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Abstract

BACKGROUND: Individual differences in cortical gray matter (GM) structure are associated 

with cognitive function and psychiatric disorders with developmental origins. Identifying when 

individual differences in cortical structure are established in childhood is critical for understanding 

the timing of abnormal cortical development associated with neuropsychiatric disorders.

METHODS: We studied the development of cortical GM and white matter (WM) volume, cortical 

thickness (CT) and surface area (SA) using structural magnetic resonance imaging (MRI) in two 

unique cohorts of singleton (121 male/131 female) and twin (99 male/83 female) children imaged 

longitudinally from birth to 6 years.

Results: Cortical GM volume increases rapidly in the first year of life, with more gradual growth 

thereafter. Between ages 1 and 6 years, total SA expands 29%, while average CT decreases about 

3.5%. In both cohorts, a large portion of individual variation in cortical GM volume (81-87%) and 

total SA (73-83%) at 6 years is present by age 1 year. Regional heterogeneity of CT observed at 

age 6 is largely in place at age 1.

CONCLUSIONS: These findings indicate that individual differences in cortical GM structure are 

largely established by the end of the first year of life, following a period of rapid postnatal GM 
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growth. This suggests that alterations in GM structure associated with psychiatric disorders with 

developmental origins may largely arise in the first year of life, and that interventions to normalize 

or mitigate abnormal GM development may need to be targeted to very early childhood.
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Introduction

Alterations in cortical morphology are present in neuropsychiatric illnesses with prenatal 

and early childhood origins. For example, cortical gray matter (GM) volumes, cortical 

thickness (CT) and surface area (SA) are all reduced in schizophrenia (1, 2); these 

abnormalities are present in the early stages of clinical illness and in children at risk (3–5). 

Autism is also associated with alterations of cortical GM structure, including increased CT 

and SA (6–8). Cortical GM abnormalites are present in attention deficit-hyperactivity 

disorder (9), bipolar disorder (10), and conduct disorders (11) and major depression (12). In 

addition, cognitive ability in infants, children and adults is associated with individual 

differences in regional and cortical GM volumes, CT, and SA (13–18). While the 

development of cortical GM structure in older childhood, adolescence and adulthood has 

been well studied (19, 20), little is known about how cortical structure develops in early 

childhood, a period of rapid cognitive development and risk for neuropsychiatric disorders. 

Further, it is not known when in development individual differences in cortical GM structure 

are established. This information is critical for understanding the timing of abnormal cortical 

development associated with neuropsychiatric disorders and suboptimal cognitive 

development, as well as for identifying early imaging biomarkers of risk.

We studied two cohorts of children imaged longitudinally from birth: a cohort of 252 term-

born, typically developing singleton children, and a replication sample of 182 twins in which 

one twin from each pair was included in analyses. Brain development in twins is similar to 

that of singletons except in the period right after birth (21, 22). We focused on cortical GM 

and WM, and global and regional CT and SA, which have been associated with cognitive 

development and psychiatric illness. We hypothesized that a large portion of individual 

variation in these components of cortical structure would present be by 1 year, after the 

period of rapid postnatal brain growth.

Methods

Participants

Participants were part of the University of North Carolina (UNC) Early Brain Development 

Study, approved by the Institutional Review Boards of UNC and Duke University. Mothers 

of singletons and twins were recruited at the prenatal diagnostic clinics of UNC Hospitals 

and Duke University Medical Center, as well as by local advertising. Informed consent was 

obtained on enrollment from each mother and from a parent at each postnatal imaging visit. 

Exclusion at enrollment included major maternal medical or psychiatric illness, substance 

use during pregnancy, or abnormalities on prenatal ultrasound. Exclusions for this analysis 
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included gestational age at birth less than 37 weeks for singletons, less than 33 weeks for 

twins, neonatal intensive care unit stay greater than 24 hours, abnormality on MRI other than 

a minor subdural, subarachnoid, or other bleed or other minor abnormality which is common 

in the neonatal period (23), major medical/surgical illness including head injury or seizures, 

neurodevelopmental disorders including autism, attention deficit - hyperactivity disorder, or 

learning disorders, assessed by parent report and medical record review. Only one child from 

a set of singleton siblings or twins were included; the sibling with the greatest number of 

successful scans was included, and randomly chosen if each sibling had the same number of 

scans. Of the 252 singleton neonates, 56 had a minor subdural or subarachnoid hemorrhage, 

1 had a tiny periventricular blood spot, and 1 had a small parenchymal bleed. Of the 182 

twin neonates, 11 had a minor subdural or subarachnoid hemorrhage and 1 had a tiny 

germinal matric hemorrhage.

Image acquisition

All MRIs were acquired at UNC using either a Siemens Allegra head-only 3T scanner or a 

Siemens TIM Trio 3T scanner, which replaced the Allegra in 2011 (Siemens Medical 

System, Inc., Erlangen, Germany). Infants were scanned during natural sleep after being 

fitted with earplugs and secured using a vacuum-fixed immobilization device after birth, and 

at ages 1 and 2 years. At 4 and 6 years, children were scanned awake watching a movie after 

being trained in a mock scanner. Scanner sequences are detailed in Supplemental Methods. 

We have previously shown that scanner platform, but not scan sequence within the platform, 

is significantly related to neonate GM volume (24); therefore scanner is used as a covariate 

in analyses.

Image analysis

T1 and T2 weighted images were rated for motion artifacts on a scale of 1 to 4; images with 

a rating of 4 were excluded if artifacts were present in more than a few slices. Representative 

images and rating details are presented in Supplemental Figure 1.

Neonatal global tissue volumes were determined using an atlas-based expectation-

maximization segmentation algorithm based on both T1 and T2 weighted images 

specifically adapted to the neonate brain (25). Tissues were automatically segmented into 

GM, white matter (WM), and cerebrospinal fluid (CSF), and cortical tissue volumes were 

derived from a 28 region parcellation of the cerebrum achieved by nonlinear warping of a 

parcellation atlas template as previously described (26).

Structural analysis of scans at ages 1 through 6 years was performed in several steps. Scans 

were corrected for intensity inhomogeneity via N4 (27), co-registered into pediatric MNI 

reference space (28), and initial brain masks extracted (all steps via AutoSeg 3.10) (29). 

Final brain masks were determined via multi-atlas (majority vote) based segmentation using 

a multi-atlas database with 14 individual atlases. Each mask was visually checked for 

accuracy, manually edited, then used to skull strip the T1 weighted image. Global tissue and 

regional volumetric results for 1, 2, 4 and 6 year scans were obtained by atlas-based 

expectation-maximization segmentation (30) based on T1 weighted images in AutoSeg 3.10. 

Intracranial volume (ICV) was calculated for all subjects (ICV = GM+WM+CSF) and 
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cortical tissue volumes were determined with an 83-region subdivision (31). All 

segmentations were visually checked and cases that failed quality control (QC) were 

removed from the analysis.

CT and SA measures for 1-6 year old datasets were obtained via a CIVET v2.1 workflow 

(32, 33) adapted for pediatric data using an age-specific atlas (http://www.bic.mni.mcgill.ca/

ServicesSoftware/CIVET). Neonates were not included as the processing pipeline is not 

currently optimized for neonatal scans. CIVET includes cortical WM surface reconstruction, 

calibration of image intensities, local Laplacian based gray matter/pial surface warp, CT and 

local SA extraction, surface registration using cortical surface features, and extraction of 

regional measurements. SA was measured at the mid-cortical surface averaged from the 

white and pial surfaces. Both white and pial surfaces underwent visual QC with surface cut 

overlay. Cases that failed QC were removed from the analysis. Regional CT and SA 

measures were averaged for all vertices within each brain region using a geometric sulcal/

gyral based parcellation of 148 regions (34) and summed over all vertices of each region for 

a total regional surface area.

Statistical Analysis

All analysis was done in R version 3.5.2. Alpha=0.05 level of significance was used for all 

significance testing, and a Benjamini-Hochberg false discovery rate correction (35) was used 

for all regional analyses of CT or SA. A repeated measures ANOVA showed a significant 

difference in motion ratings between ages in each cohort (Supplemental Tables 1, 2, 3); 

motion score was included as a covariate in all further analyses. All primary analyses were 

conducted first in the singleton cohort (n = 252) and replicated in the twin cohort (n = 182; 

only one twin from each pair included in analyses).

To quantify associations between measures of cortical structure at earlier ages and at 6 years, 

separate linear models were used to generate residual GM, WM, CT, and SA measures for 

neonate, 1-, 2-, and 4-year scans adjusted for motion rating, scanner and age at scan (in 

days). The GM, WM, CT, and SA residuals from these models were used as covariates in a 

linear model to estimate these same cortical measures at age 6. Other covariates in these 

models included birthweight, gestational age at birth, sex, mother’s education (in years), 

height at age 6, weight at 6, scanner used for the age 6 scan, age in days for the age 6 scan, 

and motion score for the age 6 scan. Bootstrapped confidence intervals for the partial r-

squared were constructed using 1,000 bootstrap samples. Regional CT and SA at ages 1, 2, 

and 4 were used to estimate regional CT and SA age 6 using a similar approach. Average 

regional CT across all subjects at ages 1, 2, and 4 was used to estimate average regional CT 

at age 6 in separate univariate linear models.

Sex differences were tested using a linear model controlling for scanner, age at scan, motion 

scores, and brain size (cube root of cortical tissue volume [WM + GM] for CT and cortical 

tissue volume [WM + GM] for SA). Sex differences across development were tested using 

linear mixed effects models comparing trajectories for males and females. For cortical GM 

and WM, four different models were fit using each of the consecutive pairs of measurements 

(neonate – 1 year, 1 – 2 years, 2 – 4 years, 4 – 6 years); for CT and SA, three were fit (1 – 2 

years, 2 – 4 years, 4 – 6 years). In each model, age, sex, scanner, motion, gestational age at 
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birth, as well as the interaction between sex and age were included as fixed effects and a 

random intercept was included for each child.

The trajectories for GM and WM were compared with linear mixed effect models in which 

age, volume type, sex, scanner, motion, gestational age at birth, as well as the interaction 

between volume type and age were included as fixed effects and a random intercept was 

included for each child. For each region the null hypothesis that there is no difference 

between CT and SA at age one and age six was tested using a linear mixed effects model 

that controlled for gestational age at birth, scanner, and motion. P-values were adjusted 

using an FDR correction to account for the 148 cortical regions.

RESULTS

The study sample included 252 singletons and 182 twins; subject characteristics are 

presented in Table 1. All subjects had at least one successful scan between birth; the percent 

of subjects with more than one scans were: 2 scans (% of singletons/% of twins: 24%/19%), 

3 scans (16%/19%), 4 scans (13%/18%), 5 scans (6%/11%). Sample sizes for each cortical 

measure across ages can be found in Supplemental Table 1. Subject retention is presented in 

Supplemental Table 4.

Cortical gray and white matter development

In singletons, there is rapid growth of cortical GM (149% increase) and WM (42% increase) 

volume from birth to age 1, with more gradual growth of cortical GM (25% increase) and 

WM (43% increase) between ages 1 and 6 years in each cohort (Figure 1, Supplemental 

Table 5). Cortical GM increases significantly faster than WM between each age studied 

except between 4 and 6 years (Supplemental Table 6).

Average CT decreases 3.5% from age 1 to 6 years in the singleton cohort (Figure 1, 

Supplemental Table 5). CT decreased significantly in 54 of 148 cortical regions (range 

2.0-16.7%), and increased significantly in 33 regions (2.1-6%) between ages 1 and 6 years 

(Figure 2, Supplemental Table 7). Regions of greatest thinning between 1 and 6 years were 

frontal, orbital frontal, parietal, inferior temporal and anterior cingulate regions. Regions of 

significant CT increase include sensori-motor regions, including bilateral central, paracentral 

and calcarine, and occipital pole regions.

Total SA increases in a pattern similar to that of GM volume, increasing 29% from 1 to 6 

years in singletons (Figure 1; Supplemental Table 5). Almost all cortical regions experienced 

significant expansion between age 1 and 6 years in both singleton and twin cohorts (Figure 

2; Supplemental Table 8). Regions of high expansion include frontal and temporal regions, 

regions of relatively lower expansion include sensorimotor regions.

Individual variation at age 6 accounted for by variation at earlier ages

In singletons, neonatal cortical GM volume explains 46% of the variance of cortical GM 

volume at age 6 (Figure 3, Table 2). Cortical GM volumes at ages 1, 2, and 4 each explain 

83-87% of the variance in cortical GM at age 6. In contrast, only 25% of the variance of 

WM volume at age 6 is explained by neonatal cortical WM volume; the variance explained 
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increases to 55% by age one and to 87% at age 4 (Figure 4, Table 2). This indicates that 

individual variation of GM volume at age 6 years is determined earlier in childhood than that 

of WM volume, consistent with the faster growth trajectory of GM volume compared to 

WM volume.

The variance of whole brain average CT at age 6 was significantly explained by CT at age 2 

years (45%) in singletons, but not at other ages (Table 2). There were a few regions of 

significant variance explanation, most at age 2 years (Supplemental Table 9). This lack of 

variance explained by earlier CT is likely due to the small magnitude of change from 1 to 6 

years in relation to variation of CT at each age across subjects. However, variance of the 

group mean of CT across the 148 cortical regions at 6 years is highly explained by group 

mean in regional CT at ages 1, 2, and 4 years, (98%; Supplemental Table 10; Figure 5), 

indicating that overall regional heterogeneity is well established by age 1.

Individual variation in total SA at age 6 is highly explained by total SA at age 1 (83%), age 

2 (91%), with somewhat weaker associations at age 4 (66%; Table 2). Variation in regional 

SA at age 6 is also highly explained by previous regional SA (Figure 6, Supplemental Table 

11).

Sex Differences

Males have larger cortical GM and WM volumes than females at each age, unadjusted for 

brain size, (Supplemental Table 12), though there are no significant sex differences in 

growth trajectories except in the first year of life, when growth of cortical GM and WM was 

accelerated in males compared to females (Supplemental Table 13). There were no sex 

differences in average CT at any age or in growth trajectory when controlling for sex 

differences in brain size (Supplemental Tables 12, 13), nor were there sex differences in 

regional CT at any age (Supplemental Table 7). Total SA, unadjusted for brain size, was 

larger in males than females (Supplemental Table 12), though the growth trajectory was not 

significantly different (Supplemental Table 13). Regional SA was larger in males, but not 

significantly different when controlling for overall brain size (Supplemental Table 8). 

Variance of 6-year cortical GM and WM volume, average CT, and total SA explained by 

values at earlier ages was similar in males and females (Supplemental Table 14).

Birthweight, gestational age at birth, and maternal education

To explore the contribution of these variables to cortical structure, we fit a linear model for 

using birthweight, gestational age at birth, maternal education (a proxy for socio-economic 

status), scanner, age at scan, and motion as covariates. In singletons, birthweight was 

significantly associated with cortical GM and WM volumes at all ages (Supplemental Table 

15). Birthweight was also significantly associated with average CT at 2 and 4 years, and 

with total SA at 1 and 6 years (Supplemental Table 16). Birthweight was marginally 

significantly associated with mean SA at age 2 and 4 (p = 0.06). Gestational age at birth was 

significantly associated with cortical GM and WM volume at birth, but not at any other age; 

it was also not significantly associated with average CT or total SA at any age. Birthweight 

associations did not hold after controlling for ICV, but remained significant after controlling 

for height (Supplemental Tables 17, 18, 19, 20). This suggests that birthweight is a 
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biomarker of subsequent cortical development independent of gestational age at birth. 

Maternal education was only significantly associated with cortical WM volume at ages 1, 

and 6; there were no significant relationships with GM volume, mean CT, or total SA at any 

age.

Twin replication sample

Analysis of the twin replication sample revealed very similar trajectories of cortical GM, 

cortical WM, average CT and total SA development (Figure 1), as well as the magnitude and 

timing of the establishment of individual differences in these measures (Table 2). Sex 

differences (Supplemental Table 21) and developmental patterns of regional CT and SA 

were also very similar (Supplemental Tables 22, 23, 24).

Sensitivity Analyses

To determine if the presence of a minor bleed on the neonatal scan influence the main 

results, we re-analyzed the sample excluding these bleeds (Supplemental Table 25); partial 

r2 values were similar to the main analysis. A sensitivity analysis was also performed on a 

subsample of twins excluding subjects born before 37 weeks, similar to the singleton cohort. 

While the sample was smaller, partial r2 values were similar to the larger twin sample 

(Supplemental Table 26). To determine the contribution of scan motion, we analyzed a 

sample with motion ≤2.5, results were similar to the main analysis (Supplemental Table 27). 

We also compared GM and WM volumes, SA and CT derived from Allegra and Trio 

scanners; there were no significant differences except for CT at ages 4 and 6 (Supplemental 

Table 28; Supplemental Figure 2).

Discussion

In the present report, we extend over a decade of work studying early postnatal brain 

development to reveal within-subject longitudinal trajectories of cortical maturation from 

birth through early childhood. We found that individual differences in cortical GM volume 

and total SA at age 6 are largely in place by the end of the first year, a period of rapid 

postnatal cortical GM growth, with GM volume and SA at age 1 accounting for 83-87% of 

the variance in the same measures five years later at age 6. Cortical GM volumes decrease 

after late childhood (1012 years) and are stable or only slightly increased between ages 6 

and 12 (19), so it is likely that variance explained at age 6 will be similar to that observed 

later in development; though a longitudinal study through adolescence is needed to confirm 

this. Neonatal images were processed using a different pipeline than images in older 

children; this may be partially responsible for the lower correlation between neonate and 6 

year GM and WM values.

Average CT decreases slightly from age 1 to 6 years, generally consistent with a previous 

cross-sectional study in this age range (36), though we found several cortical regions that 

experienced a significant increase in CT, especially sensorimotor regions. Interestingly, these 

areas tended to be regions of lower SA expansion. Overall, the pattern of differential growth 

trajectories of sensorimotor compared to higher-order association cortices described in older 

childhood and adolescence (33, 37) is apparent in early childhood as well. It is not clear why 
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these sensorimotor regions would have different trajectory of cortical thickness growth in 

early childhood, though there are several possibilities, including differences in the 

composition of astrocytes, microglia and neurons (38), genetic architecture (39), and critical 

period timing (33). Regional heterogeneity of CT evident at 1 year persists though age 6 

years. Using a different methodology to determine CT in neonates and infants, we 

previously found that CT increases an average of 31% in the first year of life, with little 

change in the second year to reach 97% of adult values at age 2 years and that adult patterns 

of regional heterogeneity of CT were largely present at birth (40). A recent study in the first 

2 years of life found that average CT peaks about 14 months of age (41).

Cortical WM undergoes a relatively more gradual postnatal expansion compared to cortical 

GM. This differential trajectory is present before birth, as fetal imaging finds that WM 

expands linearly from 20 weeks while GM expands after 30 weeks (42). Thus, cortical GM 

undergoes rapid development from about 30 weeks gestational age until age 1 year, with a 

more gradual increase until adolescence, while WM volume expands more gradually from 

20 weeks gestational age until late adolescence (19, 20, 43). This mirrors a body of work 

demonstrating that the expression profiles of genes involved in regulating neurogenesis, 

synaptogenesis, and dendritic arborization peak during gestation and plateau during early 

infancy (44–46), while myelination occurs rapidly in the first year of life (47), but continues 

to be modified by experience thereafter (48).

These findings have important implications for the timing and nature of early interventions 

to normalize trajectories of brain growth. Institutionalized children placed in high quality 

foster care before the age of 2 years have better cognitive outcomes than those placed after 2 

years, suggesting a possible sensitive period for cognitive development (49). Interestingly, 

cortical GM is reduced at 8-11 years in these children, regardless of foster care, while foster 

care was associated with normalized WM volumes (50). These results are consistent with 

our finding that cortical WM volume has a slower developmental trajectory compared to 

GM, and that a large portion of individual differences in cortical GM are determined in the 

first year of life, while individual differences in WM volume are determined later in 

childhood. This suggests that interventions aimed at regulating cortical GM and SA growth 

will likely be most effective if implemented within the first year of life, whereas 

interventions targeted to WM may have a wider window of treatment.

Pre- and perinatal environmental factors have long-lasting effects on brain structure. 

Premature birth is associated with reduced GM and WM volumes that are evident in early 

adulthood (52, 52), with GM reductions linked to psychiatric symptoms in late adolescence 

(53). Greater birthweight in term born children, a proxy for an optimal prenatal environment, 

is associated with larger SA, but not CT, later in life (54, 55). Lower birthweight is also 

associated with smaller GM and WM volumes in late life (56). In our sample, larger 

birthweight was associated with larger GM and WM volumes, and larger SA at most ages, 

and with increased CT at ages 2 and 4, generally consistent with previous studies, indicating 

that this association is present very early in childhood and persists through development. 

Overall, this suggests that birthweight is an indicator of prenatal factors that have long 

lasting influences on cortical morphology. _In neonates, gestational age at birth and 

birthweight, though highly correlated, have independent influences on GM, WM and SA, 
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though birthweight was not associated with neonatal CT (57, 58). We did not detect effects 

of gestational age at birth on GM, WM, CT or SA beyond the neonatal time point, 

suggesting that birthweight provides unique information for later brain development, at least 

in the case of normative variations in gestational age at birth; extreme preterm birth has been 

shown to impact brain volumes in childhood and adolescence (51, 59). We found that the 

relationship between birthweight and cortical structure held when controlling for height, 

suggesting that the association is not directly one of larger body size being carried through 

early childhood development. We also found few associations between maternal education 

level and brain structure in offspring, limited to cortical WM volume at ages 1 and 6 years; 

this may be a random finding or due to a small effect size. These findings are somewhat in 

line with studies demonstrating the effects of socioeconomic status on childhood brain 

structure, with some evidence that effects become more pronounced with age (60–63). We 

previously found that the effect of maternal education on neonatal GM and WM was 

mediated in part by birthweight (57), so maternal education effects on early childhood brain 

volumes are likely mediated to some extent by its influence on birthweight.

This study demonstrates that the first year of life marks a critical period for postnatal cortical 

development that is likely to have lasting impacts on human brain and behavioral 

development. Importantly, our results have implications for early risk detection. Recent work 

has suggested it is possible to predict diagnostic outcomes in infants at risk for autism by 

age 2 using cortical features from MRI scans in the first year of life (31). Our findings 

highlight the potential predictive utility of imaging biomarkers of infant cortical structure for 

even later-emerging neurodevelopmental disorders associated with alterations in GM in late 

childhood. Future work should seek to identify genetic and environmental contributions to 

individual variation in cortical development in the first year of life, as these factors likely set 

the stage for later developmental refinement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Individual spaghetti plots of growth in cortical GM and WM volume (birth to 6 years), and 

total SA and average CT (1 to 6 years). Error bars represent standard error.
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Figure 2. 
Change in regional cortical thickness and surface area from age 1 to 6 years. Change in 

cortical thickness tends to be modest in this age range, with most regions, especially 

association cortices undergoing thinning, while sensorimotor regions experience increases in 

cortical thickness (data in Supplemental Table 7). Most cortical regions experience surface 

area expansion (data in Supplemental Table 8).
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Figure 3. 
Relationship of cortical GM volume after birth and at ages 1, 2, and 4 years with cortical 

GM volume at age 6 years. Partial r2 correlations were determined using a linear model; 

covariates included were birthweight, gestational age at birth, gender, mother’s education, 

height at six, weight at six, motion score at six, scanner and age at scan.
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Figure 4. 
Relationship of cortical WM volume after birth and at ages 1, 2, and 4 years with cortical 

WM volume at age 6 years. Partial r2 correlations were determined using a linear model; 

covariates included were birthweight, gestational age at birth, gender, mother’s education, 

height at six, weight at six, motion score at six, scanner and age at scan.
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Figure 5. 
Regional cortical thickness at ages 1 and 6 years. Note that overall patterns of regional 

thickness present at age 6 are present at age 1 year (Data in Supplemental Table 7).
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Figure 6. 
Regional SA at age 1 and its relationship to regional SA at age 6. Partial r2 values were 

determined using a linear model; covariates included were birthweight, gestational age at 

birth, gender, mother’s education, height at six, weight at six, motion score at six, scanner 

and age at scan (Data in Supplemental Table 11).
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Table 1.

Sample Characteristics.

Cohort 1 (Singletons) Cohort 2 (Twins)

N Mean SD N Mean SD P-Value

Birthweight (grams) 252 3458.3 414.32 182 2616.11 351.65 1.18E-75

Gestational age at birth (days) 252 278.1 7.21 182 257.81 7.96 4.32E-90

Mother’s education (years)* 251 16.28 2.97 182 15.17 3.74 1.05E-03

Father’s education (years)* 248 15.95 3.37 176 14.98 3.99 0.01

Total household income ($)* 236 82444.53 105282.9 171 75901.16 60603.9 0.43

Age at scan, neonate (days) 181 21.13 9.35 157 33.15 15.76 4.54E-15

Age at scan, 1 year (days) 111 379.87 21.44 109 400.28 28.07 6.77E-09

Age at scan, 2 year (days) 70 738.84 19.7 80 764.86 28.22 7.36E-10

Age at scan, 4 year (days) 92 1480.05 34.4 56 1505.96 69.55 0.01

Age at scan, 6 year (days) 90 2210.52 34.04 56 2228 52.6 0.03

N Allegra Trio N Allegra Trio

Scanner, Neonate 181 151 30 157 123 34 0.29

Scanner, Year 1 111 87 24 109 90 19 0.54

Scanner, Year 2 70 56 14 80 51 29 0.04

Scanner, Year 4 92 44 48 56 9 47 1.91E-04

Scanner, Year 6 90 32 58 56 7 49 4.11E-03

N Male Female N Male Female

Sex 252 121 131 182 99 83 0.22

White Black Other White Black Other

Mother’s Ethnicity (N) 207 39 6 143 33 6 0.63

Mother’s Ethnicity (%) 82.14 15.48 2.38 78.57 18.13 3.3

Father’s Ethnicity (N) 197 45 8 133 37 9 0.46

Father’s Ethnicity (%) 78.8 18 3.2 74.3 20.67 5.03

N Yes No N Yes No

Mother smoking during pregnancy 252 9 243 182 11 171 0.33

*
(indicates assessed at time of enrollment).
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Table 2.

Variance in cortical structure at age 6 accounted for by earlier ages.

Singletons Twins

r2 CI N r2 CI N

Year 0
WM 0.25 (0.05, 0.53) 52 0.27 (0.05, 0.58) 45

GM 0.46 (0.26, 0.66) 52 0.45 (0.22, 0.69) 45

Year 1

WM 0.55 (0.30, 0.76) 51 0.61 (0.41, 0.77) 48

GM 0.87 (0.78, 0.94) 51 0.81 (0.64, 0.93) 48

SA 0.83 (0.72, 0.91) 49 0.73 (0.52, 0.88) 46

CT 0.13 (0.00, 0.40) 49 0.37 (0.08, 0.76) 46

Year 2

WM 0.60 (0.31, 0.82) 40 0.70 (0.49, 0.87) 40

GM 0.83 (0.67, 0.94) 40 0.83 (0.65, 0.93) 40

SA 0.91 (0.82, 0.97) 40 0.78 (0.53, 0.90) 38

CT 0.45 (0.13, 0.75) 40 0.59 (0.31, 0.85) 38

Year 4

WM 0.87 (0.74, 0.96) 55 0.93 (0.85, 0.98) 32

GM 0.90 (0.76, 0.97) 55 0.97 (0.93, 0.99) 32

SA 0.66 (0.41, 0.92) 52 0.93 (0.85, 0.98) 30

CT 0.00 (0.00, 0.16) 52 0.55 (0.20, 0.86) 30

Separate models were used to generate residual cortical GM, WM, average CT, and total SA for neonate, 1, 2, and 4 year scans adjusting for motion 
rating, scanner and age at scan (in days). Residual cortical measures were then entered as independent variables in a linear model to estimate 
cortical GM and WM at age 6. Covariates in these models were birthweight, gestational age at birth, sex, mother’s education (in years), height at 6, 
weight at 6, scanner for the age 6 scan, age in days for the age 6 scan, and motion score for the age 6 scan. A confidence interval for the partial r-
squared was determined from 1,000 bootstrap samples using the percentile method.
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