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Abstract

Accelerated maturation of brain parenchyma close to term-equivalent age leads to

rapid changes in diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI)

metrics of neonatal brains, which can complicate the evaluation and interpretation of

these scans. In this study, we characterized the topography of age-related evolution

of diffusion metrics in neonatal brains. We included 565 neonates who had MRI

between 0 and 3 months of age, with no structural or signal abnormality—including

162 who had DTI scans. We analyzed the age-related changes of apparent diffusion

coefficient (ADC) values throughout brain and DTI metrics (fractional anisotropy

[FA] and mean diffusivity [MD]) along white matter (WM) tracts. Rate of change in

ADC, FA, and MD values across 5 mm cubic voxels was calculated. There was signifi-

cant reduction of ADC and MD values and increase of FA with increasing gestational

age (GA) throughout neonates' brain, with the highest temporal rates in subcortical

WM, corticospinal tract, cerebellar WM, and vermis. GA at birth had significant effect

on ADC values in convexity cortex and corpus callosum as well as FA/MD values in

corpus callosum, after correcting for GA at scan. We developed online interactive

atlases depicting age-specific normative values of ADC (ages 34–46 weeks), and
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FA/MD (35–41 weeks). Our results show a rapid decrease in diffusivity metrics of

cerebral/cerebellar WM and vermis in the first few weeks of neonatal age, likely

attributable to myelination. In addition, prematurity and low GA at birth may result in

lasting delay in corpus callosum myelination and cerebral cortex cellularity.
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1 | INTRODUCTION

Availability of dedicated pediatric coils, lack of radiation exposure, and

optimal parenchymal contrast resolution have led to growing utiliza-

tion of brain magnetic resonance imaging (MRI) in neonates (Oishi

et al., 2013). MR diffusion-weighted imaging (DWI) sequences are

specialized in the assessment of water molecule diffusibility, which is

impacted by tissue cellularity and myelination, allowing this modality

to identify pathological conditions such as cytotoxic edema (Cauley &

Filippi, 2014; Forkert et al., 2016; Mukherjee et al., 2002). DWI can

quantify water diffusion through generation of apparent diffusion

coefficient (ADC) maps (Barkovich et al., 2006; Rodrigues &

Grant, 2011). Nevertheless, assessment of neonatal brain injury

remains particularly challenging as ADC values change rapidly and at

varying rates in different regions of the brain during the first few

weeks after birth (Coats et al., 2009; Forbes et al., 2002; Zhai

et al., 2003). With an increasing number of preterm neonates surviv-

ing without any apparent neurodevelopmental and neurostructural

abnormality, there is a pressing knowledge gap in characterizing nor-

mal topographic and temporal variations of ADC values in neonatal

brains.

In addition, diffusion tensor imaging (DTI) can provide greater

insight into microstructural properties of brain white matter (WM) by

examining the three-dimensional magnitude and direction of water

diffusion. Alignment of water molecule along WM axons—as

assessed by DTI—is representative of mature myelination and intact

fiber tracks (Alexander et al., 2007; Jones & Leemans, 2011). As

changes in water diffusion are an early indicator of cellular injury,

DTI can also identify subtle injuries of WM (Malavolti et al., 2017;

Ward et al., 2006). Indeed, DTI metrics—such as fractional anisotropy

(FA) and mean diffusivity (MD)—can delineate both normal and

abnormal microstructural development in neonatal brains (Hüppi

et al., 1998; McGraw et al., 2002; Zhai et al., 2003). However, inter-

pretation of neonatal DTI scans is also challenging due to rapid tem-

poral changes of FA and MD values in the first few weeks after birth,

and limited number of studies describing the normative range in neo-

natal DTI metrics (Neil et al., 1998; Neil et al., 2002; Schneider

et al., 2004).

In current study, we characterized the topology of age-related

alterations in diffusion MRI metrics (ADC, FA, and MD) in neonatal

brains using a large cohort with no apparent neurological deficit or

imaging abnormality. We also determined the location-specific rate of

changes in ADC, FA, and MD values. Then, we generated and publicly

shared an age-adjusted normative atlas of diffusion MRI metrics in

neonatal brains (https://www.brain-diffusion-atlas.com).

2 | METHODS

2.1 | Subjects

In this retrospective study, the records of all neonates who had brain

MRI between January 2013 and March 2021 within 3 months of birth

at Yale New Haven Hospital were reviewed. At our institution, pre-

term neonates generally undergo brain MRI before discharge to

exclude any potential cerebral abnormality. We included neonates

who had (1) normal brain MRI based on clinical report and visually

confirmed by a neuroradiologist with over 10 years of experience;

(2) optimal quality DWI series without artifact; and (3) reliable history

to ascertain the gestational age (GA) at birth and scan time. For a sub-

set of neonates who could tolerate MRI and remained still during

scans, additional DTI scans were obtained as part of the clinical imag-

ing protocol. These neonates were included for analysis of FA and

MD metrics. We limited our analysis to the age range where imaging

data were available for ≥10 neonates per week GA at the time of

scan: 34–46 weeks for DWI and 35–41 weeks for DTI analysis. Our

study design was approved by the institutional review board.

2.2 | Image acquisition

MRIs were performed on a Siemens 3 T Skyra scanner. Axial DWIs

were obtained using a single-shot echoplanar imaging sequence:

TR = 6500 ms, TE = 90 ms, Flip angle = 90, field of view 22 � 22 cm,

slice thickness of 4 mm, matrix of 130 � 130, and b-values of 0, 500,

and 1000 s/mm2. Axial DTIs were obtained using a single-shot

echoplanar imaging sequence: TR = 10,200 ms, TE = 94 ms, Flip

angle = 90, field of view 18 � 18 cm, slice thickness of 2.5 mm,

matrix of 128 � 128, including a single b-0 and 30 noncolinear direc-

tion b-1000 s/mm2 acquisitions.

2.3 | Image preprocessing

We used the FDT toolbox in FSL for processing of DTI scans and to

generate FA and MD maps (Payabvash et al., 2019; Payabvash
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et al., 2019a, 2019b). The FLIRT function in the FSL software was

then used to co-register DWI scans (and associated ADC maps) to a

pediatric brain template generated from MRI scans of patients

between 0 and 2 years of age (http://nist.mni.mcgill.ca/infant-atlases-

0-4-5-years/) (Fonov et al., 2011; Payabvash et al., 2019; Payabvash

et al., 2019a, 2019b). FA (and corresponding MD) maps were co-

registered to the pediatric brain template by first co-registering these

scans to the corresponding subject's DWI scan and then using the co-

registration matrices from the DWI co-registration process to bring

the FA and MD maps to the same space as the pediatric brain tem-

plate. All co-registered scans were again visually inspected for quality

control.

2.4 | Voxel-wise general linear model analysis

We used the “randomize” tool in FSL for voxel-wise general linear

model (GLM) analysis of age-related changes in ADC, FA, and MD

values (Payabvash et al., 2019; Payabvash et al., 2019a, 2019b). We

applied 5000 permutations and threshold-free cluster enhancement

while correcting for multiple comparisons. A color-coded map of

p values was generated, windowed for p values between 0 and .05,

and overlaid onto the pediatric brain template (Fonov et al., 2011).

Additional analyses were conducted to analyze the correlation

between GA at birth and diffusion metrics, after correcting for GA at

time of scan as a covariate.

2.5 | Voxel-wise tract-based spatial statistics

We used the TBSS toolbox in FSL to conduct voxel-wise statistical

analysis of FA and MD values along the WM tracts (Smith

et al., 2006). Using TBSS, the most representative FA map of the DTI

subset was identified by co-registering each FA map to all other FA

maps. This target image was then co-registered to the pediatric brain

template and the rest of the FA maps were co-registered to the pedi-

atric brain template by combining the registration to the target and

the registration from the target to the standardized MNI-152 brain

space (Payabvash et al., 2019; Payabvash et al., 2019a, 2019b). These

newly aligned FA maps were averaged to generate a skeletonized

WM tract across all neonates followed by application of a threshold

value of 0.1. The aligned FA maps and skeletonized WM tracts were

then co-registered to the pediatric brain template prior to further

analysis (Fonov et al., 2011). Then, we applied “randomize” with 5000

permutations and threshold-free cluster enhancement for voxel-wise

GLM analysis of FA, and MD values across WM tracts.

2.6 | Tract-specific analysis of DTI metrics

Using merged images from the TBSS operation and a Johns Hopkins

University atlas that was co-registered to the pediatric brain template,

the means of non-zero FA and MD values in each of 48 WM tract

regions were calculated for each subject (Fonov et al., 2011;

Payabvash et al., 2019a). We then applied multiple linear regressions

to analyze the impact of both GA at scan and GA at birth on mean FA

and MD values in each of these 48 WM tracts.

2.7 | Mapping the rate of age-related alterations in
diffusion metrics

A series of isotropic 5 � 5 � 5 mm voxels were generated in the

pediatric brain template space after eroding a 2-mm edge off from a

mask generated from the pediatric brain template using a spherical

kernel, resulting in 5539 cubic regions of interests (ROIs) (Fonov

et al., 2011). These ROIs were then reverse co-registered to native

DWI and DTI spaces of each subject using the reverse co-

registration matrices from the aforementioned co-registration pro-

cesses. For reverse co-registering the ROIs to the DTI masks using

two reverse-co-registration matrices, a threshold value of 0.5 was

applied before binarizing the final ROIs to prevent overlap of multi-

ple ROIs in a given voxel in the native space of each subject. We also

applied each subject's DWI scan as a mask to exclude any potential

CSF space. Next, we calculated the average of non-zero ADC, FA,

and MD values in each ROI for every neonate. Applying linear

regression, we calculated the slope of age-related changes in the

average ADC, FA, and MD values for each ROI across all subjects.

The slope of age-related decline in ADC and MD and increase in FA

was then mapped to the pediatric brain template and then smoothed

by mean filtering with a Gaussian kernel of 3 mm (Fonov

et al., 2011).

2.8 | Normative map of neonatal brain diffusion
metrics per gestational age

Subjects were grouped according to GA at scan week with those aged

between two gestational weeks assigned to the lower week—for

example, neonates born between 35 weeks and 0 days to 35 weeks

and 6 days were grouped in a cohort denoted as 35 weeks of GA. For

each ROI, the average and standard deviation of the ADC, FA, and

MD values were calculated across all neonates belonging to each GA

cohort. These values were then used to generate an online age-

adjusted normative map of diffusion MRI metrics (https://www.brain-

diffusion-atlas.com). Values of selected metrics are visualized by cre-

ating a vertical scatter plot by “gestational age at scan in weeks,” with

error bars reflecting the standard deviation.

2.9 | Statistics

The data are expressed as mean ± standard deviation, median (inter-

quartile [IQR]), or frequency (percentage) as appropriate. The “stats”
package in R was used for linear regression analysis and for the gener-

ation of age-adjusted normative maps.
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3 | RESULTS

3.1 | Neonates' characteristics

We identified 1775 unique neonates who had MRI with DWI

sequence within 3 months of birth. Of these, 565 neonates met our

inclusion criteria for DWI and 162 for DTI analysis (Figure 1). Table 1

summarizes the demographic characteristics of neonates included in

DWI/ADC and DTI analyses. Figure 2 displays the histogram distribu-

tions of GA at scan for subjects in the DWI/ADC and DTI cohorts.

3.2 | Age-related changes in cerebral ADC and
WM tract DTI metrics

On voxel-wise GLM analysis of ADC values, there was pervasive sig-

nificant reduction in ADC with increasing GA at the time of scan

(Figure S1A). In TBSS analysis of DTI metrics, there was significant

age-related increase in FA (Figure 3a) and decrease in MD (Figure 3b)

of bilateral superior longitudinal fasciculus, corpus callosum,

corticospinal tracts (from corona radiata, through internal capsule, and

into the brainstem), and external capsule.

3.3 | Topographic rate of age-related changes in
neonatal brain diffusion metrics

Figure 4 displays the rates of decline in ADC and MD, and rise in FA

values with increasing GA at scan time in neonatal brain. Rates of

decline in ADC values ranged from �0.028 � 10�6 mm2/s to

�59.64 � 10�6 mm2/s per week, with the highest rates of decline

with increasing GA in the frontal/parietal/occipital subcortical WM,

centrum semiovale, cerebellar WM and vermis (Figure 4a). Rates of

increase in FA values ranged from 0.0001 � 10�2 to 1.8 � 10�2 per

week, with the highest rates of increase with increasing GA at scan

time in the subcortical WM, and corticospinal tract (Figure 4b). Rates

of decline in MD values ranged from �0.01 � 10�4 mm2/s to

�0.95 � 10�4 mm2/s per week, with the highest rates of decline with

increasing GA at scan time in the juxtacortical WM of frontal/parietal

lobes as well as cerebellar WM and vermis (Figure 4c).

3.4 | The effects of GA at birth on diffusion
metrics at the time of scan

Figure S1B displays the results of voxel-wise GLM analysis, evaluating

the effects of GA at birth on ADC values after correcting for age at

scan time. Higher GA at birth (more mature neonate) is associated

F IGURE 1 Neonate inclusion flowchart for (a) apparent diffusion coefficient (ADC) and (b) diffusion tensor imaging (DTI) metrics analysis

TABLE 1 Neonate characteristics

Characteristics

DWI/ADC

cohort (n = 565)

DTI cohort

(n = 162)a

Week gestational age at

scan (mean ± SD)

39.68 ± 2.79 38.53 ± 1.94

Week gestational age at

birth (mean ± SD)

34.50 ± 5.52 32.52 ± 5.71

1 min APGAR score (median

[IQR])

7 (4–9) 6 (4–8)

5 min APGAR score (median

[IQR])

9 (7–9) 8 (7–9)

Percentage of males 52.4% 60.4%

Note: All 162 subjects were used for all other DTI cohort analyses.

Abbreviations: ADC, apparent diffusion coefficient; DWI, diffusion-

weighted imaging; DTI, diffusion tensor imaging.
aThree subjects were excluded prior to tract based spatial statistics (TBSS)

analysis due to TBSS co-registration failure.
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with lower ADC in the corpus callosum as well as the convexity cortex

after correcting for GA at scan time as a covariate. Figure 5 depicts

the results of TBSS analysis, evaluating the effects of GA at birth on

DTI metrics of WM tracts after correcting for age at scan time. Higher

GA at birth (more mature neonate) is associated with higher FA

(Figure 5a) and lower MD (Figure 5b) values in the corpus callosum

and to lesser extent in the corticospinal tract after correcting for GA

at scan time as a covariate. Tract-specific analysis confirmed the

results of voxel-wise analysis for independent effects of GA at birth

on FA and MD values in the corpus callosum, posterior thalamic radia-

tion, cingulate gyrus, and superior longitudinal fasciculus (Tables S1

and S2).

3.5 | An online interactive atlas of age-specific
diffusion metrics for the neonatal brain

We calculated the mean ± SD of ADC, FA, and MD values for each

5 mm cubic isotropic voxel in neonates' brains belonging to the same

week of GA at scan time. Figure 6 shows a sample image of the online

interactive atlas (https://www.brain-diffusion-atlas.com). Users can

choose a diffusion MRI metric (ADC, FA or MD), scroll through the

representative ADC map, and view a plot displaying the age-specific

diffusion metrics by clicking on each voxel. By hovering the mouse

cursor over specific plot points, users can view the mean ± SD of the

diffusion metric for a specific GA at scan time as well as the sample

size of neonates contributing to the calculations in that particular GA

cohort. Plots can also be re-sized by dragging a box over a particular

region of the plot and reset to original size.

4 | DISCUSSION

In this study, we found widespread decline in brain ADC values with

increasing age of neonates at the time of scan, which is mostly related

to maturation/myelination of WM tracts as DTI analysis shows that

the highest rates of age-related decline in ADC topographically corre-

spond to areas of the fastest FA increase and MD decrease. When

F IGURE 2 Histogram displaying gestational age at scan distribution for (a) diffusion-weighted imaging (DWI) cohort and (b) diffusion tensor
imaging (DTI) cohort

F IGURE 3 Tract-based spatial statistics (TBSS) and general linear model (GLM) analysis of (a) significant increase in fractional anisotropy
(FA) and (b) decline in mean diffusivity (MD) in white matter tracts, when assessing the influence of increasing gestational age (GA) at the time of
scan. Green areas display the estimated white matter tract FA skeleton; red areas depict sites where high GA at scan had a significant impact on
FA or MD values (p < .05).
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analyzing the impact of GA at birth on diffusion metrics at the time of

scan, we found that higher GA (more mature neonates) tends to be

associated with lower ADC in the convexity cortex and the corpus cal-

losum (after correction for GA at scan time). Similarly, we found higher

FA and lower MD values in the corpus callosum of more mature neo-

nates at birth after correction for the GA at the time of scan. These

findings localize brain regions where lower GA at birth may lead to

enduring delay in maturation of WM tracts and perhaps cortex cellu-

larity. On the other hand, diffusion metrics in those areas of the brain

not significantly impacted by the GA at birth (Figure S1B and

Figure 5) are predominantly determined by the GA at the time of scan.

Thus, a normative atlas of age-specific diffusion metrics would be

most generalizable in these regions (regardless of the neonatal age at

birth) and can help identify subtle metabolic/toxic brain injuries in

neonates.

Our study elucidates the potential neurobiology of age-related

changes in diffusion metrics of the brain in the earliest weeks of neo-

natal growth by determining the temporal rate of changes in diffusion

MRI metrics in neonatal brains. Previous studies support our results

reporting an increase in FA and decrease in diffusivity (ADC and MD)

with increasing GA (McGraw et al., 2002; Neil et al., 2002; Oishi

et al., 2013). Notably, these changes in DTI metrics have been linked

F IGURE 5 Tract-based spatial statistics (TBSS) and general linear model (GLM) analysis showing areas of (a) higher fractional anisotropy
(FA) and (b) lower mean diffusivity (MD) values with increasing gestational age (GA) at birth independent of gestational age at the time of scan.
Green areas display the estimated white matter tract FA skeleton; red areas depict sites where increasing GA at birth had a significant impact on
FA or MD values (p < .05).

F IGURE 4 Topology of age-related decline in apparent diffusion coefficient (ADC) and mean diffusivity (MD) values and increase in fractional
anisotropy (FA). Color bars display the slope values derived from linear regression analysis between gestational age (GA) at the scan time and
diffusion metrics at each 5 mm isotropic voxel. (a) The rate of decline in ADC values with increasing GA at scan. Values are negated, with higher
intensities representing faster rates of decline. Color bar values are expressed in �10�6 mm2/s; (b) the rate of increase in FA values with
increasing gestational age at the time of scan. Higher intensities represent faster rates of increase; (c) the rate of decline in MD values with
increasing gestational age at the time of scan. Values are negated, with higher intensities representing faster rates of decline. Color bar values are
expressed in mm2/s.
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to the myelination of WM and increased cellularity of gray matter,

both of which contribute to reduction in water content of the neona-

tal brain tissue (Forkert et al., 2016; Hüppi et al., 1998; Mukherjee

et al., 2002; Schneider et al., 2004). Thus, we proposed that the higher

temporal rate of age-related decrease in ADC values along the WM

tract is primarily due to myelination, whereas the lower temporal rate

of age-related decrease in ADC within the cortex and basal ganglia is

due to increase in cellularity.

In addition, we showed that the GA at birth predominantly affects

the ADC values in the convexity cortex as well as the corpus callosum

and to lesser extent the superior longitudinal fascicules after correc-

tion for GA at scan time as a covariate. The association of higher GA

at birth with lower ADC/MD and higher FA in the corpus callosum

and select WM tracts are suggestive of a region-specific vulnerability

of myelination and microstructural development to preterm delivery.

Such areas may be more vulnerable to developmental delay by prema-

turity (Figure 5 and Figure S1B), whereas the rest of WM may

develop/myelinate (normally) despite prematurity (Dudink

et al., 2007; Rose et al., 2014). These findings can also denote brain

regions where our age-specific normative atlas for diffusion metrics is

generalizable regardless of neonate's age at birth.

Multiple studies have reported an added value from quantitative

analysis of ADC maps for detecting neonatal hypoxic ischemic

encephalopathy (HIE) when compared to visual qualitative assessment

(Cauley & Filippi, 2014; Wolf et al., 2001). Quantitative assessment of

ADC values in neonatal brain is, however, challenging due to rapid

decline with increasing GA, which varies in different cerebral regions

(Forbes et al., 2002; Neil et al., 1998; Zhai et al., 2003). For example,

while prior reports agree that changes in ADC values in posterior limb

of the internal capsule can identify and predict outcomes in neonatal

HIE, they differ in the topology of other cerebral regions implicated in

HIE injury (Coats et al., 2009; Liauw et al., 2009; Wolf et al., 2001).

These discrepancies and lack of standardized ADC values across the

neonatal brain reflect the gap for a normative age-adjusted atlas. Prior

attempts for generation of such atlas were limited by low sample

sizes, focus on too narrow of an age window, or lack of organized age

F IGURE 6 An online normative atlas of age-specific diffusion metrics in neonatal brains (https://www.brain-diffusion-atlas.com). The users

can scroll through a representative apparent diffusion coefficient (ADC) scan and click on any location (5 mm isotropic voxel) to generate a plot
displaying the mean ± standard deviation of ADC (currently selected), fractional anisotropy (FA) or mean diffusivity (MD) values for different
gestational age at the time of scan, in the selected voxel (red square). Hovering over a plot point will depict additional information about the
sample size of neonates that contributed to the measurement at that particular week of gestational age.
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group stratification (Feng et al., 2019; Geng et al., 2012). Our atlas

addresses these concerns and is strengthened by using a large number

of radiologically normative neonates (n = 565) across a wider range of

GAs (not just term equivalent) and by grouping subjects by GA at scan

week. In addition, we utilized a dedicated pediatric brain template for

co-registration and voxel wise analysis. Our online atlas can help radi-

ologists with quantitative assessment of ADC maps and detection of

visually subtle forms of parenchymal injury.

Several prior studies also described the utility of DTI metrics in

identifying WM injuries—including HIE—in neonates (Malavolti

et al., 2017; Malik et al., 2006; Tusor et al., 2012). However, as with

ADC maps, the age-related and region-specific differences in DTI

metrics can complicate the identification of WM injury on DTI scans

(Brissaud et al., 2010; Lemmon et al., 2017). There is also relatively

scarce prior reports on normative DTI metric values in neonatal brains.

Our FA and MD maps seek to fill these gaps and provide age-specific

normative reference values to facilitate the application of DTI scans

for identification of WM injuries or developmental abnormalities in

neonates. We provide additional novelty over previous studies by

characterizing the topographic temporal rate of diffusion metrics evo-

lution in neonates' brains.

Our study is limited by a retrospective and single center design.

In addition, the sample size in the DTI subset is smaller compared to

the DWI/ADC cohort. Generalizability of ADC values is also restricted

based on scanner magnet power and acquisition technique. However,

prior studies suggest that applying similar scan parameters can mini-

mize such variability (Belli et al., 2016; Huo et al., 2016). Similarly, DTI

metrics can be affected by acquisition protocol as well as computation

method in generation of final metrics map. Additionally, we acknowl-

edge that the slice thickness used in the acquisition of DWI and DTI

scans is relatively large given the small size of a neonatal brain. Thin-

ner slices and smaller voxel size can improve the resolution of final

images and quantitative maps.

Through analysis of DWI (n = 565) and DTI (n = 162) scans in

radiologically normal neonates, we mapped the age-related changes

of diffusion MRI metrics and developed interactive atlases depicting

the normative ranges for different GAs at scan time. The age-related

evolution of ADC values and DTI metrics were most pronounced in

WM tracts, likely representing fast myelination in these areas. Nota-

bly, diffusion metrics in the cortex and corpus callosum are affected

by the GA at birth, which may reflect lasting delay in maturation/

myelination of these regions due to preterm birth. Considering these

limitations, we publicly share age-adjusted diffusion atlases to facili-

tate the quantitative assessment of DWI and DTI scans for detec-

tion of developmental abnormalities or parenchymal injuries in

neonates.
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