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ABSTRACT

BACKGROUND AND PURPOSE: The purpose of the study is to characterize diffusion tensor imaging indices in the developing spinal cord,
evaluating differences based on age and cord region. Describing the progression of DTI indices in the pediatric cord increases our
understanding of spinal cord development.

MATERIALS AND METHODS: A retrospective analysis was performed on DTI acquired in 121 pediatric patients (mean, 8.6 years; range,
0.3–18.0 years) at Monroe Carell Jr. Children’s Hospital at Vanderbilt from 2017 to 2018. Diffusion-weighted images (15 directions; b � 750
s/mm2; slice thickness, 5 mm; in-plane resolution, 1.0 � 1.0 mm2) were acquired on a 3T scanner in the cervicothoracic and/or thoraco-
lumbar cord. Manual whole-cord segmentation was performed. Images were masked and further segmented into cervical, upper thoracic,
thoracolumbar, and conus regions. Analyses of covariance were performed for each DTI-derived index to investigate how age affects
diffusion across cord regions, and 95% confidence intervals were calculated across age for each derived index and region. Post hoc testing
was performed to analyze regional differences.

RESULTS: Analyses of covariance revealed significant correlations of age with axial diffusivity, mean diffusivity, and fractional anisotropy
(all, P � .001). There were also significant differences among cord regions for axial diffusivity, radial diffusivity, mean diffusivity, and
fractional anisotropy (all, P � .001).

CONCLUSIONS: This research demonstrates that diffusion evolves in the pediatric spinal cord during development, dependent on both
cord region and the diffusion index of interest. Future research could investigate how diffusion may be affected by common pediatric
spinal pathologies.

ABBREVIATIONS: AD � axial diffusivity; ANCOVA � analyses of covariance; DTI � diffusion tensor imaging; EPI � echo planar imaging; FA � fractional anisotropy;
FOV � field-of-view; GM � gray matter; MD � mean diffusivity; PMM � population marginal means; RD � radial diffusivity; SNR � signal to noise ratio; WM � white
matter

Clinical MR imaging of the pediatric spinal cord lacks sensitiv-

ity to tissue microstructural abnormalities; however, DTI

provides unique information about tissue microstructure and po-

tentially biomarkers for spinal cord pathology through DTI-de-

rived indices of axial diffusivity (AD), radial diffusivity (RD),

mean diffusivity (MD), and fractional anisotropy (FA).1-3 DTI is

relatively well-studied in the brain, including for developmental

effects and regional differences,4 DTI has aided in the identifica-

tion and characterization of microstructural discrepancies, which

can result from several pathologic mechanisms.5

Spinal cord DTI presents additional challenges compared with

brain DTI: 1) the small size of the cord; 2) lower SNR; 3) cardiac,

respiratory, and patient motion; and 4) dynamic vascular and CSF

flow,6 all of which are further exacerbated in the pediatric spinal cord.

Consequently, spinal cord DTI has been clinically underused, and

developmental changes are poorly understood. However, improve-

ments in the optimization of spinal cord DTI offer increased signal to

noise, reduced artifacts, and reliability.3,7,8 Before pediatric spinal

cord DTI can reach its clinical potential, normal ranges of diffusion

indices must be established, including the variation in derived indices

across development and cord regions.9
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Previous studies in pediatric patients have shown age- and

region-related DTI differences and report positive correlations

between age and FA,10-12 negative correlations between age and

AD,11 RD,11 and MD,10-12 and several regional differences.11,12

However, these studies used relatively small sample sizes (n �

22– 41)10-12 over an incomplete pediatric age range (6 –16

years)11,12 and/or used suboptimal DTI sequence parameters.10

Our aim was to leverage improved, clinically focused DTI ac-

quisitions in a large clinical sample to characterize the range of

normal DTI indices over all pediatric ages and measure variation

across age and cord regions in DTI-derived indices. We hypothe-

sized that DTI-derived indices would correlate with age, and the

effect of age on DTI indices would differ among spinal cord

regions.

MATERIALS AND METHODS
Participants
DTI data were retrospectively collected from 247 pediatric pa-

tients (mean age, 7.9 years; range, 0.3–18.0 years) at Monroe

Carell Jr. Children’s Hospital at Vanderbilt from 2017 to 2018. All

studies were performed under local institutional review board

approval (AAA_171784). Only patients with a normal spinal cord

(absence of signal abnormalities or pathology in T1- and T2-

weighted spinal cord images reviewed by a licensed pediatric neu-

roradiologist) were evaluated and analyzed (n � 121; mean age,

8.6 years; range, 0.3–18.0 years). The indications for the clinical

MRIs ranged from back pain to excluding intraspinal pathology.

Data Acquisition
Imaging was performed using a 3T whole-body MR imaging scan-

ner (Achieva; Philips Healthcare, Best, the Netherlands). A

quadrature body coil was used for excitation, and a 16-channel

sensitivity encoding neurovascular coil and a 15-channel spine

array were used for reception for cervicothoracic and thoraco-

lumbar volumes, respectively. DTI datasets and clinical sequences

(sagittal and axial T1- and T2-weighted) were acquired in either

the cervicothoracic or thoracolumbar regions or both.

Each DTI acquisition used a reduced-FOV13 spin-echo with a

single-shot EPI readout in the axial plane.14 Scans were acquired

with 15 uniformly sampled directions (b � 750 s/mm2) and a

minimally weighted image (b � 0 s/mm2) and were cardiac-gated.

Additional parameters were the following: anteroposterior phase

encoding direction; sensitivity encoding � 1.5; flip angle � 90°;

TR � 5 beats (�5 seconds); TE � 50 ms; in-plane resolution �

1 � 1 mm2; slice thickness � 5 mm; 14 slices; FOV � 64 � 48 mm;

diffusion gradient times of � � 24.4 ms and � � 12.8 ms; and total

scan time � �4 minutes and 30 seconds.7

Data Processing
The diffusion tensor was estimated with the Camino toolbox

(www.camino.org.uk) using a nonlinear fit.15 AD, RD, MD, and

FA maps were calculated from the eigenvalues of the diffusion

tensor. Manual segmentation of whole-cord ROIs was performed

on the b�0 images to maximize cord-containing voxels while

minimizing visual partial volume effects of CSF, and ROIs were

drawn on AD, RD, MD, and FA maps. Furthermore, for each ROI

drawn, we examined the median value to exclude outliers due to

CSF. Images with extensive motion artifacts were not analyzed;

however, in many of our younger patients, individuals were

scanned under anesthesia, which minimized gross motion. To

identify outlier voxels, we calculated the 99.5% value for each

DTI-derived index across all voxels and all patients; voxels in each

DTI-derived map greater than the 99.5% value were removed

(AD99.5 � 4.432, RD99.5 � 1.200, MD99.5 � 2.181, FA99.5 �

0.999).

For each image set, the vertebral locations of the most rostral

and caudal cord-containing slices were identified and assigned.

Image slices were labeled as cervical if between vertebral levels C1

and C7, upper thoracic if between T1 and T6, and as thoracolum-

bar if at T7 or lower. The last 4 cord-containing slices (20 mm) of

thoracolumbar images identified as the conus were removed from

the thoracolumbar set. A single mean value was calculated across

all slices for each region in which a patient had data, resulting in 72

cervical, 33 upper thoracic, 100 thoracolumbar, and 107 conus

segments of the spinal cord. Figure 1A presents an 8-year-old

patient’s sagittal T2-weighted image and the corresponding loca-

tion of diffusion imaging. However, the exact location of imaging

volumes varied from patient to patient. Figure 1B shows sample

DTI-derived indices for each cord region from the same 8-year-

old patient.

Statistical Analysis
Statistical analyses were performed in Matlab (MathWorks,

Natick, Massachusetts). ANCOVA was performed for each DTI-

derived index using Matlab’s Analysis of Covariance Tool, aoc-

tool. Patient age served as the predictor variable; spinal cord re-

gion, as the categoric variable; and DTI index, as the dependent

variable. Separate regression lines were modeled for each cord

region. Eta squared (�2) and partial �2 were calculated as mea-

sures of effect size.16 As a model for the “normal” range of diffu-

sion values, pointwise 95% confidence bands were calculated for

each cord region and DTI index. Post hoc comparisons among

slope, intercept, and population means were performed with

Matlab’s multcompare function. The Scheffé procedure was used

for multiple-comparison correction.17 Statistical significance was

identified at P � .05.

RESULTS
Analyses of Covariance
AD ANCOVA significantly correlated with age (F � 44.26, P �

.0001) and showed significant differences among cord regions

(F � 8.72, P � .0001). There was no significant interaction be-

tween the age and region (F � 1.36, P � .26). Effect size measures,

�
2 and partial eta squared (�p

2) indicated that age accounted for

11.69%–12.71% of the variance in AD (�2 � 0.1169, �p
2 �

0.1271), whereas region accounted for 6.92%–7.93% of the vari-

ance (�2 � 0.0692, �p
2 � 0.0793). Figure 2A, -D shows trends for

AD and age across the cervical, upper thoracic, thoracolumbar,

and conus regions of the spinal cord.

RD ANCOVA revealed no correlation with age (F � 2.24,

P � .14) but showed significant differences among cord regions

(F � 5.43, P � .001). There was no significant interaction between

age and region (F � 0.94, P � .42). Effect size measures indicated

that region accounted for 5.01%–5.08% of the variance in RD
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values (�2 � 0.0501, �p
2 � 0.0508). Figure 2E–H shows trends for

RD and age across cord regions.

MD ANCOVA significantly correlated with age (F � 16.20,

P � .001) and showed significant differences among cord regions

(F � 6.93, P � 0.001). There was no significant interaction be-

tween age and region (F � 1.44, P � .23). Effect size measures

indicated that age accounted for 4.69%–5.06% of the variance in

MD values (�2 � 0.0469, �p
2 � 0.0506), whereas region accounted

for 6.02%– 6.40% of the variance (�2 � 0.0602, �p
2 � 0.0640).

Figure 2I–L shows trends for MD and age across cord regions.

FA ANCOVA significantly correlated with age (F � 96.11,

P � .001) and showed significant differences among cord regions

(F � 6.55, P � 0.001). There was no significant interaction be-

tween age and region (F � 1.94, P � .12). Effect size measures

indicated that age accounted for 22.58%–24.02% of the variance

in MD values (�
2 � 0.2258, �p

2 � 0.2402), whereas region ac-

counted for 4.62%– 6.07% of the variance (�2 � 0.0462, �p
2 �

0.0607). Figure 2M–P shows trends for FA and age across cord

regions.

ANCOVA summary statistics and �
2 and �p

2 are presented in

the Table.

Post Hoc Comparisons
AD, RD, MD, and FA post hoc testing revealed no significant

differences in age-related slope or intercept for cord regions; how-

ever, it did show significant differences in population marginal

means for region comparisons.

DISCUSSION
The purpose of the study was to characterize DTI-derived indices

across the pediatric spinal cord, evaluating differences in age and

cord region, and to expand our understanding of diffusion trends

in the normal pediatric cord, potentially benchmarking the clin-

ical utility of DTI. Herein, clinically acquired diffusion MR imag-

ing from 121 patients across the pediatric age spectrum was stud-

ied. ANCOVA analyses showed evidence of increasing axial

diffusivity, mean diffusivity, and fractional anisotropy in the spi-

nal cord during maturation, with 95% confidence bands identi-

fying the normal variations across each region and age. Post hoc

analyses demonstrated that trends were present throughout the

spinal cord, yet average diffusion indices differed among cord

regions, with higher diffusivities (AD, RD, and MD) in rostral

compared with caudal regions and lower FA in the thoracolumbar

cord.

In the brain, the trajectory of DTI indices of white matter

during maturation are well-described and characterized by in-

creasing FA and decreasing diffusivities (AD, RD, and MD),

with higher order cognitive regions developing later than lower

order sensorimotor regions.18-22 AD exhibits a generally

weaker developmental trend and high variability across regions,

with AD decreasing with age in cortical white matter,19,20 exhib-

iting no change in the corticospinal tract19 and increasing in the

pons.20 While our observed age-related trends of increasing AD,

MD, and FA do not match developmental trends in brain white

FIG 1. Diffusion images and metrics. A, Patient’s sagittal T2-weighted image with overlay shows where 2 different diffusion imaging volumes (A1
and A2) were acquired and to which region they were assigned. B, Sample DTI-derived maps for each region for the same patients as in A. B0
indicates minimally weighted diffusion image; CV, cervical; UT, upper thoracic; TL, thoracolumbar; CN, conus. Scale bars show the range of
visualized values for each metric.
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matter (WM), the spinal cord contains both WM and gray matter

(GM), which may exhibit different trends. In the brain, the

GM/WM ratio decreases during development.23,24 While brain

growth progresses rapidly from birth until early childhood,19,25

development in childhood and beyond occurs primarily through

increasing WM volume and decreasing GM volume.23,24 If the

spinal cord is myelinated early in infancy, then a decreasing

GM/WM ratio could be responsible for increased AD. Although

the lack of a significant decrease in RD suggests that a decreasing

GM/WM ratio may not be the sole process responsible for our

findings, it is also likely that the proportion of larger sized axons

(compared with smaller axons) within a voxel increases with the

growth of the child and contributes positively to the increasing

AD in the spinal cord with age. Last, it is well-understood that FA

and AD can be biased upward due to low SNR, and the acquisi-

tions we used were optimized for improved speed and concomi-

tantly SNR compared with conventionally acquired DTI of the

brain.

Previous pediatric studies comparing DTI-derived indices

across age and cord regions have shown positive correlations be-

tween age and FA,10-12 agreeing with our findings. However,

some have reported negative correlations between age and AD,11

RD,11 and MD,10-12 disagreeing with our findings. However, pre-

vious studies used the following: 1) a narrower age range for sub-

jects (6 –16 years)11,12; 2) smaller sample sizes (n � 22– 41)10-12;

3) a non-cardiac-gated DTI acquisition,10-12 which reduces ro-

bustness26; and/or 4) manually defined ROIs.10-12 These differ-

ences may account for the discrepancies between our results and

previous literature.

We hypothesize that some of the regional (across spinal lev-

els) differences in DTI indices could be partly related to an

increasing GM/WM ratio of the caudal cord compared with the

rostral levels. We also posit that the myelination within the

spinal cord is possibly more mature and uniform at birth in a

full-term neonate compared with the brain and less of a factor

in regional differences.

To our knowledge, this study investigates the largest dataset of

pediatric spinal cord DTI to evaluate variations across age and

FIG 2. Average regional DTI indices as a function of age. Age-related trends are shown across pediatric development for each spinal cord region
and diffusion-derived index. Circles show mean DTI-derived index values for individual patients, solid lines indicate the age-related trend, and
dashed lines indicate the 95% confidence interval.
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cord region and represents the most comprehensive coverage

of the pediatric age range to date. Also, we further demonstrate

the feasibility of acquiring clinical DTI of the pediatric spinal

cord with sufficient quality to identify biologically relevant

effects. With a greater understanding of the normal variation

in pediatric patients, we can leverage these findings to study

pathologic processes and increase the clinical use of spinal cord

DTI in pediatrics. Damage to spinal cord microstructure in

trauma, infection, or congenital spinal dysraphism may result

in abnormal DTI-derived indices.27-29 Individual pathologies

may exhibit distinctive patterns of diffusion changes that could

aid in clinical decision-making in combination with clinical

signs and symptoms.

There are limitations that should be considered in light of our

results. First, the DTIs in this study were collected from pediatric

patients who were being evaluated for potential spinal pathology.

A licensed pediatric neuroradiologist reviewed T1- and T2-

weighted images for each patient to identify patients with a nor-

mal-appearing spinal cord, but it is possible that pathology was

not detected by conventional imaging in some patients. Second,

DTI indices were obtained within a whole-cord ROI, including

both GM and WM. With the GM/WM ratio varying across age

and cord regions,30,31 the change in the GM/WM ratio could con-

tribute to the effects seen. Third, DTI of the pediatric spinal cord

is a low-SNR acquisition (small imaging region, motion arti-

fact, and CSF flow), and a low SNR results in bias toward

higher FA values but not diffusivities.32 The conus is the small-

est volume of cord tissue in this analysis, and with the de-

creased cord size, fewer voxels are contained in the ROIs

placed. While this region did demonstrate similar trends of

age-related changes in the DTI indices, further studies with

improved DTI protocols need to be evaluated in a larger

sample size. Last, manually selected whole-cord masks are

standard practice in spinal cord DTI analysis10-12 due to the

limited resolution of clinically feasible acquisitions, yet they

can introduce subjectivity into the analysis and may reduce

reproducibility.33

Progress is being made on the development of objective and

automated segmentation of the spinal cord, including differenti-

ation between GM and WM.34 Future work will be focused on

confirming these results in age-matched controls. We are cur-

rently in the process of differentiating the DTI indices across both

GM and WM throughout the spinal cord using high-resolution

sequences with increased SNR, such as multiecho fast-field gradi-

ent echo, a Philips proprietary sequence, which will be coregis-

tered with the DTI acquisition.

CONCLUSIONS
We demonstrate that microstructure-sensitive DTI-derived indi-

ces evolve in the pediatric spinal cord during development and

depend on both the DTI index of interest and cord region. Future

research will investigate whether GM and WM follow these trends

exclusively and whether DTI in the pediatric spinal cord could

serve as a clinical biomarker for spinal pathologies.

ANCOVA and eta statistics
ANCOVA/Factor Sum Squared df Mean Squared F P Value �2 Partial �2

Axial diffusivity
Main effects

Age 3.045 1 3.045 44.26 �.001 0.1169 0.1271
Region 1.801 3 0.600 8.72 �.001 0.0692 0.0793

Interaction
Age � region 0.280 3 0.093 1.36 .26 0.0108 0.0132

Model error 20.917 304 0.069 0.8032
Model totals 26.044

Radial diffusivity
Main effects

Age 0.014 1 0.014 2.24 .14 0.0069 0.0073
Region 0.101 3 0.034 5.43 .001 0.0501 0.0508

Interaction
Age � region 0.018 3 0.006 0.94 .42 0.0087 0.0092

Model error 1.890 304 0.006 0.9344
Model totals 2.023

Mean diffusivity
Main effects

Age 0.270 1 0.270 16.20 �.001 0.0469 0.0506
Region 0.346 3 0.115 6.93 �.001 0.0602 0.0640

Interaction
Age � region 0.072 3 0.024 1.44 .23 0.0125 0.0140

Model error 5.061 304 0.017 0.8804
Model totals 5.749

Fractional anisotropy
Main effects

Age 0.563 1 0.563 96.11 �.001 0.2258 0.2402
Region 0.115 3 0.038 6.55 �.001 0.0462 0.0607

Interaction
Age � region 0.034 3 0.011 1.94 .12 0.0136 0.0187

Model error 1.781 304 0.006 0.7143
Model totals 2.493
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