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Abstract
Objective—To assess if birth at less than 26 weeks gestation is an important predictor of brain
microstructure maturation as determined by using diffusion tensor imaging.

Study design—We performed serial MRI and diffusion tensor imaging in 176 infants born at <
33 weeks gestation. Diffusion parameters were calculated for white and gray matter regions. Linear
regression for repeated measures was used to assess the effect of extremely premature birth on brain
maturation.

Results—In white matter, fractional anisotropy increased by 0.008 per week (95% CI 0.007-0.009,
p=<0.0001) and mean diffusivity decreased by 0.021 mm2/sec per week, (95% CI -0.24 to -0.018,
p=<0.0001). Birth at < 26 weeks was associated with lower white matter fractional anisotropy (-0.01,
95% CI -0.018 to -0.003, p=0.008) but this effect was eliminated when co-morbid conditions were
added to the model. Moderate-severe brain injury was associated with decreased mean white matter
fractional anisotropy (-0.012, 95% CI -0.02 to -0.004, p=0.002).

Conclusion—Brain microstructure maturation as measured serially in premature infants is
independent of extremely premature birth. Brain injury and co-morbid conditions may be the
important determinants of microstructure maturation.
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Advances in perinatal care have led to an increase in the survival of extremely low birthweight
infants, as well as an increase in infants born at the limits of viability (1,2). These infants are
at significant risk for motor and neurodevelopmental impairments and have the highest risk
for adverse outcome (2–4). Infants born at the limits of viability are known to be at risk for
early neonatal morbidity and long-term adverse neurodevelopmental outcomes (3–6).
Although white matter injury is thought to be associated with these impairments, not all
extremely premature infants have this type of injury identified on magnetic resonance imaging
(MRI) (7,8). Advanced MRI techniques that can be used to study regional and global brain
development include diffusion tensor imaging, tractography, spectroscopy, volumetrics and
deformation-based morphometry; these techniques may help to clarify the factors that lead to
neurodevelopmental impairments (9–13). Outcomes of these neonates are most often attributed
to premature birth, with the youngest having the worst outcomes. It remains unclear, however,
whether birth at an extremely young age by itself leads to abnormal brain development, white
matter injury, and poor neurodevelopmental outcome or whether the perinatal complications
associated with extremely premature birth are the cause (6).

Diffusion tensor imaging is an imaging technique in which the microscopic random motion of
water molecules can be used to study brain maturation in premature infants (13). As the brain
develops, brain water content decreases, extracellular spaces diminish in size, and the intra-
and intercellular microstructures become more complex and organized. The mean diffusivity
of water decreases in gray and white matter structures and the directional coherence of water
diffusion, represented by fractional anisotropy, increases (14) in the developing white matter,
as the premature newborn develops to term-equivalent age (9,15–17). In our previous work we
showed that the presence of white matter injury is associated with impaired microstructural
development in preterm newborns scanned with diffusion tensor imaging early in life and again
at term-equivalent age (15). Abnormal white matter microstructure at term-equivalent age is
associated with adverse neurodevelopmental (cognitive and motor) outcome (18–21).
Premature newborns without focal white matter abnormalities at term-corrected age may have
microstructural abnormalities evident at two years of age that correlate with
neurodevelopmental assessment scores (22).

A major question in neonatal medicine remains whether the adverse outcomes of extremely
premature neonates relate to the degree of prematurity itself or to adversities encountered by
this group of newborns during their neonatal course, such as hypoxia-ischemia, infections,
necrotizing enterocolitis (23), or chronic lung disease (CLD). The impact of premature birth
has been addressed in MRI measures of brain volume at term-equivalent age (10). The purpose
of this study is to determine the independent effect of extremely premature birth (24 to 25 6/7
weeks gestation) on the development of brain microstructure as assessed by diffusion tensor
imaging in a large multi-center cohort of premature neonates studied serially.

METHODS
The study population includes infants born between 24 and 33 weeks gestation, admitted to
the intensive care nurseries at University of California, San Francisco (UCSF) and the
Children’s & Women’s Health Center of British Columbia (UBC). Exclusion criteria included
evidence of congenital infections, malformations or chromosomal anomalies, and ultrasound
evidence of large (>2cm) parenchymal hemorrhagic infarction. The study subjects were imaged
twice according to study protocol, the first scan occurring as soon as the infant was deemed
clinically stable by the attending neonatologist and the second prior to transfer to a referring
institution, discharge home, or at term-equivalent age. The study was approved by the
Committee on Human Research at UCSF and by the UBC Clinical Research Ethics Board.
Informed consent was obtained from the parents or legal caregiver of each infant.
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At both institutions infants were transported in an MR compatible incubator and accompanied
by a physician and/or a team of dedicated neonatal research nurses. As described previously,
the majority of scans at UCSF were obtained without the use of sedating medications (24). No
sedation was used in the cohort from UBC. Clinical risk factors previously related to the risk
of brain injury or adverse neurodevelopmental outcome were obtained prospectively and
included gestational age at birth, birthweight, infant sex, mode of delivery, exposure to
antenatal steroids, need for exogenous surfactant at delivery, Apgar scores, days of mechanical
ventilation, presence of a patent ductus arteriosus (PDA), NEC, exposure to postnatal infection,
and diagnosis of CLD (defined as the need for supplemental oxygen at 36 weeks corrected
gestational age) (2,4–6,24–27). The clinical condition of the newborns at term equivalent age
was described using a neuromotor score (range 0–5) previously found to predict adverse
neurodevelopmental outcomes (scores 3 or more considered abnormal) (24).

Magnetic Resonance Imaging
Newborns at UCSF were scanned on a 1.5-Tesla Signa (GE Healthcare) using a MRI
compatible incubator with a dedicated neonatal head coil. T1-weighted, T2-weighted and 3D
spoiled gradient echo (SPGR) images were acquired using sequences optimized for this scanner
(24). The diffusion tensor imaging data were acquired using a multi-repetition, single-shot echo
planar sequence with 6 gradient directions (TR 7s/TE 100ms/slice thickness of 3mm), and 3
acquisition averages using b=600s/mm2, one b=0s/mm2 volume, and an in-plane resolution of
1.4 × 1.4mm. Newborns at UBC were scanned with a Siemens 1.5 Tesla Avanto using VB 13A
software, an MRI-compatible isolette (Lammers Medical Technology) and specialized
neonatal head coil (Advanced Imaging Research). Studies included: 3D coronal volumetric
T1-weighted images (TR 36ms/TE 9.2ms/FOV 200mm/Slice thickness 1mm/No gap), and
axial fast spin echo T2-weighted images. The diffusion tensor imaging data were acquired with
a multi-repetition, single-shot echo planar sequence with 12 gradient directions (TR 4900ms/
TE 104ms/FOV 160 mm/slice thickness 3mm/no gap), and three averages of two diffusion
weightings of 600 and 700 sec/mm2 (b value) and an image without diffusion weighting, and
an in-plane resolution of 1.3mm.

Two pediatric neuroradiologists at UCSF and one at UBC who were blinded to the infants’
neonatal course reviewed the images. The MRIs were scored for the presence and size of white
matter injury (no white matter injury, minimal, moderate, and severe), using scores developed
by our group with high reported inter- and intra-rater reliability (24,28). Some infants were
further categorized as having moderate to severe brain injury, defined a priori as the presence
of moderate or severe white matter injury as described above, or ventriculomegaly (greater
than 8mm measured at the level of the glomus of the choroid plexus) or the presence of grade
III/IV intraventricular hemorrhage (24).

From the diffusion tensor imaging data, fractional anisotropy and mean diffusivity values were
calculated from 5 white matter regions bilaterally and mean diffusivity values were also
obtained from 4 gray matter regions bilaterally (Figure) (15).

Data Analysis
Statistical analyses were performed using Stata 9.2 (Stata Corporation, College Station, Texas).
The difference between clinical predictors in the two sites and in extremely premature
newborns relative to the others was assessed using rank-sum for continuous variables and
Fisher Exact test for categorical variables. In comparing the diffusion tensor imaging data of
the extremely premature newborns to the other newborns in the cohort, the outcome variables
were mean fractional anisotropy in the 5 white matter regions and mean mean diffusivity in
the same white matter regions as well as in the 4 gray matter regions (Figure).
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Linear regression for repeated measures (using generalized estimating equations) with robust
standard errors was used in order to account for the hierarchical structure of the data. This type
of analysis was necessary as each infant had two MRI exams with measures of fractional
anisotropy and mean diffusivity in multiple brain regions. In order to determine the independent
effect of extreme premature birth on the diffusion tensor imaging parameters, the following
factors were included as covariates in the regression model: postmenstrual age at time of scan,
the presence of moderate to severe brain injury on the first scan, and an interaction term for
site (UCSF or UBC) by region of interest. The interaction term for site by region of interest
allows for the diffusion tensor imaging values in each region to vary by site (UCSF or UBC)
as study subjects were imaged in different MRI scanners at two medical centers. The neonatal
co-morbidities most strongly associated with extreme preterm birth in our cohort (days of
mechanical ventilation, PDA, NEC) were then added to the model to examine whether effects
relate to the degree of prematurity or the severity of neonatal illness.

RESULTS
Serial diffusion tensor imaging data were available for a total of 176 infants, 97 enrolled
between April 2001 and March 2008 at UCSF and 79 enrolled from April 2006 to December
2008 at UBC. During the study period, at UCSF there were an additional 54 infants enrolled
who either had only 1 scan (36 infants) or the diffusion tensor imaging data were motion
degraded (18 infants) and they were not included in this analysis. At UBC there were an
additional 27 infants enrolled that were not imaged serially and so they were not included in
the analysis. At UCSF, 27% of the subjects received sedation. There were no differences in
the clinical characteristics such as gestational age at birth, birth weight, and neonatal
morbidities at either institution between those with serial diffusion tensor imaging data and
those without.

There were no important differences in preterm newborns at each site in terms of gestational
age at birth, number of infants born at less than 26 weeks, perinatal variables such as mode of
delivery, treatment with antenatal steroids, or surfactant administration, or exposure to
postnatal infection (Table I). More infants in the UBC cohort had a diagnosis of chronic lung
disease and patent ductus arteriosus. This may reflect differences in clinical practice, as at
UCSF prophylactic indomethacin is administered to all newborns less than 28 weeks gestation.
There was a difference between the sites in the timing of the second MRI, with those in the
UBC cohort being imaged about 4 weeks later than those at UCSF. The presence of moderate
to severe brain injury on the first scan was similar in neonates at both sites.

When comparing premature newborns born at less than 26 weeks gestation with those born at
or greater than 26 weeks, there was a significant increase in the number of days intubated
(median of 38 days vs 1 day, p < 0.001), presence of a PDA (70% vs 28%, p < 0.001), NEC
(28% vs 10%, p < 0.007), postnatal infection (74% vs 26%, p < 0.001) and chronic lung disease
(80% vs 19%, p < 0.001). The timing of the scans and the proportion of those with moderate
to severe injury (36% vs 31%, p = 0.6) on the first MRI were not different between these groups.
More extremely premature infants had an abnormal neuromotor assessment at time of the
second scan (70% vs 41%, p = 0.003).

Effect of Gestational Age at Birth on diffusion tensor imaging parameters
The results of our analyses are presented in Tables II and III. To understand the effect of
gestational age at birth and extreme premature birth on diffusion tensor imaging parameters
we first demonstrated how the mean diffusivity and fractional anisotropy values change with
each week increase in PMA. In white matter regions of interest, for each week increment in
PMA at scan, mean diffusivity decreased by 0.021 mm2/sec per week, (95% CI -0.24 to -0.018,
p=<0.0001) and fractional anisotropy increased by 0.008 per week (95%CI 0.007 to 0.009,
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p=<0.0001). Then we examined the effect of gestational age at the time of birth as a linear
variable on the change in diffusion parameters in white and gray matter. In our primary model
we accounted for the postmenstrual age at the time of scan, region of interest, an interaction
term to account for scans at two sites, and for the presence of moderate to severe brain injury.
There was no effect of gestational age at birth as a linear variable on the change in mean
diffusivity in white matter or in gray matter mean diffusivity with increasing postmenstrual
age (Table II). In these multivariate models, the presence of moderate to severe brain injury
was significantly associated with higher mean diffusivity (0.03 mm2/sec, 95% CI 0.003 to
0.058, p=0.03) and lower fractional anisotropy (-0.012, 95% CI -0.19 to -0.005, p=0.002). In
gray matter regions, for each week increment in the PMA at scan mean diffusivity decreased
by 0.018 mm2/sec (95%CI -0.02 to -0.016, p<0.001). Neither gestational age at birth nor the
presence of moderate to severe MRI abnormalities had a significant effect on gray matter mean
diffusivity.

Effect of Extreme Premature Birth on diffusion tensor imaging Parameters
Next we examined the effect of extremely premature birth (birth at < 26 weeks gestation) on
the diffusion parameters in the same primary model. In the model adjusting for postmenstrual
age at time of scan, region of interest, an interaction term for site (UCSF or UBC) by region
of interest, and the presence of moderate to severe brain injury on the first scan, birth at < 26
weeks gestation was significantly associated with lower white matter fractional anisotropy
(-0.01, 95% CI -0.018 to -0.003, p=0.008) (Table III). The effect of extremely premature birth
on fractional anisotropy did not differ significantly by white matter regions of interest (p=0.2).
In contrast, extremely premature birth had no effect on mean diffusivity values in the white or
gray matter regions.

In order to determine the independent effect of extreme premature birth, we added the important
markers of early neonatal illness most strongly associated with extreme premature birth to the
model: days of mechanical ventilation, presence of a PDA and NEC (Table III). Adding these
variables to the model resulted in a loss of effect of extreme premature birth on the change in
mean fractional anisotropy (-0.002, 95% CI - 0.02 to 0.004, p=0.53). Moderate to severe brain
injury on the first scan continued to have a significant effect, resulting in a decrease in mean
fractional anisotropy (-0.012, 95% CI -0.02 to -0.004, p=0.002). Adding post-natal infection
and CLD to this model did not affect these associations of extremely premature birth or
moderate to severe brain injury on fractional anisotropy values. In addition, there was no
interaction between sex and extreme premature birth, p=0.6.

We then examined whether extremely premature birth was associated with different fractional
anisotropy and mean diffusivity values at term-equivalent age. We repeated the multivariate
regressions, limiting the analysis to scans occurring at >36 weeks postmenstrual age (N=120).
In these analyses, extremely premature birth was not associated with significantly different
white matter fractional anisotropy (-0.008, 95% CI -0.03 to 0.01, p=0.4) or mean diffusivity
values (-0.002 mm2/sec, 95% CI -0.06 to 0.05 p=0.9).

DISCUSSION
The effect of gestational age at birth on developing white and gray matter microstructure can
be assessed by diffusion parameter (fractional anisotropy or mean diffusivity) changes over
time, and we were unable to demonstrate an effect. Extremely premature birth, at less than 26
weeks, had a detrimental effect on the change in white matter fractional anisotropy. However,
this effect was eliminated by neonatal morbidities that commonly accompany extreme
premature birth, such as the presence of a PDA, need for mechanical ventilation, and NEC.
These findings suggest that younger gestational age at birth is not in itself a strong determinant
of brain development as measured serially by diffusion tensor imaging parameters.
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With a large sample size we were not able to demonstrate an independent effect of extremely
premature birth on white or gray matter microstructure maturation. Our results suggest that
infants born extremely prematurely have a normal capacity for brain development, as measured
at the microstructural level by diffusion tensor imaging, that is similar to premature newborns
delivered later in gestation. These findings are also consistent with those of Boardman et al.
who showed that premature infants without focal brain injury and imaged at term had similar
brain volumes as term born infants, although those with prolonged oxygen exposure had
slightly decreased volumes (10). As the primary objective of this study was to compare the
diffusion tensor imaging measures of maturation of those born extremely prematurely to those
born later in gestation, we did not perform a comparison with diffusion tensor imaging
parameters of term born infants. Others have looked at hippocampal volumes at term and found
no independent effect of prematurity, but that white matter injury and postnatal factors such
as steroid and indomethacin exposure negatively affect hippocampal volumes (27). We did
find that the presence of brain injury had a significant effect on brain microstructure maturation.
Moderate to severe brain injury, evident on conventional MRI, resulted in a reduction of the
expected maturation in the diffusion tensor imaging parameters and the magnitude of the effect
was equivalent to the expected change in fractional anisotropy or mean diffusivity for each
week increment of postmenstrual age. The negative effect of focal injury in the white matter
on surrounding microstructure and remote regions of grey matter (cortex, thalamus,
hippocampus, cerebellum) have been demonstrated in both imaging and neuro-histopathologic
studies (29–31). The exact mechanisms remain to be determined and may include the roles of
the late oligodendrocyte progenitors, the subplate neurons, failure of myelination, arrested
oligodendrocyte maturation and axonal damage (32).

Abnormal fractional anisotropy and mean diffusivity values at term corrected age have been
associated with focal white matter injury, diffuse white matter injury, and adverse
neurodevelopmental outcome (18–20,33,34). We performed a separate analysis in those infants
who had their second imaging study at > 36 weeks but did not find an independent effect of
extremely premature birth on these “term-equivalent” scans. These findings are important as
they emphasize the significance of the hospital course and imply that exposure to systemic
illness and the manner in which we care for these infants may influence their brain
development. For example, postnatal infections are increasingly recognized as a risk factor for
white matter injury in the premature newborn (35–37), potentially affecting brain
microstructure maturation. Tyson et al showed in a large Neonatal Research Network study of
extremely premature infants that other factors combined with gestational age were a better
predictor of outcome than gestational age at birth alone (6). Our findings together with those
of Tyson et al suggest that gestational age alone should not be used as the most important factor
in counseling families regarding neurodevelopmental outcome. Prior studies utilizing diffusion
tensor imaging have primarily used scans at term-equivalent age and so could not address the
issue of risk of abnormal change in fractional anisotropy or mean diffusivity in white and gray
matter development due to age at birth (19,20,33,34). We believe that the use of serial scans
strengthens our results.

There are several limitations to this study. First, by performing the second scan at a mean post-
menstrual age of 36 weeks, we may have missed an effect of extreme prematurity, as it is
possible that the effect of extreme prematurity on brain micro- and macrostructure may take
more time to become detectable, although this was done in order to maximize the number of
infants with serial scans and allows us to evaluate change over time. We did repeat our analysis
looking solely at data obtained at greater than 36 weeks post-menstrual age. This analysis
included 36 of the 47 infants born extremely prematurely and still we found no independent
effect. Second, the use of specific regions of interest for measurements may have caused us to
overlook an effect outside these regions, but these regions of interest represented fairly
comprehensive white and gray matter regions. Indeed, the effect of extremely premature birth
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on fractional anisotropy did not differ significantly by white matter regions of interest. We
believe these limitations are compensated for by our relatively large study population, which
enabled us to examine the effects of extremely premature birth and measures of clinical illness
in newborns exposed to clinical practice in two different tertiary level intensive care nurseries.
An additional limitation is the lack of association with long-term neurodevelopmental follow-
up. In the future we hope to study the association between the change in microstructure during
the hospital course and the neuromotor and cognitive outcomes of these infants.

In conclusion extremely premature birth was not in itself a strong determinant of adverse brain
development, as measured by serial diffusion tensor imaging, particularly when accounting for
common, early, neonatal co-morbidities. In contrast, the effects of brain injury on brain
development are important and appear to have a greater effect than extreme prematurity itself.
In addition, the co-morbid adverse events that occur during intensive care may play a larger
role in brain development after birth than the degree of prematurity, suggesting a possible
window of opportunity to improve neurodevelopmental outcome.

Abbreviations

MRI magnetic resonance imaging

PDA patent ductus arteriosus

NEC necrotizing enterocolitis

CLD chronic lung disease
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Figure. Regions of Interest
These are the unsmoothed ADC maps that demonstrate the regions of interest in which mean
diffusivity and fractional anisotropy were measured in white and gray matter regions. This
infant was born at 24.5 weeks gestation and imaged at 29 weeks.
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Table 1

Clinical characteristics by site

UCSF
n=97

UBC
n=79 *p-value

Gestational Age 28.43 27.3 0.73

Birth weight in grams 950 (750, 1220) 995 (815, 1285) 0.57

Male 47(48) 35(44) 0.65

Cesarean Delivery 61(62.9) 45(60) 0.44

Antenatal Steroids 81 (83.5) 57 (74) 0.14

Surfactant 60 (61.9) 55 (71.4) 0.20

APGAR at 5 min 7 (5,8) 8 (6,9) 0.06

Days intubated 4 (0,16) 3 (0, 25.5) 0.56

Birth at <26 weeks gestation 25 (25.8) 22 (27.9) 0.86

CLD 25 (25.8) 36 (46.2) 0.007

PDA 31 (32) 39 (49.4) 0.02

NEC 11 (11.3) 15 (19) 0.20

Postnatal Infection 43 (44) 25 (32) 0.09

PMA Scan 1, in weeks 32 (30.7, 33.1) 32 (30.3, 33.6) 0.93

PMA Scan 2, in weeks 36 (35.1, 37.3) 40 (38.4, 42.6) <0.001

Moderate-Severe Brain Injury 30 (31) 28 (35.4) 0.63

CLD – chronic lung disease, PDA – patent ductus arteriosus, NEC – necrotizing enterocolitis, PMA – postmenstrual age at time of MRI

Data presented as median (p25, p75) or number (%)

*
Fisher exact for categorical variables; Rank-sum for continuous variables
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