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Abstract

Background and Purpose: Very preterm infants (VPIs, <32 weeks gestational age at birth) 

are prone to long-term neurological deficits. While effects of birth weight and postnatal growth 

on VPIs’ neurological outcome is well established, the neurobiological mechanism behind 

these associations remains elusive. In this study, we utilized diffusion tensor imaging (DTI) to 

characterize how birth weight and postnatal weight gain influence VPIs’ white matter (WM) 

maturation.

Methods: We included VPIs with complete birth and postnatal weight data in their health record, 

and DTI scan as part of their pre-discharge MRI. We conducted voxel-wise general linear model 

and tract-based regression analyses to explore the impact of birth weight and postnatal weight gain 

on WM maturation.

Results: We included 91 VPIs in our analysis. After controlling for gestational age at birth and 

time between birth and scan, higher birth weight Z-scores were associated with DTI markers 

of more mature WM tracts, most prominently in the corpus callosum and sagittal striatum. The 

postnatal weight Z-score changes over the first 4 weeks of life were also associated with increased 

maturity in these WM tracts, when controlling for gestational age at birth, birth weight Z-score, 

and time between birth and scan.

Conclusions: In VPIs, birth weight and post-natal weight gain are associated with markers 

of brain WM maturation, particularly in corpus callosum, which can be captured on discharge 
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MRI. These neuroimaging metrics can serve as potential biomarkers for early effects of nutritional 

interventions on VPIs’ brain development.
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INTRODUCTION

Very preterm births (<32 weeks gestational age) occur in up to 1.6% of live births annually, 

with these neonates representing about half of infant deaths yearly.1,2 Despite improvements 

in the medical care available to preterm neonates, many very preterm infants (VPIs) suffer 

from long-term neurological deficits. Up to a third of VPIs experience cognitive or language 

delays by school age with about 30% experiencing delays in multiple functional domains.3 

Additionally, psychiatric conditions occur in up to 25% of VPIs and are three times more 

likely to develop in VPIs when compared to children born at term (≥37 weeks gestational 

age.4 Debilitating neurological disorders such as cerebral palsy are also more prevalent in 

VPIs than term neonates, occurring in up to 20% of very preterm and extremely preterm 

(<28 weeks) infants.5 Since long-term adverse outcomes are observed far past the neonatal 

period, there is an unmet need for early markers of neurodevelopment to assess the effects of 

peri-natal risk factors and postnatal interventions in observational studies and clinical trials.

In addition to gestational age at birth itself, the growth of VPIs in the postnatal period 

has also been linked to the severity of neurodevelopmental deficits.6,7 The positive effect 

of increasing weight gain in the postnatal period on the long-term cognitive outcomes of 

VPIs has been well described.6,7 Likewise, growth failure in the postnatal period is linked 

to worse long-term cognitive outcomes in VPIs.8,9 Similar findings have been described 

for the incidence of cerebral palsy and poor psychomotor development in VPIs,10 placing 

postnatal growth as a modifiable risk factor for neurodevelopmental outcomes in this 

vulnerable population. With this in mind, multiple studies have described how nutritional 

intake in the postnatal period influences neurological outcomes in the first few years 

of life.11,12 However, translation of this knowledge to effective nutritional intervention 

guidelines for improving long-term outcomes in VPIs is still an area of active research. 

Given the limitation of neurological examination in neonates, imaging markers that can 

identify early neurodevelopmental changes in response to postnatal growth can facilitate 

nutritional interventions by providing early indicators of future neurocognitive outcomes.

Routine structural brain MRI can only identify most severe forms of structural abnormality 

or obvious parenchymal injury in neonates; moreover, diffusion tensor imaging (DTI) 

can provide quantitative information by characterizing white matter (WM) microstructural 

integrity in the brain.13 Prior studies have utilized DTI scans obtained in the early postnatal 

period to characterize WM microstructural development in neonates of varying gestational 

age.14 Such works have also identified specific WM regions that experience microstructural 

delay in neonates born at lower gestational age, suggesting that DTI can serve as a marker 

for neurodevelopment for VPIs.15 Furthermore, as clinical neurological examination and 

prognostication of long term neurodevelopmental outcome using early clinical evaluations 
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in neonates are challenging, neuroimaging performed in the early postnatal period can fill 

these gaps by providing insight into early brain maturation.16,17 In this study, we utilized 

term-equivalent DTI to characterize how birth weight and postnatal growth might influence 

WM microstructure in VPIs.

METHODS

Subjects

We retrospectively reviewed the imaging and electronic health records of all neonates born 

between January 2013 and March 2021 at our institution who had brain MRI scans within 

the first 3 months of life for this analysis. Brain MRI is regularly performed for preterm 

neonates around term-equivalent gestational age at our institution. We included neonates 

who (1) were born very preterm (<32 weeks gestational age at birth), (2) underwent DTI as 

part of their pre-discharge MRI, (3) had DTI series without excessive artifact or distortion, 

and (4) had adequate electronic health record information to obtain weight measurements 

at birth and postnatal period. We excluded any infants who had structural abnormalities or 

image artifacts on their scans or neurological deficits noted in their electronic health record 

during the hospital stay. As preterm neonates at our institution are weighed weekly, we 

collected the weights of the neonates at one, two, three, and four weeks after birth for the 

analysis. All weights were standardized to Z-scores using the 2013 Fenton growth chart for 

preterm infants.18 These Z-scores were used instead of raw weight values for all further 

analyses. In a prior study we analyzed the DTI scans of a larger cohort of 162 subjects.15 

The current study includes subjects born before 32 weeks gestational from our prior study 

and includes additional subjects that were outside of the age criteria of the prior study. This 

study was approved by our institutional review board. The requirement for subject consent 

was waived by the review board given the retrospective nature of the study.

Image acquisition and pre-processing

MRIs were performed on a Siemens 3 T Skyra scanner. The routine structural brain MRI 

included 3-Dimensional T1 and T2-weighted images as well as axial diffusion weighted 

images, susceptibility weighted images, and dual-echo T2-weighted images. Axial DTIs 

were obtained using a single-shot echoplanar imaging sequence: repeat time= 10,200 ms, 

echo time= 94 ms, Flip angle= 900, field of view 18×18 cm, slice thickness of 2.5 mm, 

matrix of 128×128, including a single b=0 and 30 noncolinear direction b=1000 s/mm2 

acquisitions. We used the FMRIB’s Diffusion Toolbox (FDT) in FMRIB’s Software Library 

(FSL) to preprocess DTI images by correcting for susceptibility distortions, eddy currents, 

and subject movement to generate fractional anisotropy (FA), mean diffusivity (MD), radial 

diffusivity (RD) and axial diffusivity (AD) maps.19

Voxel-wise tract-based spatial statistics (TBSS)

We used TBSS toolbox in FSL for voxel-wise statistical analysis of FA, MD, RD, and 

AD values along WM tracts.15 Briefly, each FA map was linearly co-registered to all other 

FA maps to identify the most representative FA map of the cohort. This representative FA 

map was then co-registered to the MNI-152 (Montreal Neurological Institute) to space, and 

then other FA maps were co-registered to the MNI-152 space by combining the registration 
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to the representative FA map and the registration from the representative FA map to the 

MNI-152 space. A similar process was utilized to co-register all MD, RD, and AD maps 

to the MNI-152 space. The mean of the aligned FA maps was calculated followed by 

applying a threshold of 0.1 to generate a skeletonized WM tract map across all neonates. 

All skeletonized FA maps were visually inspected for anatomical accuracy. No subjects were 

removed or required manual tract revision. Prior to further analyses, all maps generated 

from the TBSS process were co-registered to a pediatric brain template generated from 

MRI studies of subjects between 0 and 2 years of age.20 Skeletonized FA maps were 

again visually inspected for anatomical accuracy following final coregistration. We then 

used the “randomise” tool in FSL to conduct general linear model (GLM) analyses of the 

birth weight Z-score associated changes in FA, MD, RD, and AD values across WM tracts 

while controlling for gestational age at birth and time between birth and scan as covariates. 

We applied 5000 permutations and threshold-free cluster enhancements while correcting 

for multiple comparisons across space.19 A color-coded map of p-values (windowed for p 

values between 0 and 0.05) was overlaid onto the MNI-152 brain template to visualize the 

results. Additional analyses were conducted to analyze the associated of change in weight 

Z-scores in the postnatal period with DTI metrics across WM tracts while controlling for 

gestational age at birth, birth weight Z-score, and time between birth and scan as covariates.

Tract-based analysis

To further verify the voxel-wise TBSS results, additional WM tract-based analyses were 

conducted on regionally parcellated WM tracts using a John’s Hopkins University WM atlas 

that was co-registered to the pediatric brain template.20 Figure 1 displays the co-registered 

John’s Hopkins University WM atlas overlayed on the pediatric brain template. The means 

of non-zero FA, MD, RD, and AD values in each of 48 specific WM tracts were calculated 

using FSL for each infant.15 Multiple linear regressions were then applied to determine the 

association of birth weight Z-scores with DTI metrics in each WM tract while controlling 

for gestational age at birth and time between birth and scan as covariates. Additional 

analyses were conducted to analyze the association of changes in weight Z-scores in the 

postnatal period (up to 4 weeks) with DTI metrics in each of the 48 WM tracts while 

controlling for gestational age at birth, birth weight Z-score, and time between birth and 

scan as covariates. P-values adjusted for false discovery rate were also calculated using the 

Benjamini-Hochberg procedure.21

Statistics

The data are represented as mean ± standard deviation, median (interquartile range), 

or frequency (percentage) as appropriate. The “stats” (version 4.0.3, https://stat.ethz.ch/R-

manual/R-devel/library/stats/html/00Index.html) package in R was used for tract-specific 

multiple linear regression analysis.

RESULTS

Subject characteristics

Figure 2 depicts a flowchart for the inclusion of 91 very preterm infants for our analyses. 

Table 1 summarizes the demographic characteristics of the infants, and Table 2 summarizes 
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the postnatal weight measurements used in our analyses. Figure 3 displays the distribution of 

gestational age at birth and scan in our cohort.

Impact of birth weight on WM microstructure

Figure 4 depicts the results of voxel-wise analysis of the associations between birth weight 

Z-score with FA and RD after controlling for gestational age at birth and time between birth. 

On tract-based analyses, the FA values of the corpus callosum splenium were positively 

associated with birth weight Z-score after controlling for gestational age at birth and time 

between birth and scan (Figure 4A and Table 3). After correction for multiple comparisons, 

there was no significant association of FA values with birth weight Z-score. There was no 

significant association of birth weight Z-score with RD values on tract-based analyses. There 

was no significant association of birth weight Z-score with MD or AD values on voxel-wise 

or tract-based analyses.

Impact of postnatal weight changes on WM microstructure

Although on voxel-wise GLM analysis, there was no significant association between weight 

Z-score changes from birth to 4 weeks of life with FA values (minimum p-value of 0.19), 

in tract-based analysis, the FA values of the right anterior corona radiata and right superior 

fronto-occipital fasciculus were positively associated with weight Z-score changes over the 4 

weeks from birth after controlling for gestational age at birth, birth weight Z-score, and time 

between birth and scan (Table 4). In both voxel-wise and tract-based analyses, MD values 

(Figure 5A and Table 5) in the the corpus callosum body, bilateral posterior limb of internal 

capsule, bilateral retrolenticular internal capsule, left superior and posterior corona radiata, 

bilateral sagittal striatum and right external capsule MD values as well as RD values (Figure 

5B and Table 6) in the pontine crossing tract, corpus callosum body, cerebral peduncle, 

bilateral posterior limb of the internal capsule, bilateral retrolenticular internal capsule, left 

superior and posterior corona radiata, bilateral sagittal striatum and right external capsule ) 

were negatively associated with weight Z-score changes from birth to 4 weeks of life after 

controlling for gestational age at birth, birth weight Z-score, and time between birth and 

scan. After correction for multiple comparisons, there was no significant association of FA, 

MD, or RD values with weight Z-score changes from birth to 4 weeks of life. We found no 

significant association of change in weight Z-score from birth to 4 weeks of life with AD 

values on voxel-wise or tract-based linear regression analysis. We also found no significant 

association between weight Z-scores changes from birth to one, two, or three weeks of life 

with any DTI metrics.

DISCUSSION

Applying voxel-wise and tract-based analyses, we showed that higher birth weight Z-scores 

of VPIs are associated with DTI markers of more mature WM in the corpus callosum, and 

sagittal striatum – after correction for gestational age at birth and time between birth and 

scan. In addition, we showed the weight Z-score changes over the first 4 weeks of life are 

also associated with more mature WM in similar areas – after correction for birth weight 

Z-scores, gestational age at birth, and time between birth and scan. These results suggest 

that higher weight gain (or less weight loss) during the first few weeks of postnatal period 
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can improve WM maturation in VPIs, independent of low birth weight and gestational age. 

These effects are detectable on discharge DTI and most noticeable in posterior commissural 

WM tracts in corpus callosum – and to lesser extent, the corticospinal tract passing though 

posterior limb of internal capsule (Figures 2 and 3).

As neonatal brains mature, WM myelination and other processes such as fiber organization 

restrict water movement along WM tracts, leading to an increase in FA values and 

decrease in diffusivity metrics such as MD and RD.15,22,23 Several studies indicate that 

DTI metrics in term and preterm infants are associated with motor and cognitive outcomes 

at 1–2 years.24,25 Long-term studies of preterm children also show association between 

term-equivalent DTI metrics in corticospinal tract with Gross Motor Functional scale at 

4 years of age;26 and low FA values of internal capsule with visual motor and visual 

perceptual deficits at 15 years of age.27 Although neuroimaging information alone cannot 

account for the complex nature of VPIs’ brain development, they can still provide an early 

indicator of long-term outcome – especially in neonates with unremarkable neurological 

exam and routine MRI.28

It has long been established that low birth weight is a risk factor for poor cognitive 

and neuro-developmental outcomes.29,30 More recent studies have utilized the power of 

advanced neuroimaging techniques such as DTI to provide a neurobiological explanation 

for this phenomenon. Multiple studies have found lower FA values and increased diffusivity 

across numerous WM tracts in neonates of low birth weight. Similar to our results, such 

changes have been more prominently identified in the corpus callosum in prior studies.31,32 

These disruptions in WM maturation have also been linked to poor long-term neurological 

outcomes including impairment in executive function, poor language development, and 

poor motor function.33–35 Prior studies have also found that such alterations in the WM 

microstructure of persist into young adulthood, suggesting that low birth weight may 

permanently affect brain maturation and subsequent neurological outcomes.36,37 In addition 

to low birth weight, low gestational age has also been identified as a risk factor for poor 

WM maturation. Prior studies have found that gestational age at birth is positively correlated 

with FA values and negatively correlated with diffusivity in numerous WM tracts, most 

prominently in the corpus callosum.15,38 Thus, VPIs are especially at risk for poor WM 

maturation and subsequent neurological delay due to both low gestational age and weight at 

the time of birth. In this study, we have pinpointed those WM tracts which are particularly 

vulnerable to lower birth weight among VPIs independent of gestational age at birth. We 

also showed that early maturation of similar WM tracts is influenced by weight changes over 

the first few weeks after birth.

Despite the significant consequences of low birth weight on WM maturation and 

long-term neurological outcomes in VPIs, these adverse outcomes can potentially be 

mitigated by postnatal weight gain. Many prior studies have described the positive effects 

of maintaining postnatal weight through various nutritional interventions on long-term 

neurological outcomes in the areas of cognition, motor development, and psychomotor 

development.6,10,39 Vinall et al. have also shown that DTI can capture the effect of postnatal 

growth delay on cortical maturation in VPIs.40 Our study provides a neurobiological 

explanation for these findings and improves on prior works by showing that increased 
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weight gain (or less weight loss) over the first 4 postnatal weeks are associated with 

imaging metrics of WM maturation in the corpus callous and posterior limb of the internal 

capsule of VPIs at the voxel-level – independent of gestational age and weight at the time 

of birth. Thus, our findings can serve as potential imaging markers for future nutritional 

interventions aimed at improving postnatal weight gain in VPIs. Neuroimaging via DTI at 

term equivalent can substantially complement neurological exam in the prognostication of 

long-term outcome given the limitations of physical exams in infants.16,17 Of note, the VPIs 

included in our study had no evident neurological deficits on physical exam or structural/

signal abnormality on routine MRI, which further highlights the prognostic advantages of 

advanced neuroimaging studies such as DTI for evaluation of brain microstructure in these 

infants.

Although not widely studied, few prior works have utilized DTI to examine how nutrition 

affects WM maturation. One found that increased duration of human milk use was 

associated with increased FA values in the corpus callosum of extremely preterm infants.41 

Increased nutrient supplementation to infants born at very low birth weights has also 

been linked to improved WM maturation as evidenced by reduced diffusivity.42 More 

recently, Sato et al. examined the impact of nutrition on both WM maturation and cognitive 

outcomes, finding that very low birth weight infants who received enteral nutritional 

supplementation displayed greater maturation in WM tracts such as the corpus callosum 

on DTI and improved cognitive outcomes.43 Our work adds to the body of knowledge in this 

field that will inform the design of future studies. Our results specifically highlight the WM 

tracts and DTI metrics which can potentially serve as neuroimaging biomarkers to assess 

neurodevelopmental effect of nutritional interventions targeting postnatal weight gain.

Our study is limited by its single-center, retrospective design and relatively small sample 

size. This could perhaps explain why our voxel-wise GLM analyses were not adequately 

powered to detect associations between birth weight Z-score with MD, as well as change 

in birth weight Z-score in the first 4 postnatal weeks with FA. Additionally, despite 

significance observed on GLM and unadjusted tract-based analyses, tract-based analyses 

corrected for multiple comparisons failed to achieve statistical significance when testing the 

association of DTI metrics with either birth weight Z-score or 4-week change in Z-score. 

The analysis of DTI metrics can be affected by acquisition protocol and timing, as well 

as the processing methods used to generate the FA, MD, RD, and AD maps. Additionally, 

in actively developing and organizing WM during infancy, the relatively low anisotropy 

levels may complicate the generation and subsequent analysis of FA skeletonization during 

TBSS. Although we controlled for factors such as gestational age at birth, time between 

birth and scan, and birth weight, we could not correct for all covariates that may explain 

differences in observed DTI metric values between the subjects in this study. Of note, 

nutritional status was not included as a covariate in our analysis as nutritional data were not 

consistently available in the medical records among all our subjects. We also attempted to 

obtain length and head circumference data for the subjects included in the study, but found 

that this information was not reliably recorded in the records of the patients. Finally, given 

the retrospective nature of this study, we did not assess how alterations in WM maturation 

influence neurodevelopmental outcomes.
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We show that higher birth weight in VPIs, is associated with improved WM maturation, 

most prominently in the corpus callosum, and sagittal striatum, independent of gestational 

age at birth and time of pre-discharge scan. We also show that higher weight gain (or less 

weight loss) over the first four weeks of postnatal period is also associated with improved 

WM maturation in these regions regardless of birth weight and gestational at birth or time 

of scan. These findings emphasize the importance of postnatal weight gain to ensure proper 

WM maturation among VPIs. Our results also highlight the WM tracts and DTI metrics 

that can potentially serve as a neuroimaging marker to evaluate early neurodevelopmental 

response to future nutritional interventions aimed at improving postnatal growth.
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Figure 1. 
Co-registered John’s Hopkins University white matter tract atlas used for tact-based 

analyses. Individual white matter tracts are displayed in separate rainbow colors. Results 

are displayed over an atlas generated from MRIs of children between 0 and 2 years of age.
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Figure 2. 
Inclusion flowchart. DTI= Diffusion Tensor Imaging.
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Figure 3. 
Histogram displaying the distribution of (A) gestational age at birth and (B) gestational age 

at the time of brain MRI for the study cohort.
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Figure 4. 
In voxel-wise analysis, the birth weight Z-score of very preterm infants had significant 

positive association with (A) fractional anisotropy (FA), and negative association with (B) 

radial diffusivity (RD) in the splenium of corpus callosum and sagittal striatum – after 

controlling for gestational age at birth and time between birth and scan. Green areas display 

white matter tract FA skeletons; red areas depict sites where birth weight Z-score was 

significantly associated (P<0.05) with corresponding diffusion tensor metrics. Results are 

displayed over an atlas generated from MRIs of children between 0 and 2 years of age.
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Figure 5. 
Voxel-wise analysis showed an association between post-natal weight Z-score changes over 

the first 4 weeks of life with (A) mean diffusivity (MD) and (B) radial diffusivity (RD) when 

controlling for gestational age at birth, birth weight Z-score, and time between birth and 

scan. Green areas display white matter tract fractional anisotropy skeletons; red areas depict 

sites where change in weight Z-score in the first 4 weeks of life was significantly associated 

(P<0.05) with corresponding diffusion tensor metrics. Results are displayed over an atlas 

generated from MRIs of children between 0 and 2 years of age.
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Table 1.

Demographic characteristics of the 91 neonates included in our study.

Clinical Variable

Sex (females) 44.21%

Gestational age at birth (weeks) 27.00 (26.07–28.00)

Gestational age at scan (weeks) 37.19 (36.24–39.63)

Time between birth and scan (weeks) 10.75 ± 2.85

Birth Weight (grams) 970.88 ± 282.32

Birth Weight Z-score 0.06 ± 0.91

Maternal age (years) 30.74 ± 5.87

1-minute APGAR 5 (4–7)

5-minute APGAR 8 (7–9)

Blood Glucose 69.60 ± 29.00

Hematocrit (%) 44.17 ± 8.84

Days on respiratory support 17.05 ± 19.18

Delivery (Cesarean-section) 72.63%

Intubated 58.95%

Meconium-stained amniotic fluid 8.42%

Premature rupture of membranes 31.58%

Note: Data are reported as mean ± standard deviation, median (upper-lower bounds of interquartile range), or frequency as a percent. Maternal age 
data was missing for 2 subjects. Delivery method data was missing for 2 subjects. Blood glucose data was missing for 3 subjects. Hematocrit data 
was missing for 1 subject.
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Table 2.

Summarization of postnatal weight Z scores and changes from birth for the 91 neonates included in our study.

Postnatal time point Weight z-score Change in weight z-score from birth

1 week −0.60 ± 0.62 −0.62 ± 0.46

2 weeks −0.77 ± 0.57 −0.79 ± 0.46

3 weeks −0.86 ± 0.56 −0.87 ± 0.49

4 weeks −0.93 ± 0.61 −0.94 ± 0.51

Note: Data are reported as mean ± standard deviation.
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Table 3.

Tract-based regression analysis of association between birth weight Z-score and fractional anisotropy when 

controlling for gestational age at birth and time between birth and scan

Tract Coefficient (95% Confidence Interval) p-value

Middle cerebellar peduncle 1.45E-03 (−3.47E-03 to 6.36E-03) 0.56

Pontine crossing tract 1.42E-03 (−3.31E-03 to 6.14E-03) 0.55

Genu of corpus callosum −6.95E-04 (−7.97E-03 to 6.58E-03) 0.85

Body of corpus callosum 2.93E-03 (−3.32E-03 to 9.17E-03) 0.35

Splenium of corpus callosum 7.13E-03 (9.28E-04 to 1.33E-02) 0.02*

Fornix 2.10E-03 (−2.44E-03 to 6.63E-03) 0.36

Corticospinal tract R 1.28E-03 (−3.44E-03 to 6.00E-03) 0.59

Corticospinal tract L 1.57E-03 (−3.14E-03 to 6.27E-03) 0.51

Medial lemniscus R 1.08E-03 (−3.53E-03 to 5.68E-03) 0.64

Medial lemniscus L 1.50E-03 (−3.08E-03 to 6.07E-03) 0.52

Inferior cerebellar peduncle R 1.50E-03 (−2.82E-03 to 5.82E-03) 0.49

Inferior cerebellar peduncle L 1.34E-03 (−3.21E-03 to 5.89E-03) 0.56

Superior cerebellar peduncle R 1.44E-03 (−3.01E-03 to 5.90E-03) 0.52

Superior cerebellar peduncle L 1.25E-03 (−3.11E-03 to 5.61E-03) 0.57

Cerebral peduncle R 1.92E-04 (−3.78E-03 to 4.17E-03) 0.92

Cerebral peduncle L 1.49E-03 (−2.90E-03 to 5.87E-03) 0.50

Anterior limb of internal capsule R −3.07E-04 (−5.63E-03 to 5.02E-03) 0.91

Anterior limb of internal capsule L 2.19E-03 (−3.16E-03 to 7.55E-03) 0.42

Posterior limb of internal capsule R 3.71E-03 (−1.25E-03 to 8.66E-03) 0.14

Posterior limb of internal capsule L 2.54E-03 (−3.21E-03 to 8.29E-03) 0.38

Retrolenticular part of internal capsule R 2.61E-03 (−2.15E-03 to 7.37E-03) 0.28

Retrolenticular part of internal capsule L 1.39E-03 (−3.64E-03 to 6.41E-03) 0.58

Anterior corona radiata R 8.74E-04 (−3.96E-03 to 5.71E-03) 0.72

Anterior corona radiata L 1.69E-03 (−2.70E-03 to 6.09E-03) 0.45

Superior corona radiata R 2.26E-03 (−3.61E-03 to 8.13E-03) 0.45

Superior corona radiata L 3.40E-03 (−2.29E-03 to 9.09E-03) 0.24

Posterior corona radiata R 2.86E-03 (−2.12E-03 to 7.85E-03) 0.26

Posterior corona radiata L 5.14E-03 (−2.52E-04 to 1.05E-02) 0.06

Posterior thalamic radiation R 3.19E-03 (−1.59E-03 to 7.96E-03) 0.19

Posterior thalamic radiation L −1.39E-04 (−5.23E-03 to 4.96E-03) 0.96

Sagittal striatum R 3.05E-03 (−2.52E-03 to 8.62E-03) 0.28

Sagittal striatum L 3.58E-04 (−5.89E-03 to 6.61E-03) 0.91

External capsule R −9.28E-04 (−7.35E-03 to 5.50E-03) 0.77

External capsule L −1.71E-03 (−7.22E-03 to 3.80E-03) 0.54

Cingulum (cingulate gyrus) R 5.44E-04 (−6.04E-03 to 7.13E-03) 0.87

Cingulum (cingulate gyrus) L −4.37E-04 (−7.23E-03 to 6.35E-03) 0.90

J Neuroimaging. Author manuscript; available in PMC 2024 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bobba et al. Page 19

Tract Coefficient (95% Confidence Interval) p-value

Cingulum (hippocampus) R 3.53E-04 (−5.52E-03 to 6.22E-03) 0.91

Cingulum (hippocampus) L 2.44E-03 (−3.18E-03 to 8.05E-03) 0.39

Fornix (cres) / Stria terminalis R 9.77E-04 (−4.92E-03 to 6.87E-03) 0.74

Fornix (cres) / Stria terminalis L 1.06E-03 (−4.79E-03 to 6.91E-03) 0.72

Superior longitudinal fasciculus R 2.34E-03 (−3.19E-03 to 7.88E-03) 0.40

Superior longitudinal fasciculus L 3.43E-03 (−2.03E-03 to 8.88E-03) 0.22

Superior fronto-occipital fasciculus R 1.09E-03 (−6.73E-03 to 8.90E-03) 0.78

Superior fronto-occipital fasciculus L 3.11E-03 (−3.14E-03 to 9.36E-03) 0.33

Uncinate fasciculus R 3.93E-04 (−6.96E-03 to 7.75E-03) 0.92

Uncinate fasciculus L −2.01E-03 (−8.74E-03 to 4.72E-03) 0.55

Tapetum R −1.48E-03 (−9.85E-03 to 6.89E-03) 0.73

Tapetum L 1.76E-03 (−8.14E-03 to 1.17E-02) 0.72

Note- Coefficients of regression, upper and lower bounds of a 95% confidence interval, and unadjusted p-values are provided for regressions 
performed in each white matter tract. Significant (<0.05) p-values are indicated by an asterisk (*). L = left. R = right.
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Table 4.

Tract-based regression analysis of association between birth weight Z-score changes over the first four weeks 

of life and fractional anisotropy when controlling for gestational age at birth, birth weight z-score and time 

between birth and scan

Tract Coefficient (95% Confidence Interval) p-value

Middle cerebellar peduncle 5.13E-03 (−7.01E-03 to 1.73E-02) 0.40

Pontine crossing tract 7.30E-03 (−4.32E-03 to 1.89E-02) 0.22

Genu of corpus callosum 4.69E-03 (−1.33E-02 to 2.27E-02) 0.61

Body of corpus callosum 9.15E-03 (−6.20E-03 to 2.45E-02) 0.24

Splenium of corpus callosum 7.99E-03 (−7.30E-03 to 2.33E-02) 0.30

Fornix 6.72E-03 (−4.43E-03 to 1.79E-02) 0.23

Corticospinal tract R 7.06E-03 (−4.54E-03 to 1.87E-02) 0.23

Corticospinal tract L 8.15E-03 (−3.39E-03 to 1.97E-02) 0.16

Medial lemniscus R 7.46E-03 (−3.84E-03 to 1.88E-02) 0.19

Medial lemniscus L 5.64E-03 (−5.63E-03 to 1.69E-02) 0.32

Inferior cerebellar peduncle R 7.58E-03 (−3.00E-03 to 1.82E-02) 0.16

Inferior cerebellar peduncle L 6.68E-03 (−4.50E-03 to 1.79E-02) 0.24

Superior cerebellar peduncle R 7.60E-03 (−3.33E-03 to 1.85E-02) 0.17

Superior cerebellar peduncle L 6.74E-03 (−3.98E-03 to 1.75E-02) 0.21

Cerebral peduncle R 5.59E-03 (−4.19E-03 to 1.54E-02) 0.26

Cerebral peduncle L 6.72E-03 (−4.06E-03 to 1.75E-02) 0.22

Anterior limb of internal capsule R 1.95E-03 (−1.12E-02 to 1.51E-02) 0.77

Anterior limb of internal capsule L 7.28E-03 (−5.90E-03 to 2.05E-02) 0.28

Posterior limb of internal capsule R 5.09E-03 (−7.15E-03 to 1.73E-02) 0.41

Posterior limb of internal capsule L 6.29E-03 (−7.90E-03 to 2.05E-02) 0.38

Retrolenticular part of internal capsule R 8.91E-03 (−2.73E-03 to 2.05E-02) 0.13

Retrolenticular part of internal capsule L 9.47E-03 (−2.82E-03 to 2.18E-02) 0.13

Anterior corona radiata R 1.20E-02 (2.51E-04 to 2.37E-02) 0.045*

Anterior corona radiata L 4.50E-03 (−6.36E-03 to 1.54E-02) 0.41

Superior corona radiata R 9.65E-03 (−4.75E-03 to 2.41E-02) 0.19

Superior corona radiata L 8.04E-03 (−5.97E-03 to 2.20E-02) 0.26

Posterior corona radiata R 7.90E-03 (−4.35E-03 to 2.02E-02) 0.20

Posterior corona radiata L 8.92E-03 (−4.32E-03 to 2.22E-02) 0.18

Posterior thalamic radiation R 1.06E-03 (−1.08E-02 to 1.29E-02) 0.86

Posterior thalamic radiation L 6.27E-03 (−6.29E-03 to 1.88E-02) 0.32

Sagittal striatum R 5.29E-03 (−8.48E-03 to 1.91E-02) 0.45

Sagittal striatum L 5.25E-03 (−1.02E-02 to 2.07E-02) 0.50

External capsule R −6.66E-04 (−1.66E-02 to 1.53E-02) 0.93

External capsule L −1.54E-03 (−1.52E-02 to 1.21E-02) 0.82

Cingulum (cingulate gyrus) R 1.31E-02 (−2.99E-03 to 2.92E-02) 0.11
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Tract Coefficient (95% Confidence Interval) p-value

Cingulum (cingulate gyrus) L 1.08E-02 (−5.88E-03 to 2.75E-02) 0.20

Cingulum (hippocampus) R 9.70E-03 (−4.71E-03 to 2.41E-02) 0.18

Cingulum (hippocampus) L 6.43E-03 (−7.43E-03 to 2.03E-02) 0.36

Fornix (cres) / Stria terminalis R 8.63E-03 (−5.88E-03 to 2.31E-02) 0.24

Fornix (cres) / Stria terminalis L 6.37E-03 (−8.07E-03 to 2.08E-02) 0.38

Superior longitudinal fasciculus R 6.99E-03 (−6.65E-03 to 2.06E-02) 0.31

Superior longitudinal fasciculus L 1.15E-02 (−1.77E-03 to 2.48E-02) 0.09

Superior fronto-occipital fasciculus R 2.36E-02 (4.91E-03 to 4.23E-02) 0.01*

Superior fronto-occipital fasciculus L 1.34E-02 (−1.85E-03 to 2.86E-02) 0.08

Uncinate fasciculus R 6.81E-03 (−1.14E-02 to 2.50E-02) 0.46

Uncinate fasciculus L 9.34E-03 (−7.23E-03 to 2.59E-02) 0.27

Tapetum R 7.99E-03 (−1.27E-02 to 2.87E-02) 0.44

Tapetum L 2.25E-02 (−1.52E-03 to 4.66E-02) 0.07

Note- Coefficients of regression, upper and lower bounds of a 95% confidence interval, and unadjusted p-values are provided for regressions 
performed in each white matter tract. Significant (<0.05) p-values are indicated by an asterisk (*). L = left. R = right.
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Table 5.

Tract-based regression analysis of association between birth weight Z-score changes over the first four weeks 

of life and mean diffusivity when controlling for gestational age at birth, birth weight z-score and time 

between birth and scan

Tract Coefficient (95% Confidence Interval) p-value

Middle cerebellar peduncle −1.45E-05 (−7.29E-05 to 4.39E-05) 0.62

Pontine crossing tract −4.71E-05 (−9.59E-05 to 1.75E-06) 0.06

Genu of corpus callosum −4.16E-05 (−9.46E-05 to 1.15E-05) 0.12

Body of corpus callosum −1.02E-04 (−1.77E-04 to −2.81E-05) 0.01*

Splenium of corpus callosum −4.46E-05 (−9.78E-05 to 8.62E-06) 0.10

Fornix −1.98E-05 (−6.88E-05 to 2.92E-05) 0.42

Corticospinal tract R −8.87E-06 (−5.82E-05 to 4.05E-05) 0.72

Corticospinal tract L −2.80E-05 (−8.26E-05 to 2.66E-05) 0.31

Medial lemniscus R −3.86E-05 (−8.45E-05 to 7.24E-06) 0.10

Medial lemniscus L −3.26E-05 (−7.89E-05 to 1.36E-05) 0.16

Inferior cerebellar peduncle R −3.90E-05 (−8.13E-05 to 3.32E-06) 0.07

Inferior cerebellar peduncle L −3.76E-05 (−7.94E-05 to 4.15E-06) 0.08

Superior cerebellar peduncle R −4.22E-05 (−8.86E-05 to 4.18E-06) 0.07

Superior cerebellar peduncle L −3.92E-05 (−8.09E-05 to 2.62E-06) 0.07

Cerebral peduncle R −2.90E-05 (−7.04E-05 to 1.24E-05) 0.17

Cerebral peduncle L −1.83E-05 (−5.66E-05 to 2.00E-05) 0.34

Anterior limb of internal capsule R −2.92E-05 (−6.40E-05 to 5.64E-06) 0.10

Anterior limb of internal capsule L −3.93E-05 (−8.17E-05 to 3.19E-06) 0.07

Posterior limb of internal capsule R −3.19E-05 (−5.79E-05 to −5.81E-06) 0.02*

Posterior limb of internal capsule L −2.91E-05 (−5.68E-05 to −1.36E-06) 0.04*

Retrolenticular part of internal capsule R −4.94E-05 (−8.90E-05 to −9.82E-06) 0.02*

Retrolenticular part of internal capsule L −4.91E-05 (−8.96E-05 to −8.65E-06) 0.02*

Anterior corona radiata R −5.31E-05 (−1.21E-04 to 1.51E-05) 0.13

Anterior corona radiata L −3.58E-05 (−1.05E-04 to 3.30E-05) 0.30

Superior corona radiata R −4.39E-05 (−1.11E-04 to 2.27E-05) 0.19

Superior corona radiata L −6.41E-05 (−1.27E-04 to −1.15E-06) 0.046*

Posterior corona radiata R −5.59E-05 (−1.32E-04 to 2.03E-05) 0.15

Posterior corona radiata L −7.98E-05 (−1.58E-04 to −1.44E-06) 0.046*

Posterior thalamic radiation R −3.94E-05 (−9.68E-05 to 1.79E-05) 0.18

Posterior thalamic radiation L −5.96E-05 (−1.34E-04 to 1.51E-05) 0.12

Sagittal striatum R −4.53E-05 (−8.82E-05 to −2.50E-06) 0.04*

Sagittal striatum L −4.76E-05 (−9.51E-05 to −9.88E-08) 0.0495*

External capsule R −3.99E-05 (−7.47E-05 to −5.18E-06) 0.02*

External capsule L −3.03E-05 (−6.40E-05 to 3.46E-06) 0.08

Cingulum (cingulate gyrus) R −1.81E-05 (−6.26E-05 to 2.65E-05) 0.42
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Tract Coefficient (95% Confidence Interval) p-value

Cingulum (cingulate gyrus) L −2.52E-05 (−7.16E-05 to 2.13E-05) 0.28

Cingulum (hippocampus) R −2.14E-05 (−6.16E-05 to 1.87E-05) 0.29

Cingulum (hippocampus) L −4.26E-05 (−9.44E-05 to 9.15E-06) 0.11

Fornix (cres) / Stria terminalis R −2.70E-05 (−6.67E-05 to 1.27E-05) 0.18

Fornix (cres) / Stria terminalis L −4.19E-05 (−9.32E-05 to 9.27E-06) 0.11

Superior longitudinal fasciculus R −2.76E-05 (−8.76E-05 to 3.23E-05) 0.36

Superior longitudinal fasciculus L −4.52E-05 (−1.02E-04 to 1.22E-05) 0.12

Superior fronto-occipital fasciculus R −4.39E-05 (−1.14E-04 to 2.65E-05) 0.22

Superior fronto-occipital fasciculus L −5.14E-05 (−1.24E-04 to 2.17E-05) 0.17

Uncinate fasciculus R −8.35E-05 (−1.74E-04 to 6.56E-06) 0.07

Uncinate fasciculus L −6.28E-05 (−1.77E-04 to 5.15E-05) 0.28

Tapetum R −8.08E-05 (−2.90E-04 to 1.29E-04) 0.45

Tapetum L −2.06E-04 (−4.69E-04 to 5.72E-05) 0.12

Note- Coefficients of regression, upper and lower bounds of a 95% confidence interval, and unadjusted p-values are provided for regressions 
performed in each white matter tract. Significant (<0.05) p-values are indicated by an asterisk (*). L = left. R = right.
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Table 6.

Tract-based regression analysis of association between birth weight Z-score changes over the first four weeks 

of life and radial diffusivity when controlling for gestational age at birth, birth weight z-score and time 

between birth and scan

Tract Coefficient (95% Confidence Interval) p-value

Middle cerebellar peduncle −1.76E-05 (−7.43E-05 to 3.90E-05) 0.54

Pontine crossing tract −4.94E-05 (−9.54E-05 to −3.38E-06) 0.04*

Genu of corpus callosum −4.31E-05 (−9.22E-05 to 6.04E-06) 0.08

Body of corpus callosum −1.03E-04 (−1.72E-04 to −3.32E-05) 0.004*

Splenium of corpus callosum −4.72E-05 (−1.01E-04 to 6.75E-06) 0.09

Fornix −2.39E-05 (−7.13E-05 to 2.35E-05) 0.32

Corticospinal tract R −1.41E-05 (−6.26E-05 to 3.45E-05) 0.57

Corticospinal tract L −3.17E-05 (−8.31E-05 to 1.96E-05) 0.22

Medial lemniscus R −4.19E-05 (−8.55E-05 to 1.68E-06) 0.06

Medial lemniscus L −3.48E-05 (−7.87E-05 to 9.14E-06) 0.12

Inferior cerebellar peduncle R −4.21E-05 (−8.28E-05 to −1.50E-06) 0.04*

Inferior cerebellar peduncle L −3.99E-05 (−8.00E-05 to 2.16E-07) 0.05

Superior cerebellar peduncle R −4.50E-05 (−8.93E-05 to −7.55E-07) 0.046*

Superior cerebellar peduncle L −4.11E-05 (−8.09E-05 to −1.27E-06) 0.04*

Cerebral peduncle R −3.05E-05 (−7.07E-05 to 9.57E-06) 0.13

Cerebral peduncle L −2.15E-05 (−5.87E-05 to 1.57E-05) 0.25

Anterior limb of internal capsule R −2.79E-05 (−6.41E-05 to 8.28E-06) 0.13

Anterior limb of internal capsule L −4.19E-05 (−8.51E-05 to 1.28E-06) 0.06

Posterior limb of internal capsule R −3.17E-05 (−5.69E-05 to −6.42E-06) 0.01*

Posterior limb of internal capsule L −3.05E-05 (−5.89E-05 to −2.13E-06) 0.04*

Retrolenticular part of internal capsule R −5.05E-05 (−9.06E-05 to −1.04E-05) 0.01*

Retrolenticular part of internal capsule L −5.16E-05 (−9.26E-05 to −1.06E-05) 0.01*

Anterior corona radiata R −5.93E-05 (−1.24E-04 to 5.71E-06) 0.07

Anterior corona radiata L −3.68E-05 (−1.03E-04 to 2.89E-05) 0.27

Superior corona radiata R −4.76E-05 (−1.13E-04 to 1.75E-05) 0.15

Superior corona radiata L −6.38E-05 (−1.26E-04 to −1.80E-06) 0.04*

Posterior corona radiata R −5.85E-05 (−1.32E-04 to 1.54E-05) 0.12

Posterior corona radiata L −8.13E-05 (−1.58E-04 to −4.80E-06) 0.04*

Posterior thalamic radiation R −3.66E-05 (−8.78E-05 to 1.45E-05) 0.16

Posterior thalamic radiation L −6.28E-05 (−1.34E-04 to 7.97E-06) 0.08

Sagittal striatum R −4.52E-05 (−8.98E-05 to −7.45E-07) 0.046*

Sagittal striatum L −4.87E-05 (−9.52E-05 to −2.09E-06) 0.04*

External capsule R −3.69E-05 (−7.33E-05 to −4.79E-07) 0.047*

External capsule L −2.75E-05 (−6.12E-05 to 6.10E-06) 0.11

Cingulum (cingulate gyrus) R −2.71E-05 (−6.32E-05 to 8.95E-06) 0.14
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Tract Coefficient (95% Confidence Interval) p-value

Cingulum (cingulate gyrus) L −3.27E-05 (−7.20E-05 to 6.66E-06) 0.10

Cingulum (hippocampus) R −2.83E-05 (−6.74E-05 to 1.09E-05) 0.15

Cingulum (hippocampus) L −4.49E-05 (−9.52E-05 to 5.35E-06) 0.08

Fornix (cres) / Stria terminalis R −3.11E-05 (−7.13E-05 to 9.04E-06) 0.13

Fornix (cres) / Stria terminalis L −4.40E-05 (−9.45E-05 to 6.48E-06) 0.09

Superior longitudinal fasciculus R −3.25E-05 (−8.91E-05 to 2.41E-05) 0.26

Superior longitudinal fasciculus L −5.22E-05 (−1.06E-04 to 2.11E-06) 0.06

Superior fronto-occipital fasciculus R −5.86E-05 (−1.25E-04 to 8.28E-06) 0.09

Superior fronto-occipital fasciculus L −5.68E-05 (−1.28E-04 to 1.46E-05) 0.12

Uncinate fasciculus R −8.36E-05 (−1.73E-04 to 5.39E-06) 0.07

Uncinate fasciculus L −6.47E-05 (−1.79E-04 to 4.93E-05) 0.26

Tapetum R −8.24E-05 (−2.91E-04 to 1.27E-04) 0.44

Tapetum L −2.22E-04 (−4.91E-04 to 4.62E-05) 0.10

Note- Coefficients of regression, upper and lower bounds of a 95% confidence interval, and unadjusted p-values are provided for regressions 
performed in each white matter tract. Significant (<0.05) p-values are indicated by an asterisk (*). L = left. R = right.
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