusion 

sensitization were acquired with a b value of 1,000 s/mm2 in addition to seven images with 

no diffusion weighting for reference. The parameters were as follows: TR/TE/Flip angle = 

7,680/82/90°, slice thickness = 2 mm, and in-plane resolution = 2 × 2 mm2, with a total of 

60 to 72 slices. The remaining study subjects were scanned using an upgraded Siemens 

model, the 3T Tim Trio (Siemens Medical System), following the same sequencing 

parameters as the 42-direction Allegra sequence detailed above. MRI were same at all three 

points.

Quantitative tractography

A study-specific quality control protocol was applied to all raw DWI data using DTIPrep 

(www.nitrc.org/projects/dtiprep), which included slice-wise and gradient-wise artifact 

detection, as well as eddy current and motion correction (Oguz et al., 2014). This automatic 

quality control was followed by visual checking of all DWIs, resulting in the exclusion of 

additional gradients containing artifacts not previously detected. The number of excluded 

gradients through this quality control checking provides a rough estimate of motion and 

image quality.

Skull and non-brain tissue was masked out using Brain Extraction Tool (BET) (Smith, 

2002), followed by manual correction, if necessary. Tensors were estimated using a weighted 

least-squares algorithm (Goodlett et al., 2009). Using the UNC –Utah National Alliance for 

Medical Image Computing diffusion tensor imaging (DTI) framework (https://

www.nitrc.org/projects/namicdtifiber) (Verde et al., 2014), we created the UNC EBDS 
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combined neonate and pediatric (0- 2 y) DTI atlas (https://www.nitrc.org/projects/

uncebds_neodti), on which a total of 45 fiber tract segments consistent with reference were 

reconstructed using streamline tractography using 3D Sheer (https://www.slicer.org). We 

selected the 18 tracts for analysis as they have associations with cognitive development 

(Girault et al., 2019) or are altered in schizophrenia (Kubicki et al., 2002; Sun et al., 2003; 

Wang et al., 2004; Kubicki et al., 2007; Ellison-Wright and Bullmore, 2009): bilateral 

cingulate superior segments; bilateral cingulate hippocampal segments; bilateral arcuate 

front-temporal fasciculus; bilateral prefronal cortico-thalamic tract; bilateral inferior 

longitudinal fasciculus; bilateral superior longitudinal fasciculus; bilateral inferior fronto-

occipital fasciculus; bilateral uncinate fasciculus; callosal genu and callosal splenium (Geng 

et al., 2012; Lee et al., 2015). Each subject’s image was deformably registered to the atlas. 

For group analysis, statistical diffusion profiles were generated for AD, RD, and FA at 

equally spaced points along the length of each fiber tract and sampled in each subject’s 

original DTI space. These fiber profiles were averaged across the full tract to generate 

average AD, RD and FA values per tract for use in the following analysis.

Statistical analysis

For demographic variables, frequency distributions were calculated for categorical variables, 

and the means and SDs were calculated for continuous variables. General linear models 

were used to analyze the differences in the diffusion properties (AD, RD, and FA) between 

children at high risk for schizophrenia and healthy controls. Least square-means and p-

values were calculated for all analyses. Model 1 was adjusted for gestational age at birth, 

postnatal age at MRI, gender, and MRI scanner type/number of directions. MRI scanner 

type/number of directions are divided into 3 categories (Allegra 6 directions, Allegra 42 

directions, and Trio 42 directions) and regarded as categorical variables in the model. Model 

2 was adjusted for Model 1 covariates as well as maternal education. Model 3 was adjusted 

for Model 2 covariates as well as paternal age. Adjustment for multiple comparisons was 

also performed using the Benjamini-Hochberg false discovery rate (FDR) procedure 

(Benjamini et al., 2001). Statistical significance level was set at an alpha level of 0.05. All 

analyses were done with SAS, version 9.4 (SAS Institute, Cary, U.S.A), using GLM 

procedure.

3. Results

Tract-averaged DTI metric data were extracted for 312 subjects (269 healthy control, 43 

high risk). In high risk and healthy controls, eight subjects were excluded because they were 

twins and eight subjects had major medical illness or brain abnormality on MRI. In healthy 

controls, 56 subjects were excluded for a maternal history of taking psychotropic 

medications. A total of 240 subjects (202 healthy control, 38 high risk) were included in this 

study: 161 subjects (143 healthy control, 18 high risk) at neonate, 119 subjects (92 healthy 

control, 27 high risk) at one year, and 92 subjects (70 healthy control, 22 high risk) at two 

year with DTI metric data

Table 1 summarizes the sociodemographic variables for the healthy controls and high-risk 

groups. Gestational age at birth, birth weight, maternal age at birth, maternal education, 
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maternal ethnicity, drug use and age at neonatal and two year scan were significantly 

different between two groups (p<0.05).

Table 2 provides the average number of gradients excluded during both quality control steps. 

Images obtained using 6 directions could retain a maximum of 30 gradients, and 42-

direction images could retain as many as 42 gradients. There were no significant differences 

in the number of excluded gradients between the high risk and control groups at any age or 

from any scanner/sequence type.

Model 1 tract average FA, AD, and RD values for the 18 white matter tracts studied are 

presented in Tables 3, 4 and 5. DTI properties of seven tracts of high risk are significantly 

different from those of healthy controls (Fig.1). Neonates at high risk for schizophrenia had 

significantly lower FA in the superior segment of the left cingulate (p=0.03) and the right 

uncinate fasciculus (p=0.03). RD was significantly higher in the hippocampal segment of the 

left cingulate (p<0.01) compared to healthy controls. There were no significant differences 

in AD. High risk one year olds had significantly reduced FA in the left fronto-temporal 

arcuate fasciculus (p=0.03), hippocampal segment of the left cingulate (p<0.01) and 

significant lower AD in the hippocampal segment of the left cingulate (p=0.02). There were 

no significant differences in RD. High risk two year olds had significantly lower FA in the 

left frontotemporal arcuate fasciculus (p=0.03), hippocampal segment of the left cingulate 

(p=0.01), left prefrontal cortico-thalamic tract (p<0.01) and bilateral superior longitudinal 

fasciculus (p=0.04). RD was significantly higher in the bilateral superior longitudinal 

fasciculus (p=0.02 for left side and p=0.03 for right side) compared to controls. There were 

no differences in AD. To better understand the contribution of the differences in maternal 

education in the high risk and control groups, we performed similar analyses adding a 

maternal education as a covariate (Model 2) and maternal education and paternal age as 

covariates (Model 3). In Model 2, several white matter tracts remained significant after 

controlling for maternal education (Table 6, Supplemental Table 1,2,3). These include lower 

FA and AD in the superior segment of the left cingulate (p=0.02 and p=0.03 respectively) 

and higher RD in the hippocampal segment of the left cingulate (p=0.04) of high risk 

neonates, lower FA and AD in the hippocampal segment of the left cingulate (p<0.01 and 

p=0.02 respectively) of high risk one year olds, and lower FA in the left prefrontal cortico-

thalamic tract (p=0.04) and higher RD in right uncinate fasciculus (p=0.04) of high risk 2 

year olds. None of the tract differences remained significant after correction for multiple 

comparisons. In a final model (Model 3), we explored the contribution of paternal age to the 

findings, and many white matter tracts remained significant (Supplemental Table 4,5,6).

4. Discussion

In this study, we tested the hypothesis that abnormal white matter microstructure associated 

with risk for schizophrenia can be detected in the first 2 years of life. Overall, we found few 

differences, though interestingly, RD was significantly higher in the hippocampal segment of 

the left cingulum in the high risk group at birth. FA values were significantly lower in this 

tract at ages 1 and 2 years. AD was also significantly lower at age one. In addition, high risk 

children had some differences of diffusion properties in the superior segment of the left 

cingulum and the right uncinate fasciculus after birth, and in the left fronto-temporal arcuate 
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fasciculus, the left prefronal cortico-thalamic tract, and bilateral superior longitudinal 

fasciculus in one and 2 year olds. This suggests that, within the limits of this study, there 

may be microstructure differences in infants at high risk for schizophrenia that deserve 

further study.

We previously studied diffusion properties in the corpus callosum and cortico-spinal tracts in 

neonates at high risk for schizophrenia with those of healthy controls and found no 

differences (Gilmore et al., 2010a). The most notable finding in the current study was that 

diffusion properties in the left cingulum hippocampal segment in high risk were consistently 

abnormal at each age (higher RD at birth, lower FA and AD at 1 year and lower FA at 2 

year). The cingulum bundle is a white matter tract that underlies the cingulate cortex, 

connecting the cingulate cortex with multiple brain regions, including premotor and 

prefrontal regions, thalamus, parahippocampal gyrus, and other cortical association regions 

(Jones et al., 2013). Previous studies have observed FA abnormalities in adults with 

schizophrenia in the cingulum (Wang et al., 2004; Fujiwara et al., 2007), and symptoms of 

schizophrenia have been associated with these connections; dysfunction of cingulum has 

been proposed as a core feature of schizophrenia (Jones et al., 2006; Anticevic and Corlett, 

2012). A voxel based analysis found that lower FA at right anterior cingulum bundle in first-

episode schizophrenia (Hao et al., 2006). Another study also reported that adolescents with 

early-onset schizophrenia demonstrated a significantly reduced FA in the right anterior 

cingulum bundle, which may reflect core pathophysiological disturbances rather than 

chronic structural changes (Tang et al., 2010). FA represents shape of diffusion ellipsoid and 

is highly sensitive to the microstructural integrity of fibers (Acosta-Cabronero et al., 2010). 

AD represents the microscopic water movement parallel to the axonal tracts and is linked 

with axonal damage (Budde et al., 2009). RD represents the microscopic water movement 

perpendicular to axonal tracts and is linked with myelin damage (Tae et al., 2018). A 

previous study demonstrated that myelinated fiber of cingulum is observed in healthy infant 

at birth (Welker and Patton, 2012). From this perspective, the higher RD in high risk at birth 

in our study may represent delayed myelination of cingulum which may affect the white 

matter integrity of 1 year and 2 year. However, caution should be taken with the 

interpretation of DTI metrics as they are sensitive to various developmental events including 

pre-myelination, myelination, and myelination of crossing fiber (Pierpaoli et al., 2001; 

Girault et al., 2019).

We also found that the left front temporal arcuate fasciculus showed reduced FA at age 1 and 

2 years; left prefrontal cortico-thalamic tract and bilateral superior longitudinal fasciculus 

also demonstrated reduced FA at age 2 years. The left fronto temporal arcuate fasciculus 

connects language related regions such as Wernicke’s area with the frontal cortex and may 

underlie language anomalies and auditory hallucinations found in schizophrenia (Catani et 

al., 2005; Psomiades et al., 2016). Dysfunction of the cortico-thalamic tract is thought to 

contribute to fundamental cognitive deficit in schizophrenia (Kubota et al., 2013) and 

abnormalities of pathways to prefrontal regions is thought to constitute a putative pathology 

(Volk and Lewis, 2010). Structural studies have shown frontal and parietal gray matter 

atrophy in early stage of schizophrenia (Narr et al., 2005; Whitford et al., 2006) and recent-

onset schizophrenia patients show deficits in superior longitudinal fasiculus, the major 

connection between prefrontal and parietal cortices (Karlsgodt et al., 2008). Geng et al 
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investigated 211 healthy children from birth to two years using DTI analysis, and found that 

arcuate fasciculus showed lower degree of maturation at birth, but relatively faster 

maturation rate in the first two year, which might explain a delayed abnormality of this tract 

in our result (Geng et al., 2012). It could also be interpreted to mean that each individual 

white matter tract may become altered during different periods of development. However, 

regarding arcuate fasciculus, cortico thalamic tract and superior longitudinal fasciculus, 

further follow-up with children older than two years is necessary to confirm our results.

In our analysis, the addition of maternal education as a covariate eliminated the significance 

of some white matter tracts, suggesting that maternal education may affect white matter 

microstructure associated with schizophrenia in early childhood. People with schizophrenia 

are more likely to reside in areas with higher social deprivation and have lower 

socioeconomic status (Dohrenwend, 1990; Byrne et al., 2004). The difference in 

socioeconomic status between the groups, reflected in maternal education, may contribute to 

our findings independent of risk status, as here is a rich literature describing the association 

between maternal education and early brain development. (Bornstein and Bradley, 2014; 

Rochette and Bernier, 2014). However, it is also quite possible that controlling for maternal 

education removes true associations between risk status and diffusion properties as cognitive 

impairment and less educational attainment is a common feature of schizophrenia. Higher 

paternal age is associated with increased risk of schizophrenia in the offspring (Wohl and 

Gorwood, 2007; Torrey et al., 2009; Miller et al., 2011), perhaps due to an increase in the 

rate of de novo genetic mutation in older fathers. In our study, paternal age did not appear to 

impact the results.

DTI signals can be affected by various factors including field strength, scanner manufacture, 

gradient strength/directions, and b-value (Magnotta et al., 2012). Pagani et al found a 

significant influence of magnetic field strength and scanner manufacturer on MD and AD 

measures (Pagani et al., 2010). Pfefferbaum et al showed that different gradient strength 

resulted in a 2% difference in FA values (Pfefferbaum et al., 2003). Johns et al found that 20 

directions were required to get a robust estimation of FA value and 30 directions were 

required for MD. We used two different types of scanners with same magnetic field strength 

(3T), and similar gradient strength (40~45 mT/m). The different scanners and directions 

used in this study is a limitation that we addressed by regressing out scanner type and 

number of gradient directions. Head motion during scan is also a potential confounder, as 

head motion can result in misalignment of diffusion images and attenuated image intensity. 

Signal attenuation due to macroscopic head motion can confound microscopic random 

motion of water molecules in tissues (Yendiki et al., 2014). Makowski et al. suggested 

prospective and retrospective procedures for correction of head motion (Makowski et al., 

2018). To address this issue, we excluded gradient with head motion during preprocessing 

step. Importantly, the number of excluded images due to head motion was not significantly 

different between the high risk and control groups in our study.

This study has other limitations. First, this study has an unbalanced sample size; with a 

relatively small high risk group and a larger control group. Second, our high risk group was 

composed of offspring of mothers with schizophrenia or schizoaffective disorder; this 

heterogeneity should be considered when interpreting results. Finally, it is difficult to 
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separate the effects of genetic risk from the environmental risks associated with having a 

mother with schizophrenia (i.e. sub-optimal prenatal course and infant environment). 

Whatever the ultimate causative factors turn out to be, our study does suggest that having a 

mother with schizophrenia influences white matter maturation in white matter tracts 

important for schizophrenia. Our initial findings may serve as a cornerstone for future 

studies with a larger sample to validate and extend these results.

In summary, infants at risk for schizophrenia showed evidence of abnormal white matter 

integrities in some white matter tracts implicated in studies of adults with schizophrenia. 

These results suggest that early white matter development is altered in infants at risk for 

schizophrenia and support the neurodevelopmental theory of schizophrenia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
18 white matter tracts which are associated with cognitive development or known to be 

altered in schizophrenia (A,B). Seven significant tracts in which DTI properties of high risk 

are different from those of healthy controls in model 1 (C,D). Bilateral cingulate superior 

segments = dark blue; bilateral cingulate hippocampal segments=pink; bilateral arcuate 

fronto-temporal fasciculus=orange; bilateral prefrontal cortico-thalamic tract=purple; 

bilateral inferior longitudinal fasciculus=yellow; bilateral superior longitudinal 

fasciculus=red; bilateral inferior fronto-occipital fasciculus=dark green; bilateral uncinate 

fasciculus=light; blue genu=light green; splenium=gray.
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