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Neonatal brain microstructure correlates of
neurodevelopment and gait in preterm children 18-22 mo of

age: an MRI and DTl study

Jessica Rose'3, Katelyn Cahill-Rowley', Rachel Vassar'?, Kristen W. Yeom?®, Ximena Stecher®, David K. Stevenson’,

Susan R. Hintz” and Naama Barnea-Goraly?

BACKGROUND: Near-term brain structure was examined in
preterm infants in relation to neurodevelopment. We hypothe-
sized that near-term macrostructural brain abnormalities iden-
tified using conventional magnetic resonance imaging (MRI),
and white matter (WM) microstructure detected using diffu-
sion tensor imaging (DTI), would correlate with lower cognitive
and motor development and slower, less-stable gait at 18-22
mo of age.

METHODS: One hundred and two very-low-birth-weight
preterm infants (<1,500g birth weight; <32wk gestational
age) were recruited prior to routine near-term brain MRI at
36.6+1.8wk postmenstrual age. Cerebellar and WM macro-
structure was assessed on conventional structural MRI. DTl was
obtained in 66 out of 102 and WM microstructure was assessed
using fractional anisotropy and mean diffusivity (MD) in six
subcortical brain regions defined by DiffeoMap neonatal atlas.
Neurodevelopment was assessed with Bayley-Scales-of-Infant-
Toddler-Development, 3rd-Edition (BSID-IIl); gait was assessed
using an instrumented mat.

RESULTS: Neonates with cerebellar abnormalities identified
using MRI demonstrated lower mean BSID-IIl cognitive com-
posite scores (89.0+10.1 vs. 97.8+12.4; P=0.002) at 18-22 mo.
Neonates with higher DTI-derived left posterior limb of internal
capsule (PLIC) MD demonstrated lower cognitive and motor
composite scores (r = —0.368; P = 0.004; r = —0.354; P = 0.006)
at 18-22 mo; neonates with higher genu MD demonstrated
slower gait velocity (r = —0.374; P = 0.007). Multivariate linear
regression significantly predicted cognitive (adjusted r* = 0.247;
P =0.002) and motor score (adjusted »=0.131;, P=0.017).
CONCLUSION: Near-term cerebellar macrostructure and PLIC
and genu microstructure were predictive of early neurodevel-
opment and gait.

dvances in neonatal medicine have increased survival
rates and improved outcome among very-low-birth-
weight (VLBW) preterm infants (1), but the incidence of

neurodevelopmental impairment remains 3-4 times that of
infants born full-term (2-5). Motor, cognitive, and behav-
ioral impairments are difficult to predict accurately at an early
age, limiting our ability to identify at-risk infants who could
benefit from intervention during critical periods of develop-
ment. Early identification at a time of optimal neuroplasticity
is essential to guide treatment that has potential to improve
function and quality of life for these children (6).

Neonatal neuroimaging data can help provide early prog-
nosis for preterm infants, and most VLBW preterm infants
undergo neuroimaging prior to discharge from the neonatal
intensive care unit. Prognosis based on conventional brain
magnetic resonance imaging (MRI) has been partially success-
ful (7,8). Semi-automated, atlas-based analysis of diffusion ten-
sor imaging (DTI) is a promising neuroimaging technique that
can be used to assess early white matter (WM) microstructure
and may be a more sensitive biomarker of neurodevelopment
than structural MRI (9-11).

As the brain develops, cellular microstructures become
more complex and organized, water content decreases, and
extracellular spaces diminish, changes that can be quanti-
fied with DTI (12,13). Scalars obtained from DTI, such as
fractional anisotropy (FA) and MD, can assess brain devel-
opment and maturation (14). FA reflects degree of diffusion
anisotropy within a voxel, determined by fiber diameter, den-
sity, myelination, extracellular diffusion, interaxonal spacing,
and intravoxel fiber tract coherence. MD is a calculation of
average diffusion along three main axes (15). In the neonate,
WM FA generally increases and MD decreases with age,
likely due to increased fiber organization, axonal coherence,
and preliminary myelination (11,16). Analysis of near-term
regional WM development using DTI may provide prognostic
information and help guide early treatment in children born
preterm (4,17).

In the neonate, rapidly developing WM is selectively vul-
nerable to injury (18) due to known risk factors associated
with preterm birth, including bronchopulmonary dysplasia
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Table 1. Demographic and neonatal characteristics of all neonates
and neonates with DTI

Allneonates Neonates with

(n=102) DTl (n=66)
Males n (%) 42 (41) 25(38)
Females n (%) 60 (59) 41 (62)
GA (weeks) mean (SD) 28.7 (2.4) 28.9(2.3)
BW (g) mean (SD) 1,087 (279) 1,090 (266)
PMA at scan (weeks) mean (SD) (n=102) 36.6(1.8) 36.5(1.3)
Maternal age (years) mean (SD) (n =99) 31.6(6.0) 31.9(6.1)
Multiple gestation mean (SD) (n =95) 1.8(1.0) .8(0.9)
Apgar at 5-min mean (SD) (n = 100) 7.4(1.9) 5(1.7)
Days on ventilation mean (SD) (n =99) 11.1(18.4) 7 (14.4)
BPD?, n (%) 30(29) 7(26)
NEC, n (%) 14(14) 7(11)
ROP®, n (%) 29(28) 7(26)
Sepsis<, n (%) 12(12) 6(9)
Mean CRP¢, mg/dl, mean (SD) (n=97) 0.45 (0.58) 0.38(0.49)
Peak CRP¢, mg/dl, mean (SD) (n=97) 1.00(1.49) 0.83(1.30)

BPD, bronchopulmonary dysplasia; BW, birth weight; GA, gestational age; NEC,
necrotizing enterocolitis; PMA, postmenstrual age; ROP, retinopathy of prematurity;
*BPD defined as a history of respiratory distress syndrome, treated with oxygen >21% at
36wk PMA. ®Presence of ROP stage 2 or 3.Sepsis, confirmed by positive blood culture.
IMeasured over first two postnatal weeks.

(BPD), necrotizing enterocolitis (NEC), retinopathy of prema-
turity (ROP), and sepsis (19-21). This study examined near-
term brain structure in VLBW preterm neonates in relation
to neurodevelopment and gait at 18-22 mo of adjusted age.
We hypothesized that near-term macrostructural brain abnor-
malities identified using conventional structural MRI and WM
microstructure detected using DTT would correlate with lower
cognitive and motor development and with slower, less stable
gait at 18-22 mo of adjusted age.

RESULTS

Table 1 reports demographic and neonatal characteristics of all
participants (n = 102) and of the subset population with DTI
(n = 66). Gestational age (GA) at birth and birth weight were
not significantly different in males and females. Demographic
and clinical characteristics of infants with DTI (n = 66) and
without DTT (n = 38) were not significantly different; however,
neonates with DTI had nonsignificant lower incidence of BPD
(26 vs. 34%), NEC (11 vs. 20%), ROP (26 vs. 31%), and sep-
sis (9 vs. 17%); and nonsignificant fewer days on ventilation
(8.7+14.4 vs. 14.4£23.2).

Representative images of WM abnormalities (WMA) and
cerebellar abnormalities identified on conventional structural
MRI are presented in Figure 1. We found that 92 (90%) infants
had no or mild WMA and 10 (10%) had moderate-to-severe
WMA. No WMA were found in 55 out of 102 (54%), mild
WMA in 37 out of 102 (36%), moderate WMA in 8 out of 102
(8%), and severe WMA in 2 out of 102 (2%). Significant cerebel-
lar abnormalities were found in 28 out of 102 (28%), including

Copyright © 2015 International Pediatric Research Foundation, Inc.
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Figure 1. Macrostructural brain abnormalities assessed on representative T,
and T -weighted structural MRI (A = anterior, P = posterior, R =right, L = left).
(@) No WMA: note normal-appearing WM on both T, and T -weighted images
without focal lesions or ventricular enlargement; (b) minimal WMA: note mild
asymmetric ventricular enlargement of the left atrium on both T,-and T -
weighted images, as well as focal T, high-intensity lesion (short-arrow) in the
left periventricular WM; (c) moderate WMA: note focal cyst or cavity present
in the left frontal WM (long arrow), as well as multiple T -high intensity focal
lesions in the cerebral WM (short-arrows); (d) severe WMA: note multiple
cysts or cavities located along periventricular WM (left image, long-arrows).
Corresponding cystic/cavitary changes are again seen on T, SPGR volume
sequence (right image, long-arrow), as well as more focal injury associated
with T1 focal high intensity in the right periventricular WM (short-arrow).
There is asymmetric mild ventricular dilatation, and deep extension of the
cerebral sulci associated with overall cerebral WM volume loss; and (e) cer-
ebellar abnormalities: multiple focal cerebellar lesions (short-arrows), likely
representing combination of old blood products and/or injury. Note also
asymmetric cerebellar volume, left smaller than right cerebellar hemisphere.

significant cerebellar lesions (1 = 16) and/or significant asym-
metry (n = 14), 73 had no significant cerebellar abnormality,
and for 1 participant it could not be conclusively determined.
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There were no significant differences between incidence of
moderate-to-severe WMA or significant cerebellar abnormali-
ties identified on MRI in males compared to females.

There were 6 out of 10 infants with moderate-to-severe
WMA who also had cerebellar abnormalities. Five out of 10
infants with WMA had DTT; 15 out of 28 infants with cerebel-
lar abnormalities had DTL

Figure 2 shows selected brain regions assessed on near-
term DTI, as defined by the semi-automated Johns Hopkins
University (JHU) neonatal atlas. Male sex was significantly
associated with higher splenium FA (P = 0.012) and higher
genu MD (P = 0.006), after controlling for postmenstrual age
(PMA) at scan; no other regions demonstrated significant
associations. Presence of moderate-to-severe WMA on con-
ventional MRI was significantly associated with higher genu
MD (P = 0.008), after controlling for PMA at scan. Presence
of cerebellar abnormalities on conventional MRI was signifi-
cantly associated with higher left PLIC MD (P = 0.022) and
higher thalamus MD (P = 0.049), after controlling for PMA at
scan. No other significant associations were found.

Ninety-four out of 102 participants returned for follow-up
evaluation at 18-22 mo of adjusted age; 93 children returned
for Bayley-Scales-of-Infant-Toddler-Development, 3rd-Edition
(BSID-III) evaluation (91% follow-up rate), 92 completed cog-
nitive testing, 92 completed motor testing, and 91 completed
both. There were three children who were diagnosed with cere-
bral palsy (CP) by 18-22 mo. Eighty-two children returned for
gait assessment, which was not part of the standard-of-care

Sagittal

Figure 2. Brain white matter microstructure regions-of-interest selected
on a representative infant DTl scan using the semi-automated JHU neona-
tal atlas (A = anterior, P = posterior, R = right, L = left). Top images identify
genu (light-green) and splenium (dark-green) of the corpus callosum and
anterior (red) and posterior (blue) limbs of the internal capsule. Bottom
images identify the thalamus (green) and globus pallidus (cyan).
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clinical follow-up; 78 out of 82 children walked independently,
and 3 children were able to walk with handheld assist. One
child was nonambulatory and unable to walk with handheld-
assist and was not included in gait analysis; a total of 81 par-
ticipants completed gait assessment, mean age at follow-up was
20.1+1.0 mo of adjusted age. None of the four children unable
to walk independently had moderate-to-severe WMA, but two
out of four children had significant cerebellar abnormalities,
including the nonambulatory child. Among the 66 out of 102
participants who had near-term DTI, 60 children returned for
BSID-III evaluation at 18-22 mo; 59 completed both cognitive
and motor BSID-III testing; 52 completed gait evaluation.

Table 2 reports mean BSID-III scores and gait parameters
at 18-22 mo for all children, for children with and without
moderate-to-severe WMA, and for children with and without
significant cerebellar abnormalities identified on near-term
conventional MRI.

Mean BSID-III scores and gait parameters did not differ
between males and females. There were 12 out of 92 (13%)
children who had BSID-III cognitive composite scores <85,
and 15 out of 92 (16%) had BSID-III motor composite scores
<85, suggestive of mild-to-severe delay. There were 2 out of 92
(2%) children who had cognitive scores <70 (scores of 65 and
65), suggestive of severe delay: one child had mild WMA and
significant cerebellar abnormalities. The other child had no
WMA or cerebellar abnormality, but GA at birth was 25wk,
and there was a history of ROP stage 3, sepsis, and respiratory
distress syndrome. There were 3 out of 92 (3%) children who
had motor scores <70 (scores of 49, 58, and 58), suggestive of
severe delay: one child had severe WMA with no significant
cerebellar abnormality, one child had mild WMA and signifi-
cant cerebellar abnormality, and one child had no WMA but
had significant cerebellar abnormality. Mean BSID-III scores
and gait parameters were not significantly different in children
with and without moderate-to-severe WMA. However, mean
cognitive scores were significantly lower in children with cer-
ebellar abnormalities (97.8 +12.4 vs. 89.0+10.1; P = 0.002).

Table 3 reports mean DTI values and partial correlations
between near-term DTI values and neurodevelopment and
gait outcomes at 18-22 mo. Higher near-term left PLIC MD
correlated with lower BSID-III composite cognitive and
motor scores (r = —0.368; P = 0.004; r = —0.354; P = 0.006,
respectively), with similar trends for right PLIC MD. Lower
fine motor scores correlated with higher left and right PLIC
MD (r=-0.368; P = 0.004; r = —0.259; P = 0.048, respectively),
higher thalamus MD, and higher globus pallidus MD, as well
as lower PLIC FA and lower anterior limbs of the internal cap-
sule (ALIC) FA (Table 3).

Univariate linear regression found that for each 1 SD
increase in left PLIC MD, BSID-III cognitive score was pre-
dicted to decrease by 0.354 SD (standardized B = 0.354;
adjusted r* = 0.110; P = 0.006) and BSID-III motor score was
predicted to decrease by 0.358 SD (standardized B = 0.358;
adjusted * = 0.113; P = 0.005).

Multivariate linear regression identified significant relation-
ships between neurodevelopment at 18-22 mo adjusted age and

Copyright © 2015 International Pediatric Research Foundation, Inc.
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Table 2. Mean BSID-lll scores and gait parameters at 18-22 mo adjusted age for the total population, for those with and without moderate-to-
severe WMA and for those with significant cerebellar abnormalities identified using near-term conventional structural MRI

Cognitive Motor Fine Gross Gait velocity Gait SLS (L) Gait SLS (R)
composite composite motor motor (cm/s) (%) (%)
Mean (SD) 95.4(12.4) 93.9(12.6) 9.7 (2.9) 8.3(2.3) 90.8(21.9) 40.3 (4.1) 40.2 (3.5)
(range) (65-125)n=92 (49-127)n=92 (2-19)n=92 (1-12)n=92 (18-135)n=381 (20-49) n =81 (23-47)n=281
WMA
Normal or mild 95.6(12.2) 93.9(11.8) 9.7 (2.9) 8.4(2.2) 90.7 (22.4) 40.4 (4.2) 40.2 (3.7)
mean (SD); n=92) n=283 n=283 n=283 n=283 n=75 n=74 n=74
Moderate to severe 93.3(14.8) 93.2(19.5) 9.6 (3.5) 8.1(3.1) 91.9(17.7) 39.8(2.4) 40.7 (1.9)
mean (SD)n=10 n=9 n=9 n=9 n=9 n=7 n=7 n=7
Significance P= 0.604 0.873 0.861 0.755 0.895 0.750 0.712
Cerebellar abnormality
Normal or mild 97.8(12.4) 94.5(12.7) 9.9(3.0) 84(2.2) 91.9(22.1) 40.4(3.9) 40.5(3.7)
mean (SD);n=73 n=67 n=68 n=68 n=68 n=>59 n=>59 n=>59
Moderate to severe 89.0(10.1) 92.3(12.7) 9.2(2.6) 8.2(2.4) 88.6(21.8) 40.2 (4.8) 39.7(3.2)
mean (SD)n=28 n=24 n=23 n=23 n=23 n=21 n=21 n=21
Significance P= 0.002** 0.524 0.296 0.699 0.561 0.829 0.376

BSID-Ill, Bayley-Scales-of-Infant-Toddler-Development, 3rd-Edition; MRI, magnetic resonance imaging; SLS, single limb support; WMA, white matter abnormalities.

*P < 0.05, two-tailed significance; **P < 0.01, two-tailed significance.

near-term MRI, DTI, and clinical risk factors. Specifically, mul-
tivariate analysis identified a model that included left PLIC MD
controlled for PMA at scan, genu MD, cerebellar abnormality,
average CRP, and sepsis significantly predicted BSID-III com-
posite cognitive score (adjusted r* = 0.247; df = 5; P = 0.002).
Significant predictors in this model were left PLIC MD (stan-
dardized B = —0.385; P = 0.003), and genu MD (standardized
B = 0.318; P = 0.013). Multivariate analysis identified that left
PLIC MD, PMA at scan, and BPD significantly predicted BSID-
III composite motor score (adjusted > = 0.131; df = 2; P = 0.007).
The significant predictor in this model was left PLIC MD (stan-
dardized B = —0.358; P = 0.005).

Slower gait velocity at 18-22 mo of age correlated with higher
near-term genu MD (r = —0.374; P = 0.007) and lower genu FA
(r=0.322; P=0.021; Table 3). Univariate linear regression anal-
ysis found that for each 1SD increase in near-term genu MD,
gait velocity was predicted to decrease by 0.376 SD (standard-
ized B = 0.376, adjusted r* = 0.124; P = 0.006; Figure 3). Shorter
left and right single limb support (SLS) correlated to higher genu
MD, and shorter left SLS correlated to lower genu FA (Table 3).

DISCUSSION

This study examined near-term brain structure on MRI and
DTI in relation to neurodevelopment and gait at 18-22 mo.
Results support the hypothesis and identify relationships that
may have prognostic value for early identification of infants at
risk for neurodevelopmental impairments.

Near-Term Structural MRl and Neurodevelopment at 18-22 Mo

Moderate-to-severe WMA at near-term age was not signifi-
cantly associated with neurodevelopment or gait at 18-22
mo of age. However, the three children with BSID-III motor
scores <70 had either moderate-to-severe WMA or significant
cerebellar abnormality. Cerebellar abnormalities identified on

Copyright © 2015 International Pediatric Research Foundation, Inc.

near-term structural MRI were significantly associated with
lower cognitive scores at 18-22 mo. Brain MRI scans com-
monly performed prior to discharge from the neonatal inten-
sive care unit offer a potential opportunity to provide early
prognosis; however, prognosis based on structural brain MRI
has been only partially successful at detecting risk for motor
deficits, cognitive delay, and language impairment later in life
(22), consistent with our findings.

Evidence of moderate-to-severe WMA was identified in 10%
of infants, somewhat lower than two prior studies of extremely
low birth weight (ELBW) infants, reporting an incidence of
17% (23) and 19% (8). A lower occurrence of WMA may be
expected among our study population, given their higher aver-
age GA. In addition, there may be a more uniform standard-
of-care delivered in the neonatal intensive care unit at this
single-site study, compared to larger multisite studies (8).

In the preterm neonate, the rapidly developing cerebellum
has been found to be a clinically important, vulnerable brain
region (24-26), consistent with our findings. Evidence of sig-
nificant cerebellar abnormalities was identified on MRI in
28% of infants; 16% had significant cerebellar lesions, an inci-
dence somewhat higher than a prior report of 10% in ELBW
preterm infants (8). Cerebellar abnormalities identified in this
study included both significant cerebellar lesions as defined by
Hintz et al. (8) and cerebellar asymmetry of >3 mm, consid-
ered a clinically detectable degree of asymmetry, reflecting a
volumetric difference, reproducibly identified and less prone
to slice selection and infant positioning.

Comparison of conventional MRI and DTI findings revealed
that moderate-to-severe WMA on MRI was associated with
higher genu MD. Significant cerebellar abnormalities on MRI
were associated with higher left PLIC MD and higher left thal-
amus MD. Further research may clarify relevant relationships
between brain macrostructure and microstructure that can aid
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Table 3. Near-term regional DTl values in relation to BSID-Ill scores and gait parameters at 18-22 mo of age

Cognitive Motor Gaitvelocity  GaitSLS (L) Gait SLS (R)
FA mean (SD) composite composite Fine motor Gross motor (cm/s) (%) (%)
GenuFA=0.274(0.021) r= —-0.055 -0.014 0.085 0.039 0.322* 0.315* 0.274
CV=0.077 P= 0.682 0.915 0.521 0.770 0.021 0.025 0.051
Splenium FA =0.313 (0.027) r= —-0.043 -0.115 -0.143 0.027 -0.049 -0.063 -0.184
CV=0.086 P= 0.746 0.387 0.279 0.837 0.731 0.662 0.196
ALICFA=0.217(0.016) r= 0.165 0.136 0.304* -0.009 0.263 0.073 0.118
(left) CV=0.074 P= 0.217 0.305 0.019 0.949 0.063 0.609 0.408
ALICFA=0.222(0.015) r= 0.088 0.164 0.195 0.144 0.057 —-0.088 -0.142
(right) CV=0.068 P= 0.512 0.216 0.139 0.275 0.693 0.539 0.320
PLICFA=0.374(0.033) r= 0.133 0.147 0.257* 0.092 0.178 0.026 -0.008
(left) CV=0.088 P= 0.318 0.268 0.049 0.488 0.211 0.854 0.958
PLICFA=0.378(0.033) r= 0.077 0.147 0.189 0.165 0.155 0.045 0.009
(right) CV=0.087 P= 0.565 0.267 0.151 0.212 0.279 0.754 0.948
Thalamus FA=0.203 (0.011) r= 0.224 0.125 0.104 0.137 -0.036 —-0.084 -0.176
(left) CV=0.054 P= 0.091 0.344 0.431 0.299 0.802 0.558 0.217
Thalamus FA =0.204 (0.009) r= 0.104 0.016 0.128 0.047 0.002 -0.141 -0.195
(right) CV=0.044 P= 0.435 0.903 0.335 0.725 0.991 0.325 0.170
GloPFA=0.194(0.013) r= 0.258 0.199 0.235 0.163 0.241 0.127 0.125
(left) CV=0.067 P= 0.051 0.131 0.073 0.218 0.089 0.373 0.382
GloP FA=0.189(0.012) r= 0.149 0.159 0.223 0.073 0.234 0.197 0.206
(right) CV=0.063 P= 0.265 0.228 0.089 0.585 0.098 0.165 0.147
MD mean (SD)
units =mm?/s x 10~
Genu MD =1.531 (0.046) r= 0.194 —0.040 -0.093 —-0.053 —0.374%* -0.311* —-0.297*
CV=0.030 P= 0.144 0.765 0.482 0.693 0.007 0.026 0.034
Splenium MD = 1.559 (0.040) r= 0.033 -0.039 —-0.055 —-0.069 -0.158 -0.147 -0.155
CV=0.026 P= 0.807 0.767 0.678 0.601 0.268 0.304 0.276
ALICMD =1.288(0.043) r= —0.049 -0.007 -0.141 0.036 0.010 0.044 0.164
(left) CV=0.033 P= 0.717 0.959 0.286 0.789 0.942 0.760 0.251
ALICMD =1.292(0.047) r= -0.122 —-0.146 —0.264* -0.033 -0.110 -0.055 0.043
(right) CV=0.036 P= 0.364 0.269 0.044 0.802 0.442 0.702 0.767
PLICMD =1.155 (0.034) r= —0.368** —0.354** —0.368** -0.208 0.014 0.048 0.055
(left) CV=0.029 P= 0.004 0.006 0.004 0.113 0.923 0.738 0.701
PLICMD =1.149 (0.033) r= -0.228 -0.200 —0.259* -0.099 0.009 0.078 0.109
(right) CV=0.029 P= 0.085 0.129 0.048 0.456 0.949 0.584 0.445
Thalamus MD = 1.227 (0.039) r= —-0.059 0.173 -0.227 -0.154 -0.072 0.007 0.019
(left) CV=0.032 P= 0.662 0.190 0.084 0.243 0.618 0.961 0.896
Thalamus MD = 1.234 (0.035) r= -0.013 -0.199 —-0.297* -0.062 -0.115 0.055 0.068
(right) CV=0.028 P= 0.922 0.130 0.022 0.638 0.421 0.703 0.637
GloP MD =1.184(0.031) r= -0.226 -0.215 —-0.266* -0.109 0.047 -0.024 0.118
(left) CV=0.026 P= 0.087 0.102 0.042 0.411 0.744 0.867 0.409
GloP MD =1.180(0.033) r= -0.142 -0.107 -0.129 -0.071 0.148 0.058 0.175
(right) CV=0.028 P= 0.289 0.420 0.331 0.596 0.298 0.687 0.219

Partial correlation, corrected for PMA at scan (1); *P < 0.05, two-tailed significance; **P < 0.01, two-tailed significance.
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interpretation of conventional MRI, a more widely available
method of neuroimaging.

Near-Term DTl and Neurodevelopment at 18-22 Mo

Near-term regional DTI, specifically, higher PLIC MD, corre-
lated with lower BSID-III composite cognitive score, compos-
ite motor score, and fine motor score. Higher thalamus MD
and higher GloP MD correlated with lower fine motor scores,
as did lower ALIC FA. Multivariate analysis demonstrated
that left PLIC MD was a significant predictor of cognitive and
motor scores. Higher genu MD and lower FA correlated with
slower, less stable gait.

While no significant differences in mean clinical charac-
teristics were found between neonates with and without DTT,
there were nonsignificant fewer days on ventilation and non-
significant lower incidences of BPD, NEC, ROP, and sepsis
which may indicate greater tolerance for the longer scan time
required for DTI, collected at the end of the clinical scan, and
suggests a need for shorter near-term scan time.

Prior studies suggested DTI as a more sensitive biomarker
than structural MRI for later neurodevelopment (4,11,27).
Semi-automated, atlas-based DTT analysis has potential for clin-
ical implementation because of its relative efficiency and repeat-
ability. DTT was analyzed in WM regions known to mediate
motor and cognitive function and reliably detected at near-term
age by atlas-based DTT analysis (16). We previously reported
WM development in 19 subcortical regions in a subpopulation
of 45 out of 102 infants in this study (16). General patterns of
central-to-peripheral regional WM development and posterior-
to-anterior within-region WM development were observed. The
PLIC demonstrated the highest level of WM development at
near-term age. Results indicated that region-specific WM devel-
opment trajectories are important to consider when interpreting
DTI, consistent with prior findings, and near-term brain regions
were selected for analysis, accordingly (11,28).

We found that at near-term age, MD was more predictive of
outcome than FA. MD and FA measure different histological
characteristics. MD measures overall diffusion within a voxel,
while FA measures degree of anisotropy, or directional water
movement (15,16). In the neonatal period, WM is expected
to be less anisotropic as there is less myelin and more intersti-
tial fluid and therefore MD may be a more sensitive measure.
Additionally, MD values varied less than FA values. In this
cohort, where a majority demonstrated normal neurodevelop-
ment, a narrower variation may indicate a more sensitive metric.

Corpus Callosum

Lower FA and higher MD in the genu of the corpus callosum
(CC) correlated with slower gait velocity and reduced SLS, a
measure of gait stability. At near-term age, the genu and sple-
nium of the CC have not yet myelinated (29), although pos-
terior aspects (splenium) develop earlier than anterior (genu)
aspects (16,30). Lesion studies indicate that genu WM medi-
ates motor coordination (31), and prior studies reported neo-
natal CC WM structure associated with future motor function
(32,33), consistent with our findings.

Copyright © 2015 International Pediatric Research Foundation, Inc.
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Figure 3. Gait velocity (cm/s) in VLBW preterm children at 18-22 mo of
age in relation to near-term genu MD (n = 52), adjusted for PMA at scan
(95% confidence limits). Adjusted r> = 0.124; P = 0.006.

Males had significantly higher splenium FA and higher genu
MD than females, after controlling for PMA at scan. Limited
data suggest quantifiable sex differences in CC development at
near-term age (4,34). Male gender is associated with increased
risk of adverse outcomes, including CP, following preterm
birth (35), although males and females did not differ in neu-
rodevelopmental outcome in this study. Associations between
CC microstructure, sex, and neurodevelopment warrant fur-
ther investigation in larger populations to explain risk factors
that may increase morbidity among VLBW males.

Internal Capsule
Near-term PLIC microstructure demonstrated the strongest
association with neurodevelopment at 18-22 mo of age. Higher
PLIC MD correlated with lower BSID-III cognitive composite
score, motor composite score, and fine motor score, and lower
PLIC FA was associated with lower fine motor score. The PLIC
includes motor fibers of the corticospinal tract and is undergo-
ing myelination during the near-term period (36). The cortico-
spinal tract descends through the posterior third of the PLIC,
and analyses of the PLIC on DTT at near-term age suggests that it
may hold prognostic value for future motor development (4,11).
In the late second and third trimester, developing WM
is vulnerable to injury. WM injury may impair PLIC
myelination and development through injury to pre-oligo-
dendrocytes that fail to mature to myelin-producing oligo-
dendrocytes, direct axonal injury, injury to transient neurons
that facilitate cortical-subcortical synaptic connections, and
injury to migrating neurons critical to cortical function
(7,18,37). Reduced PLIC maturation is likely reflected in
lower PLIC FA and higher MD. Additionally, in the third
trimester, microglia involved in normal apoptosis, vascular-
ization, and axonal development reach peak abundance and
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are key effectors of cellular injury from ischemia or inflam-
mation, further contributing to vulnerability (18).

The ALIC contains thalamocortical fibers, connecting the
thalamus with prefrontal cortex to allow for motor planning
and higher-order cognition (38). Near-term ALIC MD and
FA values demonstrated correlations with BSID-III fine motor
score, suggesting that microstructural injury to the ALIC may
be associated with risk for fine motor impairment.

Thalamus and Globus Pallidus

Higher near-term thalamus and globus pallidus MD values
correlated to lower BSID-III fine motor subscore at 18-22
mo of age, suggesting that less mature microstructure in these
regions at near-term age may impact fine motor development
in children born preterm. The thalamus and basal ganglia are
known to mediate motor processes and have been found to be
vulnerable to injury in infants (7,39); which could partially
explain impaired motor and cognitive function associated with
preterm birth. In preterm compared to term infants, decreased
thalamus volume (39) and impaired thalamocortical connec-
tivity (40) have been reported. The thalamus undergoes sig-
nificant development, establishing cortical connections during
the late-second and third trimester of gestation (41), and this
process may be disrupted by preterm birth.

Limitations of this study include relatively small sample
size, cross-sectional neuroimaging analysis, the possibility
that microscopic injury was below resolution of conventional
MRI, DTI obtained in a subpopulation, and lack of informa-
tion, such as maternal education, that may impact neurode-
velopment. Future investigation within larger populations will
further clarify relations identified in this study and may guide
clinical implementation of near-term DTI to improve accuracy
of early prognosis for preterm infants. Sequential neonatal
neuroimaging may further reveal trajectories of brain develop-
ment essential to neurodevelopment (15,42).

In summary, these findings indicate that near-term cerebel-
lar macrostructure and PLIC and genu microstructure may
serve as prognostic biomarkers of cognitive and motor devel-
opment, observations that can be further investigated in larger
populations. Future studies may determine whether identi-
fication of these associations can provide accurate prognosis
that may ultimately guide neuroprotective treatment and early
intervention aimed at reducing neurodevelopmental disabili-
ties in children born preterm.

METHODS

One hundred and two VLBW preterm infants were recruited, and
consent was obtained from at least one parent or guardian for this
Stanford University institutional review board-approved study, prior
to routine near-term brain MRI conducted at 36.6+1.8wk PMA
(1/2010-12/2011). The 102 participants represented 76% of eligible
infants; 66 out of 102 also had successful DTT scans, collected at the
end of standard-of-care MRI, before discharge from the neonatal
intensive care unit (Table 1). VLBW preterm infants with no evidence
of genetic disorders or congenital brain abnormalities were included.

MRI Data Acquisition
Brain MRI scans were performed on 3T MRI (GE-Discovery MR750,
GE 8-Channel HD head coil, GE Healthcare, Little Chalfont, UK).

706 Pediatric RESEARCH Volume 78 | Number 6 | December 2015

A three-plane localizer was used, and an asset calibration was pre-
scribed to utilize parallel imaging. Sagittal T, FLAIR image param-
eters were: TE = 91.0, TR = 2,200, field of view (FOV) = 20 cm, matrix
size = 320x 224, slice thickness 3.0x 0.5mm spacing, NEX = 1. T,
DWI, and DTT axial scans were prescribed using a single acquisition,
full-phase FOV. The axial fast spin echo T, imaging parameters were:
TE = 85ms, TR = 2,500, FOV = 20cm, matrix = 384 x 224; slice =
4.0x0.0mm spacing. Axial T, FLAIR parameters were: TE = 140, TR
=9,500, FOV =20 cm, slice = 4.0 x 0.0 mm, inversion time 2,300 fluid
attenuated inversion recovery matrix = 384 x 224. Axial DWI param-
eters were: TE = 88.8, TR = 10,000, FOV = 20cm, slice = 4.0x0.0
spacing, matrix = 128 x 128. Coronal T, SPGR parameters were: TE =
8, TR = 3, slice = 1.0 x 0.0 spacing, FOV = 24 cm, matrix = 256 X 256.

The DTI scan was based on a diffusion-weighted, single-shot, spin-
echo, echo-planar imaging sequence with a slice thickness of 3.0 mm,
a matrix size of 128 x 128, a 90° flip angle, FOV =20 cm, TE = 88.8 ms,
TR = 8,000, (b = 1,000 s/mm?). Diffusion was measured along 25
directions, with three B0 images. Two repetitions were obtained from
64 out of 66 subjects. MRI scans were performed as routine near-term
neuroimaging for preterm infants, and the DTI sequences were col-
lected at the end of these ~25-min MRI scans. Infants were swaddled
and fed and typically remained asleep during the scan. Sedation was
not utilized as part of the research protocol and was typically not uti-
lized for routine near-term MRI.

Radiological Assessment

Structural MRI was assessed for degree of WMA and significant cere-
bellar abnormality. Radiological evaluation was performed by an expe-
rienced pediatric neuroradiologist (X.S.) and confirmed by a second
(K.Y.), both were masked to all other participant data. A form vali-
dated for near-term neuroradiological assessment (8) was used to score
WMA (1-3) according to a widely used classification system (8,23,43):
(i) extent of WM signal abnormality, (ii) periventricular WM volume
loss, (iii) cystic abnormalities, (iv) ventricular dilation, and (v) thin-
ning of the CC. High inter-rater agreement (96-98%) for moderate-to-
severe WMA using this classification was reported (8,43). Significant
cerebellar abnormalities included significant cerebellar lesions defined
by Hintz et al. (8) and/or significant cerebellar asymmetry of >3 mm in
the anterior-posterior or medial-lateral direction.

DTI Processing

DTT was collected at the end of the scan, and in 31 out of 102 infants,
the scan was terminated prior to collecting DTI, primarily due to the
infant waking up, 2 did not receive DTT due to technical problems,
DTI collected from 3 infants was discarded due to head movement
and poor quality. In a subpopulation of 66 infants, semi-automated,
atlas-based DTI was analyzed using DTI-Studio using parameters
outlined in Oishi et al. (44). A trained investigator inspected all scans;
64 out of 66 infants had two repetitions, and the best repetition was
selected to eliminate images with artifacts or evidence of motion. If
no full repetition was usable (2/66), a composite repetition was gen-
erated based on best image slices. Automated Image Registration was
performed using an affine transformation to further correct for eddy
current distortions and minor head motion.

Each brain image was skull-stripped with ROI Editor using B0
and trace images and manually rotated to align with the JHU neo-
natal template image. DTI images were processed with DiffeoMap
(MRIStudio, Baltimore, MD,) using FA and trace (the sum of the
three orthogonal diffusivities per voxel) maps to perform a large
deformation diffeomorphic metric mapping transformation (44). FA
and trace maps from each brain were normalized to map onto the
neonatal atlas and segmented into 126 regions. Based on the trace
map, regions >0.006 mm?/s were considered CSF and excluded from
the segmented regions. A threshold of FA > 0.15 was then applied
to segment developing WM tracts (30). Regions selected were then
mapped onto the FA and trace maps, and regional values were
obtained. MD was defined as an average of the three directions of
diffusion calculated from the trace image. We examined subcortical
WM regions defined by JHU parcellation atlas that were well visual-
ized with near-term MRI and DTI, and known to mediate motor and
cognitive function (Figure 2).
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Demographic and Neonatal Characteristics

Clinical risk factors included: BPD, defined as a history of respira-
tory distress syndrome and treated with oxygen >21% at 36 wk PMA;
sepsis confirmed with positive blood culture; presence of NEC; and
presence of stage 2 or 3 ROP. Serum CRP was sampled 3.72 1.9 times
over the first 2 postnatal wk, obtained through a search conducted
with Stanford Center for Clinical Informatics and STRIDE. Analysis
of neonatal clinical risk factors and neuroimaging in the same cohort
was previously published (21).

Neurodevelopmental Assessment at 18-22 Mo
Neurodevelopment was assessed using the BSID-III at 18-22 mo of age,
adjusted for prematurity, conducted by a trained examiner masked to
clinical data and neuroimaging. Composite cognitive and motor scores,
and fine and gross motor subscores were calculated based on the child’s
adjusted age at the time of evaluation. The BSID-III was conducted in
English or Spanish based on the child’s primary language.

Gait velocity and SLS, calculated as a percent of the gait cycle, were
assessed at 18-22 mo adjusted age using a GAITRite instrumented
mat (CIR Systems, Sparta, NJ). Walking trials met three criteria: (i) at
least four consecutive footfalls, (ii) at least one foot on the ground at
any given time, and (iii) the child did not touch or carry anything. If
a child was not walking independently at follow-up, this was noted,
and data was included if they were able to cruise and could walk with
handheld-assist. For each child, 2-3 “best effort” trials with a total
of at least 12 footfalls were analyzed, selected based on walk length,
straightness, and pace consistency.

Statistical Analysis

Associations between categorical variables were analyzed using Chi-
squared tests, o = 0.05. Mean differences were compared using t-test,
and two-tailed significance P < 0.05. Mean DTT values were com-
pared in males and females, and in infants with and without WMA
and cerebellar abnormalities using analysis of covariance, with PMA
at scan as a covariate, and signiﬁcance P < 0.05. Partial correlations
for DTI, controlled for PMA at scan, with significance P < 0.05. To
evaluate slope of the relationship between DTI and outcome, uni-
variate linear regression was performed with residual MD values,
correcting for PMA at scan. Multivariate linear regression was per-
formed for candidate variables that had correlations with outcome
(P < 0.20). Correlations among candidate variables were calculated
and if variables correlated >0.6, the variable with highest correlation
to outcome was selected. This analysis aimed to identify promising
relations for future studies; therefore, an alpha of 0.05 was selected
to protect against type-II error; exact P values are provided so it can
be determined which results would remain, had a lower alpha been
selected.
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