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Abstract

Background: The cingulum bundle (CB), specifically the dorsal anterior portion of the CB, 

plays an important role in psychiatric illnesses; however, its role during early development is 

unclear. This study investigated whether neonatal white matter microstructure in the CB and its 

subregions is associated with subsequent preterm behavioral phenotype symptoms (internalizing, 

inattention, and social deficits) in very preterm (VPT) children.

Method: Diffusion MRI data were obtained on a 3T scanner in 138 sleeping, non-sedated 

neonates, including 55 full-term (FT) neonates (gestational age (GA) ≥36 weeks) and 83 VPT 

neonates (GA <30 weeks). The CB was tracked using probabilistic tractography and split into 

anterior and posterior portions. At 5 years of age, parents (n=80) and teachers (n=63) of VPT 

children completed questionnaires of preterm behavioral phenotype symptoms. Linear regression 

models were used to relate measures of neonatal CB microstructure and childhood preterm 

behavioral phenotype symptoms (n=56 parent report, n=45 teacher report).

Results: Mean diffusivity in the anterior and posterior CB was increased in VPT neonates 

compared to FT neonates. Increased fractional anisotropy and decreased mean diffusivity in the 
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right anterior CB, but not the posterior CB, were related to increased preterm behavioral 

phenotype symptoms as reported by parents and teachers in VPT children.

Conclusion: Aberrations in the anterior portion of the right CB may underlie the early 

development of the preterm behavioral phenotype. This finding provides the foundation for future 

mechanistic and therapeutic investigations into the role of the anterior cingulum in the 

development of psychopathology in VPT infants.
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Introduction

Premature birth remains a major public health issue in the United States, with approximately 

1 in 10 infants born prior to 37 weeks gestation (1). Preterm infants can experience a range 

of adverse outcomes, including psychiatric impairments such as internalizing disorders, 

attention deficit hyperactivity disorder (ADHD), and autism (2,3). Numerous studies have 

shown that preterm children demonstrate specific impairments in three key domains of 

psychopathology – emotional processing, attention, and social-communication – with rates 

of impairment three-to-four times higher in preterm children compared to full-term (FT) 

children (2,4). Furthermore, preterm infants born at earlier gestational ages have greater 

risks of psychiatric illnesses, with very preterm infants (VPT; born <32 weeks gestation) 

demonstrating greater risk than moderate-to-late preterm infants (5,6). The consistent pattern 

of elevated rates of internalizing disorders, ADHD, and autism (without concurrently 

elevated rates of conduct disorder) has been recognized as the ‘preterm behavioral 

phenotype’ (2,3,7,8).

Preterm infants have also been shown to demonstrate altered structural and functional brain 

connectivity compared to their full-term peers. Multiple studies using conventional and 

diffusion MRI have demonstrated global gray and white matter alterations in VPT infants at 

term-equivalent age (9–12), with differences persisting into adolescence and adulthood 

(13,14). Diffusion tensor imaging (DTI) specifically has been used to assess these white 

matter abnormalities and link aberrant white matter microstructure with later psychiatric 

impairments. In VPT infants, neonatal white matter abnormalities qualitatively graded based 

on overall severity have been associated with lower socioemotional competence scores at 

age 2 years (15), with additional evidence demonstrating that the increased FA in the 

cingulum bundle (CB) may play a key role during early development of socio-emotional 

competence (16).

The CB is a white matter tract that connects the anterior cingulate, dorsolateral prefrontal, 

medial prefrontal, and orbitofrontal cortices to the insula and amygdala ventrally and to the 

posterior cingulate, parietal, hippocampal, and parahippocampal cortices posteriorly. The 

CB can first be observed at approximately 19–20 weeks GA, with myelination beginning 

postnatally and continuing throughout the first 24 months of life (17,18). The postnatal 

myelination of the CB may make it particularly susceptible to the effects of preterm birth 

and other forms of early life adversity (19–21). While the CB has typically been 
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characterized as an anterior-to-posterior white matter tract, it also contains many short-

range, lateral fibers (22). Histological and animal studies have divided the cingulum bundle 

into distinct segments: the subgenual, which connects the amygdala, insula, orbitofrontal, 

and medial prefrontal cortices; the dorsal anterior, which connects the frontal pole, 

dorsolateral prefrontal, anterior cingulate, and midcingulate cortices; the dorsal posterior, 

which connects the midcingulate, retrosplenial, and posterior cingulate cortices; and the 

temporal segments, which connect the medial parietal, lateral parietal, amygdala, 

hippocampal, and parahippocampal cortices (22,23), based on differences in anatomical 

properties and cytoarchitecture (22,23).

Prior research in children and adults has discovered specific functions for each of the 

segments of the CB. The dorsal and anterior subregions of the cingulum bundle have been 

associated with psychiatric illnesses, including ADHD (24,25), internalizing disorders (26–

30), and autism (31–33), whereas the parahippocampal and posterior subregions have been 

associated with memory deficits (22). The anterior portion of the CB may be particularly 

important in psychiatric illnesses because of its connections within the prefrontal, 

orbitofrontal, and anterior cingulate cortices. These frontal regions – and their connections to 

the amygdala – are thought to support emotion processing, emotion regulation, and 

executive control (34–40) and to be involved in internalizing disorders, ADHD, and autism 

(16,24,34,40–55). However, it is unknown whether the subregions of the CB play a similar 

role in the early development of psychopathology in FT or VPT neonates. Prior research 

associating the dorsal CB with social competence in VPT infants indicates that either the 

dorsal anterior and/or dorsal posterior CB may play a role in early psychopathology (16). 

Defining the role of the dorsal anterior and dorsal posterior CB in early psychopathology is 

critical for guiding future mechanistic studies and clinical interventions, which are 

especially needed in VPT populations given the high risk of psychiatric impairments.

Subsequently, the aims of this study are to [1] examine whether VPT neonates have altered 

white matter microstructure in the dorsal anterior CB and the dorsal posterior CB compared 

to FT neonates, and [2] investigate the extent to which neonatal regional microstructural 

alterations in the CB relate to subsequent preterm behavioral phenotype symptoms as rated 

by both parents and teachers at age 5 years in a longitudinal cohort of VPT children. We 

hypothesized that increased FA and decreased MD, AD, and RD in the dorsal anterior CB, 

but not dorsal posterior CB, will be associated with preterm behavioral phenotype symptoms 

at age 5 years.

Methods and Materials

Sample and Procedure

This study used a prospective, longitudinal design that included neonatal neuroimaging and 

behavioral follow-up at age 5 years in a cohort of VPT and FT infants. VPT infants (born at 

<30 weeks GA, range=23–30 weeks; n=83) were recruited prospectively from the St. Louis 

Children’s Hospital level III Neonatal Intensive Care Unit. Singleton FT infants (born at ≥36 

weeks GA, range=36–41 weeks; n=55) were recruited from the adjoining maternity ward at 

Barnes-Jewish Hospital. Exclusion criteria for both groups included chromosomal 

abnormalities, congenital infection, high-grade intraventricular hemorrhage, cystic 
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periventricular leukomalacia, moderate-severe cerebellar hemorrhage, and/or deep nuclear 

gray matter lesions. Additional exclusion criteria for FT infants included a positive maternal 

urine drug screen or neonatal acidosis on cord blood gas (pH < 7.20).

DTI data were obtained as part of a multimodal acquisition on a Siemens Tim Trio 3T 

scanner (Erlangen, Germany) using an infant-specific quadrature head coil (Advanced 

Imaging Research, Cleveland, OH, USA). All infants were imaged without sedation during 

natural sleep or while resting quietly. FT infants were scanned within the first 48–72 hours 

of life and VPT infants were scanned at term-equivalent age (35 – 42 weeks GA). Medical 

personnel were present in the scanner room throughout the scan acquisition and monitored 

the infant’s heart rate and oxygen saturation continuously.

At age 5 years (mean=5.6 years; range=4.7–6.5 years), the parents of a subset of the VPT 

infants with neonatal neuroimaging (n=80) completed questionnaires to assess children’s 

psychiatric symptoms. Teachers of the children who participated at age 5 were contacted and 

asked to complete behavioral questionnaires that were analogous to the parent 

questionnaires. The demographic characteristics of this sample are displayed in Tables 1 

(birth) and 2 (age 5). Written informed consent was obtained from primary caregivers prior 

to participation in the study. All study procedures were approved by Washington University 

Institutional Review Board.

Measures

DTI—DTI data were collected using a diffusion weighted sequence (TR=13300ms; 

TE=112ms; FoV=128mm, voxel size=1.2×1.2×1.2mm3, bandwidth=1266 Hz/Px, and 48b 

amplitudes and directions). The diffusion signal attenuation curve was modeled as a 

monoexponential function plus a constant, and diffusion parameters were established using 

Bayesian probability theory (56). Maps of fractional anisotropy (FA), mean diffusivity 

(MD), radial diffusivity (RD), and axial diffusivity (AD) were generated. Region of interest 

masks were placed in the front and back of the dorsal CB with a forced waypoint in the 

middle. The dorsal CB (Figure 1A) and a control tract, the corpus callosum (See 

Supplement), were tracked in native space using Bayesian probabilistic tractography with 

FDT in FSL (FMRIB’s Software Library v6) (57,58). Due to technical limitations, the 

subgenual portion of the CB was not tracked.

The dorsal CB was manually segmented into anterior and posterior sections using the 

intersection of the anterior portion of the internal capsule and the posterior portion of the 

internal capsule as an anatomical landmark by a single rater (R.B. with oversight from C.S. 

and J.S.; Figure 1B). This landmark was chosen based on the anatomical landmarks 

corresponding to previous segmentations of the CB in non-human primates (23). Measures 

of FA, MD, RD, and AD were extracted from the CB. Extreme outlier values (>3 SD) for 

each DTI metric within each tract segment were excluded from analyses.

Behavioral Phenotype

Parent Report:  Parents completed the Child Behavior Checklist for ages 1.5 to 5 (CBCL) 

(59), Conners Rating Scale-Revised (Conners) (60), and the Social Responsiveness Scales-2 
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(SRS-2) (61) in 80 VPT children. Internalizing problems were measured using the 

internalizing symptoms score on the CBCL, which is comprised of four subscales: anxiety/

depression, withdrawn, somatic complaints, and emotional reactivity. Autism symptoms 

including social-communication impairments and restrictive and repetitive behaviors were 

assessed using the SRS-2 total score (61). ADHD symptoms including hyperactivity/

impulsivity, inattention, and cognitive problems were measured using the Conners ADHD 

Index (62). The CBCL, SRS-2, and Conners ADHD Index have all been well validated for 

use in diverse samples of children, including those from low socio-economic status (SES) 

backgrounds and racial/ethnic minorities (63–66). The SRS-2 and Conners were chosen to 

assess autism and ADHD symptoms, respectively, because they assess multiple domains 

within each diagnostic category and are more specific than the CBCL subscales. On all 

measures, higher scores indicated greater symptom severity. The clinical cut-off score is 65 

for the CBCL and 60 for the SRS-2 and Conners (59–61). In this cohort, previous research 

has shown that VPT children have increased psychiatric symptoms compared to FT children 

(3). Full Scale IQ was also assessed as a negative control (See Supplement).

Teacher Report:  Teacher-reported data, including the Teacher Response Form (TRF), 

SRS-2, and Conners, were obtained for 72 VPT children. The TRF is a parallel assessment 

completed by teachers that assesses the same domains as the CBCL, including internalizing 

symptoms. The TRF has been well-validated with diverse samples of children including 

those from low SES backgrounds and racial/ethnic minorities (64,67,68). The clinical cut-off 

score for the TRF is 65 (59). Analogous to the parent report data, the SRS-2 total score and 

the Conners ADHD Index score were used for the teacher report measures of autism 

symptoms and ADHD symptoms, respectively.

Data Analysis

All statistics were run in SPSS statistics software version 25 (IBM Corporation, NY, USA). 

Outliers in the data were identified for each behavioral measure (> 3 SDs) and removed. 

Data was only included for participants with either a complete set of parent questionnaires 

after multiple imputation or a complete set of teacher questionnaires. Multiple imputation 

was used to address missing data in parent reported questionnaires, but not teacher 

questionnaires due to >15% data missing (69,70) (see Supplement).

As the aim of the study was to examine whether the CB is associated with common shared 

variance across the three domains of the preterm behavioral phenotype, a principal 

component analysis (PCA) was performed to assess the degree of variance that was 

explained by a composite measure of the preterm behavioral phenotype and to identify the 

amount of common variance in parent and teacher ratings (see Supplement). In the initial 

PCA, parent and teacher ratings loaded onto separate factors and, since the sample size was 

reduced when both parent and teacher variables were used in the model, separate PCAs were 

performed for parent and teacher variables. Both PCAs produced single factor models 

explaining 80% of the variance with factor loadings between 0.89 and 0.92 for all variables, 

which eliminated the need to rotate the solution. These principal component factors were 

subsequently used in behavioral analyses labelled as the “parent-rated preterm behavioral 

phenotype score” and “teacher-rated preterm behavioral phenotype score.”
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To address the first aim of the study, the microstructure of the dorsal anterior and dorsal 

posterior portions of the CB within each hemisphere in VPT neonates was compared to FT 

neonates. Linear Mixed Models were used to account for multiple births (twins and triplets) 

in the VPT population that were not present in the FT cohort. These models were also 

controlled for gestational age at scan and race because these factors differed between the 

VPT and FT groups.

To address the second aim of the study, we first examined the relationship between neonatal 

white matter microstructure of the dorsal CB and preterm behavioral phenotype symptoms. 

Then, we investigated whether the dorsal anterior and/or the dorsal posterior portions of the 

CB were responsible for any significant associations between the dorsal CB and psychiatric 

outcome measures. Linear regression models adjusted for age at scan, sex, and medical risk 

were performed in VPT children (n=56 parent-rated; n=45 teacher-rated). Medical risk is a 

composite measure of perinatal clinical factors (see Supplement) that has been previously 

validated in the literature (71,72). Age at scan, sex, and medical risk were included in the 

model because they were related to the cingulum bundle or outcome measures (see 

Supplement). Social risk was not included in the models because it was not related to any 

variables of interest for VPT children (see Supplement). Separate linear regression models 

were run for each diffusion measure (e.g. FA, MD, AD, RD). Cronbach’s alpha (α) was set 

at 0.05. Multiple comparisons were accounted for using a Benjamini-Hochberg procedure 

for False Discovery Rate (FDR) correction across all the statistical tests in the paper (73).

Results

White Matter Microstructure of the CB in VPT vs. FT neonates

Diffusion measures in the whole, right, and left CB differed between VPT (n=69) and FT 

(n=55) infants. Specifically, VPT infants had increased MD, AD, and RD in the CB 

compared to FT infants (Table 1; Supplementary Table 2). FA of the CB did not differ 

between VPT and FT neonates (Table 1). In both the anterior and posterior portions of the 

CB, VPT neonates had greater MD, AD, and RD than FT neonates, but similar FA values 

(Table 1; Supplementary Table 2).

Neonatal CB and Parent-Rated Preterm Behavioral Phenotype

Increased FA of the right CB in the neonatal period was associated with greater parent-rated 

preterm behavioral phenotype symptoms at age 5 years in VPT children (Figure 2). In 

contrast, there was no association with the FA of the left CB (Table 3). Similarly, MD, AD, 

and RD of the right and left CB were not associated with the parent-rated preterm behavioral 

phenotype scores (Table 3). To investigate whether the association between FA of the right 

CB and the parent-rated preterm behavioral phenotype score was regionally specific, we 

examined subregions of the CB and found that increased FA of the right anterior, but not 

right posterior CB, was associated with greater parent-rated preterm behavioral phenotype 

symptoms (Figure 2). Additional supplemental analyses supported the specificity of these 

findings as the FA and MD of the CC were not related to the parent-rated preterm behavioral 

phenotype scores and the FA and MD of the CB were not related to Full-Scale IQ (see 

Supplement).
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Neonatal CB and Teacher-Rated Preterm Behavioral Phenotype

Increased FA and decreased MD of the right CB in the neonatal period were associated with 

greater teacher-rated preterm behavioral phenotype symptoms at age 5 years (Figure 3). 

Decreased RD of the right CB was related to greater teacher-rated preterm behavioral 

phenotype symptoms, but decreased AD of the right CB was not (Table 3). The left CB was 

not related to the teacher-rated preterm behavioral phenotype symptoms on any diffusion 

measures (Table 3). When evaluating subregions of the CB, decreased MD, AD, and RD of 

the right anterior CB were associated with greater teacher-rated preterm behavioral 

phenotype symptoms (Figure 3). The right posterior CB was not related to any teacher-rated 

preterm behavioral phenotype scores (Figure 3). Additional supplemental analyses supported 

the specificity of these findings as the FA and MD of the CC were not related to the teacher-

rated preterm behavioral phenotype scores and the FA and MD of the CB were not related to 

Full-Scale IQ (see Supplement).

Discussion

Summary of Key Findings

The critical finding in this prospective, longitudinal study was that neonatal white matter 

microstructure alterations in the right anterior CB are related to the severity of preterm 

behavioral phenotype symptoms at age 5 as rated by both parents and teachers. This result 

advances the field by showing that the white matter alterations in the anterior CB seen in 

adults with psychiatric illnesses (24,25,33) may be identifiable during the neonatal period as 

early as term-equivalent age. Specifically, we found that increased FA of the right anterior 

CB in the neonatal period was related to greater parent-rated preterm behavior phenotype 

symptoms at 5 years in VPT children. Decreased MD, RD, and AD of the right anterior CB 

were related to greater teacher-rated preterm behavioral phenotype symptoms. Importantly, 

this work suggests that white matter alterations in the anterior CB are more likely to 

contribute to the emergence of psychiatric symptoms than be a downstream consequence of 

psychiatric illnesses, identifying the CB microstructure as a potentially viable therapeutic 

target.

The Anterior CB’s Role in Internalizing Disorders, Autism, and ADHD

In older children and adults, the anterior CB has been associated with internalizing 

disorders, autism, and ADHD, which comprise the preterm behavioral phenotype. Many 

studies show reduced FA in the dorsal and anterior portions of the CB in patients with 

internalizing disorders (26–30). Similar studies in autistic populations show decreased FA, 

increased MD, and increased RD in the anterior and dorsal segments of the CB (31–33). 

Additionally, Makris et al. (2008) and Konrad et al. (2010) demonstrated that there was 

decreased FA and increased MD in the right anterior CB in adults with ADHD (24,25). 

Across these investigations, right hemisphere specific findings were thought to occur 

because the right prefrontal cortex, directs attention (74) and contributes to emotional-

attentional modulation (75). Previous studies also supported the specificity of this 

association as patients with anterior cingulotomies did not have lasting cognitive deficits 

(76,77). Our study further demonstrates this specificity by showing that early variance in 

right anterior CB microstructure is not associated with full-scale IQ. This may indicate that 
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white matter microstructure disruption in the CB plays a specific role in the early 

development of psychiatric illnesses.

The white matter of the CB may be particularly important in the early development of 

psychiatric illnesses because it connects key socioemotional brain regions. The CB connects 

the anterior cingulate, dorsolateral prefrontal, medial prefrontal, and orbitofrontal cortices to 

the insula and amygdala ventrally and to the posterior cingulate, parietal, hippocampus, and 

parahippocampal cortices posteriorly (22). These regions play important roles in social and 

emotional functioning (22,34) with the prefrontal, orbitofrontal, and anterior cingulate 

cortices thought to be particularly important. These frontal regions – and their connections 

to the amygdala – are thought to support emotion processing, emotion regulation, and 

executive control (34–40) and to be involved in internalizing disorders, ADHD, and autism 

(16,24,34,40–55). Disruptions in the anterior CB may be associated with psychiatric 

symptoms because of the multitude of short-range connections between prefrontal areas and 

anterior cingulate cortex, as well as long-range connections to the amygdala (22).

Microstructural Differences between Neonates and Older Individuals

The prior literature linking the dorsal anterior CB to psychiatric illnesses aligns with our 

results, except for a developmental shift in directionality. In adults, lower FA and increased 

MD, which are thought to represent decreased myelination and reduced axonal strength, 

have been associated with greater psychiatric impairment; however, in neonates, higher FA 

and lower MD have been associated with increased symptomatology (78–80). This change 

in directionality is thought to occur because late-developing white matter tracts, such as the 

CB, are incompletely myelinated at term-equivalent age (17,81). In the newborn brain, 

increases in FA and decreases in MD may reflect reduced fiber branching, smaller axonal 

diameters, or fewer crossing fibers (82). This is especially true for VPT infants who have 

reduced myelination compared to FT infants due to disruptions in late oligodendrocyte 

progenitor cells and sub-plate neurons (19,83,84), which are selectively vulnerable to 

oxidative stress and excitotoxicity during development (20,85–87). Therefore, comparisons 

between VPT and FT infants may reflect differences in myelination (10,12,88), whereas 

comparisons within VPT populations may be more sensitive to reduced fiber branching, 

smaller axonal diameters, or fewer crossing fibers.

Unexpected brain-behavior relationships in VPT children may also be attributable to the fact 

that DTI relies upon average measures within a single voxel, which make crossing fibers 

particularly difficult to delineate in the neonatal brain. If the vectors of crossing fibers point 

in different directions within a voxel, the average of the vectors will have less directionality 

(low FA) and greater diffusivity (high MD) (56,89). Prior anatomical investigations show 

that the CB contains many short-range cortico-cortical association fibers that cross the 

medial portions of the frontal, parietal, and temporal lobes (23,79,90,91). These beneficial 

crossing fibers may be absent in VPT infants with greater preterm behavioral phenotype 

symptoms. A previous analysis conducted in this VPT cohort showed that higher FA in the 

cingulum bundle was related to increased autism symptoms at age 2 (78). Similar 

associations regarding higher FA have also been reported in other samples of VPT infants as 
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well as infants at risk for ASD in childhood, which suggests a developmentally specific 

relationship between neonatal DTI values and later psychiatric illnesses (80,92).

Comparison of Results across Parents and Teachers

Our findings linking the microstructure of the CB to parent and teacher reports of the 

preterm behavioral phenotype were largely similar; however, teacher reports were associated 

with more diffusion measures than parent reports. These differences in brain-behavior 

relationships were not unexpected given that multiple studies report parent-teacher 

disagreements, especially in preterm populations (72,93,94). The behavioral demands placed 

on children at school and in the home may differ in a context-dependent manner. Teachers 

are able to observe children in relation to a large peer group and may be better poised to 

identify social-communication difficulties as well as classroom inattention (95). Parents, on 

the other hand, may be more aware of internalizing problems because they spend more one-

on-one time with their children (96). Differences in associations between the CB and the 

parent-rated and teacher-rated preterm behavioral phenotype likely stem from atypical 

behaviors that are more observable in one context than another. In support of this 

interpretation, diffusion measures in the right anterior CB were related to teacher, but not 

parent, ratings of autism symptoms (see Supplement), which would be expected if social 

communications deficits are more observable at school than at home. Each rater’s biases and 

expectations may also play a role.

Limitations

The first limitation of this study is that the subgenual portion of the CB was not assessed due 

to technical limitations. While the dorsal portion of the CB is thought to be more important 

for psychopathology in older populations, the subgenual portion has many connections 

within limbic regions. If these subgenual, intra-limbic connections are important during 

development, this study may underestimate the importance of the CB in later 

psychopathology. The second limitation of this study was our inability to differentiate 

crossing fibers due to the limited dimensionality of the DTI data. Additionally, due to 

sample size limitations, we were unable to assess the relationship between the neonatal CB 

and psychiatric outcomes in FT infants. Even though FT infants do not exhibit the preterm 

behavioral phenotype, examining FT infants could help determine whether the link between 

white matter disruptions in the CB and psychiatric impairments are specific to prematurity. 

Future studies with higher DTI dimensionality, novel computational approaches, and larger 

sample sizes may allow for assessment of the subgenual CB and crossing fibers in both VPT 

and FT neonates.

Conclusions

This prospective, longitudinal, dual-informant study provides the first evidence that 

alterations in the anterior CB in neonates relate to specific psychiatric outcomes five years 

later. The results show that increased FA and decreased MD, AD, and RD of the right 

anterior CB at term-equivalent age is related to greater internalizing, autism, and ADHD 

symptoms at age 5 years in VPT children. In addition, these results show that subregions of 

the CB have early functional specificity in the context of prematurity. Taken together, these 
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findings highlight the importance of studying the role of the CB and its subregions in the 

emergence of the preterm behavioral phenotype. Early assessment of the CB in preterm 

neonates may be useful for the prognostication of later psychiatric disease and help 

clinicians better allocate resources and services prior to the onset of symptoms. Crucially, 

this work provides the foundation for future studies of the CB that both advance our 

understanding of the pathophysiology underlying psychiatric diseases in the context of 

prematurity and may lead to new therapeutic interventions for vulnerable premature infants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Panel A demonstrates the dorsal CB in a representative single subject. Panel B demonstrates 

the anterior-posterior divide, which was placed at the intersection between the anterior limb 

of the internal capsule and the posterior limb of the internal capsule for each subject. Panel 

C shows the dorsal anterior CB and dorsal posterior CB after the division. Diffusion 

measures were extracted from the tracts in panel A and panel C.
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Figure 2: 
The left panel shows the significant association between the FA of the right CB and the 

parent-rated preterm behavioral phenotype. The middle panel shows the significant 

association between the FA of the right anterior CB and the parent-rated preterm behavioral 

phenotype. The right panel shows the non-significant association between the FA of the right 

posterior CB and the parent-rated preterm behavioral phenotype.
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Figure 3: 
The top row of Figure 3 demonstrates the association of the FA of the right CB (left), the 

right anterior CB (middle), and the right posterior CB (right) with the teacher-rated preterm 

behavioral phenotype. The bottom row of Figure 3 shows the association of the MD of the 

right CB (left), the right anterior CB (middle) and right posterior CB (right) with the teacher-

rated preterm behavioral phenotype. The relationships displayed in the left and middle 

columns were significant whereas the associations displayed in the right column were not 

significant.
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Table 1.

Neonatal White Matter Microstructure Differences in the Cingulum Bundle

Term (M ± SD) N=55 Preterm (M ± SD) N=69 p

Gestational Age at Birth (weeks) 38.9 ± 1.3 26.7 ± 1.8 <.001

Gestational Age at Scan (weeks) 38.7 ± 1.2 37.5 ± 1.4 <.001

FA of Right CB .184 ± .02 .181 ± .02 .715

 FA of Right Anterior CB .168 ± .02 .154 ± .02 .060

 FA of Right Posterior CB .219 ± .03 .222 ± .02 .479

FA of Left CB .194 ± .02 .187 ± .01 .724

 FA of Left Anterior CB .175 ± .02 .162 ± .02 .155

 FA of Left Posterior CB .223 ± .03 .230 ± .02 .278

MD of Right CB 1.35 ± .06 1.40 ± .06 .002

 MD of Right Anterior CB 1.37 ± .07 1.42 ± .08 .002

 MD of Right Posterior CB 1.32 ± .06 1.36 ± .06 .005

MD of Left CB 1.34 ± .05 1.41 ± .07 <.001

 MD of Left Anterior CB 1.36 ± .06 1.43 ± .08 .001

 MD of Left Posterior CB 1.32 ± .06 1.37 ± .06 <.001

Male/Female 24/31 29/40 .857

African American/Caucasian 40/15 29/34* .003

*
4 Asian & 2 biracial VPT participants

Bold represents p-values that passed FDR correction
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Table 2.

Preterm Behavioral Phenotype Symptoms at Age 5 in VPT children

Parent Report (M ± SD) Teacher Report (M ± SD)

N=80 N=63

Gestational Age at Birth (weeks) 26.5 ± 1.8 26.5 ± 1.8

Age at 5-year follow-up (months) 67.2 ± 5.0 67.0 ± 5.0

CBCL/TRF Internalizing T-Score 49.1 ± 14 51.8 ± 12.7

 % of Children with Clinical Impairment (T-Score >65) 13.7 15.9

SRS-2 Total T-Score 54.8 ± 12 56.2 ± 12.7

 % of Children with Clinical Impairment (T-Score >60) 24.7 34.9

Conners ADHD Index T-Score 57.4 ± 14 59.8 ± 13.6

 % of Children with Clinical Impairment (T-Score >60) 39.1 44.4

Male/Female 36/45 25/38

African American/Caucasian
32/41

a
23/35

b

a.
In addition, there were 4 Asian participants and 3 biracial very preterm participants.

b.
In addition, there were 4 Asian participants and 1 biracial participant.
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Table 3.

Regression Models Predicting the Preterm Behavioral Phenotype

Parent Teacher

β p β p

Fractional Anisotropy

 Right CB .329 .017 .334 .029

  Right Anterior CB .301 .038 .263 .072

  Right Posterior CB .124 .400 .084 .581

 Left CB −.022 .873 .106 .481

Mean Diffusivity

 Right CB −.191 .232 −.354 .024

  Right Anterior CB −.078 .506 −.426 .003

  Right Posterior CB .007 .940 −.141 .379

 Left CB −.081 .583 −.192 .212

Axial Diffusivity

 Right CB .001 .932 −.245 .134

  Right Anterior CB −.011 .911 −.493 .001

  Right Posterior CB .134 .414 −.140 .395

 Left CB −.105 .488 −.185 .251

Radial Diffusivity

 Right CB −.280 .363 −.396 .011

  Right Anterior CB −.155 .300 −.455 .002

  Right Posterior CB −.042 .790 −.089 .575

 Left CB −.093 .527 −.163 .292

Bold represents p-values that passed FDR correction
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