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Abstract

In the last decade, the role of magnetic resonance imaging (MRI) in neonatal care for prematurely-
born infants has rapidly expanded and evolved. Recent investigations addressed many of the
practical issues pertaining to image acquisition and interpretation, enabling high-quality MR
images to be obtained without sedating medications in preterm infants at any institution. Expanded
application has demonstrated MRI provides superior ability to assess cerebral development and
identify and define cerebral injury in comparison to other imaging modalities. Term equivalent
MRI results have been shown to correlate with neurodevelopmental outcomes, providing
improved predictive ability over other neuroimaging, clinical, or physical examination measures.
Regular utilization of MRI in this population is fundamental to gaining the knowledge and
expertise necessary for rational, accurate application. Ongoing experiences will continue to shape
the nature and type of information available to clinicians and families using MRI, further refining
its role as a routine element of neonatal care.
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Introduction

In recent decades, survival rates for very preterm infants (born less than 30 weeks gestation)
have improved dramatically due to advances in perinatal and neonatal care. In contrast to
this improvement in mortality, long-term neurodevelopmental outcomes have not improved
and remain problematic, with significant associated costs to individuals, families, and
society (1-5). In recent years, significant investigation has been undertaken correlating
varied demographic, perinatal, medical, and physical examination findings with long-term
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neurodevelopmental outcomes in attempt to identify the infants at greatest risk. Despite
these efforts, clinicians and researchers continue to possess limited ability to definitively
predict and meaningfully improve neurodevelopmental outcomes (6), with only significant
abnormalities on cranial ultrasound (US) strongly predictive of poor neurodevelopmental
outcome (7, 8). Application of magnetic resonance imaging (MRI) in this population has
provided an improved ability to assess cerebral development, providing clinicians with a
novel mechanism for identifying at-risk infants.

In recent years, MRI scanners have become increasingly available. Currently, the majority
of high-level care facilities containing Neonatal Intensive Care Units (NICUs) also possess
MRI scanners suitable for studying neonates. Increased utilization of these scanners has
demonstrated that image acquisition is typically well tolerated by even the youngest and
smallest patients. Additionally, scans can be performed successfully without the use of
sedating medications, eliminating the risk associated with this procedure. Increased
application in this group has permitted improvements in pulse sequences used to acquire
images and enabled development of infant-specific head coils, improving the quality of the
images obtained. Further, growing experience has provided neuroradiologists with necessary
knowledge and tools for image interpretation, as population-specific norms for sequences
such as diffusion weighted imaging (DWI) and magnetic resonance spectroscopy (MRS)
have been established (9-12). As a result, most institutions now possess the ability to obtain
high-quality MRI scans on prematurely-born infants at term equivalent (TE) age.

In the last 15 years, the role of MRI in neonatal care has been increasingly investigated by
clinicians and researchers. As practical issues pertaining to image acquisition and
interpretation have been more clearly determined, investigators have transitioned to defining
the role of MRI in the clinical domain. Recent inquiries have demonstrated the potency of
MRI as a diagnostic tool used to assess brain development and injury in this population (13—
16). Subsequent investigations have demonstrated MRI findings obtained on a routine
clinical scan can also provide invaluable information regarding neurodevelopmental
outcomes that can be utilized for dictating individualized care plans, counseling families,
and ultimately improving outcomes in this high-risk group. As a result of these inquiries, a
growing body of evidence supports routine use of MRI as a component of NICU clinical
care for prematurely-born infants.

Practical Considerations Pertinent to MRI Acquisition in Preterm Infants

Several practical issues must be considered when performing MRI scans in prematurely-
born infants. At almost every institution, obtaining an MRI scan on an infant requires
transport out of the NICU to the neuroradiology suite, often located on another floor of the
hospital. By TE, the preponderance of prematurely-born infants is medically stable enough
for safe transport to the scanner and tolerates the procedure well. The time required to
prepare each infant for the scan is approximately 30—60 minutes, and can be readily
coordinated with individualized care and feeding plans for each infant by the NICU staff.
Establishment of imaging protocols at several institutions has demonstrated a ready ability
to obtain high-quality images in non-sedated infants, eliminating the risk and cost associated
with this procedure. The equipment required to perform these studies is relatively limited,
inexpensive, and commercially available, consisting of items such as ear protection, head
stabilizing devices, and MRI-compatible cardiopulmonary monitoring equipment. Isolettes
that can be taken into the MR suite can also be obtained, though these are not typically
required for scanning TE prematurely-born infants.

At our institution, guidelines published by Mathur have now been successfully utilized to
safely obtain MRI scans without sedation on greater than 1000 prematurely born infants (17)
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(Figure 1). These practices are readily transferrable between institutions. The procedures
detailed by Mathur were successfully implemented to perform non-sedated MRI scans in
preterm infants at TE at another nearby institution (18). This group was able to complete
non-sedated MRI studies at a 94% success rate, with satisfactory image quality realized in
more than 97% of attempts. Further, complication rates and time away from the NICU for
scan acquisition were both significantly reduced when sedation was not used. Other
institutions have also published results obtained from successfully scanning infants without
sedation (19, 20). Most recently, Neubauer demonstrated the feasibility of performing MRI
scans in non-sedated infants at an “inexperienced center” (21). Using self-developed
guidelines, the group performed non-sedated scans on prematurely-born infants at TE at a
93% success rate. A subset of these scans was also completed in the outpatient setting. Time
for scan acquisition was again significantly decreased when sedation was not used. These
reports demonstrate high-quality, non-sedated MRI scans can be obtained on this population
at any institution, requiring cursory amounts of specialized equipment, technical
infrastructure, and expertise.

Assessment of Cerebral Development and Injury Using MRI in Preterm

Infants

When performed successfully, MRI provides non-invasive, high-resolution images of the
entirety of cerebral anatomy obtainable in less than an hour. These images are superior in
quality and more inclusive than those available using other commonly available imaging
modalities, including US and computerized tomography (CT). Additionally, MRI does not
present the same long-term risks to the developing brain associated with radiation exposure
found with CT scans. Further, these scans can be performed serially throughout early
development making longitudinal assessment feasible. The result is an improved ability to
perform comprehensive /n vivo assessments of cerebral anatomy, detail the marked changes
associated with normative development, and detect and characterize brain injury.

Throughout the neonatal period, the brain becomes increasingly folded with the onset of
cortical sulcation and gyration in a stereotyped, regionally-specific distribution. In recent
years, MRI has been increasingly applied to characterize the patterns and timing of these
changes in prematurely-born infants in a manner previously available only through
neuropathological investigations (13, 14). This work has produced detailed descriptions of
normative folding patterns for infants, enabling quantification of these configurations
(Figure 2). Accurate assessment of cortical folding on TE studies provides an important
marker for structural brain growth and maturation during this critical developmental period.
MRI also enables non-invasive assessment and characterization of myelination, another
critical component of normative cerebral development. In typically developing brains,
myelination involving the posterior limb of the internal capsule (PLIC) is first apparent on
MRI scans at around 36 to 38 weeks gestation, before expanding to incorporate other
regions in a stereotyped pattern throughout early development (15, 16). It is often most
readily identifiable on T1-weighted scans, but can also be identified on T2-weighted images
(Figure 3). Evaluation of its presence and symmetry on TE MRI scans also provides insight
into ongoing cerebral development. MRI is currently the only clinically available imaging
modality that enables accurate assessment of these important developmental benchmarks.

In addition to information on cerebral development, MRI also enables comprehensive
assessment of brain injury, providing detailed information regarding injury type, location,
extent, and timing. Recent application has served to re-establish normative values regarding
frequency and severity for specific injury types in this population. In a large, multicenter
trial, Kidokoro recently found that 33% of infants demonstrate cerebral injury on TE MRI
scan, including 12% of infants with periventricular leukomalacia, 19% of infants with
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intraventricular hemorrhage, and 10% of infants with cerebellar hemorrhage (Figure 4) (22).
Further, high-grade injury and multiple injury types were identified in multiple infants. In
comparison to US, MRI possesses improved ability for detecting cerebral injury. This
difference is most consistent with less white matter injury (WMI), an injury type common in
neonates. In one of the early works investigating this issue, Maalouf performed a
comparison between US and MRI, demonstrating an improved ability to detect injury and
accurately characterize WMI using MRI (23). Inder also performed a comparison between
US and MRI, demonstrating significant advantages in detecting non-cystic WMI with MRI
(24). Additionally, Miller demonstrated improved sensitivity for identifying WMI using
MRI compared to US, most notably for less severe forms of injury (25). Finally, similar
patterns have been reported on MRI performed prior to TE, with an improved ability to
detect less severe forms of injury (26). Secondary to its expanded field of view, MRI also
provides an improved ability to identify posterior fossa and cerebellar injury. Miall reported
an improved ability to identify cerebellar injury using MRI in comparison to US (27).
Finally, MRI can also be used to identify impaired brain growth. Kidokoro demonstrated
characteristic patterns of impaired brain growth in preterm infants at TE, identifying self-
defined “small brain” (biparietal width z-score < —0.5) and “hypoplastic brain”
(interhemispheric distance = 4.0 mm) models. For each of these injury patterns, MRI
provides not only the most comprehensive ability to assess and define injury severity, but
also a mechanism to investigate its subsequent impact on neurodevelopmental outcome.

Correlation of MRI Findings with Neurodevelopmental Outcome using TE

Scans

Over the course of the last decade, multiple studies have demonstrated the utility of MRI
scans as a tool for neurodevelopmental outcome prediction in prematurely-born infants. The
predominance of these investigations correlated results from a TE MRI scan with
neurodevelopmental outcomes in the first several years of life, though some groups have
investigated more long-term outcomes. Importantly, these inquiries have demonstrated that
MRI outperforms other neuroimaging, clinical, or physical examination measures for
outcome prediction in this high-risk group. MRI’s predictive ability has most commonly
been contrasted with US, which has been demonstrated to have high specificity but low
sensitivity (7, 28, 29). In recent years, improvements in image quality, growing experience
with image interpretation and development and institution of new tools for image
assessment (Supplement 1) have continued to widen this gap, increasing the predictive
potency of these scans.

Early application of MRI as an outcome prediction tool correlated qualitative assessments of
scan results with neurodevelopmental outcomes. In one of the earliest investigations of this
type, Valkama correlated results from a TE scan with 18 month outcomes, demonstrating
100% sensitivity (improved from 67% with US for the same cohort) and 79% specificity for
subsequent motor impairment or diagnosis of cerebral palsy (CP) based upon qualitative
assessment of MRI scans (30). Mirmiran also used qualitative assessment of TE MRI scans
correlated with 20 and 31 month outcomes to demonstrate MRI possesses 86% sensitivity
(versus 43% with US) and 89% specificity (versus 82% with US) for prediction of CP at 31
months (29). Following these early studies, novel tools were developed to systematically
assess the presence and severity of white and gray matter injury and correlate these findings
with neurodevelopmental outcomes. Woodward used a WMI scoring system to correlate
findings from TE scans with 2 year outcomes (28). The group demonstrated moderate to
severe WMI was highly predictive of poor outcome, associated with poor performance on
standardized assessment of motor and cognitive performance and greater frequency of CP.
Similar assessment of gray matter injury in the same cohort demonstrated that it was also
significantly associated with cognitive and motor delay and a diagnosis of cerebral palsy.
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Recently, using the same standardized injury scoring system, Skidld demonstrated a
relationship between moderate to severe WMI and a diagnosis of CP at 30 months (31).

Recent investigations have correlated other specific imaging findings of varied types,
including patterns of injury, on TE MRI scans with outcome. De Vries investigated the
association between myelination in the PLIC with developmental outcome at >12 months in
infants with grade IV intraventricular hemorrhage (32). Their group demonstrated absence
of myelin in the PLIC was strongly predictive of subsequent development of hemiplegia and
asymmetric PLIC signal was suggestive of increased risk for motor asymmetry. Tam
investigated the relationship between cerebellar hemorrhage on TE scan and 3-6 year
outcomes in small cohort of infants (33). They demonstrated cerebellar hemorrhage
detectable only on MRI scan was associated with increased likelihood of abnormality on
neurological examination, with larger hemorrhage associated with worse outcome. Finally,
Nguyen correlated simple brain growth metrics on TE scans with neurodevelopmental
outcomes at 2 years of age (34). They demonstrated measures of motor and cognitive
performance were positively associated with a number of brain metrics, with biparietal
diameter the strongest predictor of outcome. In addition to these positive findings, MRI has
also been used to demonstrate specific patterns of injury are not suggestive of poor outcome.
Hart demonstrated no significant differences in outcome at 18 months of age in infants with
diffuse excessive high signal intensity (DEHSI) on TE scan (35). This finding was
corroborated by Ski6ld and Kidokoro, who demonstrated no correlation between DEHSI and
outcomes at 2 years and 30 months of age (31, 36).

These investigations illustrate the variety of neuroimaging findings available from a single
MRI scanning session that can be utilized for neurodevelopmental outcome prediction in
this population. In addition, the practical nature of many of the measures illustrates the
feasibility of routine implementation at any institution by individuals with limited initial
training. Regular application of these techniques by a consistent group of users serves to
provide the invaluable experience necessary for robust identification of infants at greatest
risk. Recent work has begun to correlate longer-term neurodevelopmental assessments with
TE MRI scan results, suggesting the technique maintains its predictive power throughout
middle childhood (37). While additional longitudinal study remains necessary for continuing
to define the role of MRI for outcome prediction in this population, these inquiries
underscore its vast potential for this purpose in the clinical domain.

Utility of Preterm Scans in Outcome Prediction

MRI scans performed on prematurely-born infants prior to TE can also provide invaluable
information regarding neurodevelopmental outcome. Miller correlated MRI scan results
performed at 31-33 weeks gestation and TE with 18 month developmental outcomes (38).
They demonstrated that the presence of moderate to severe WMI on MRI significantly
increased the risk of abnormal outcome. Further, the severity of adverse outcome was
significantly associated with worsened WMI, ventriculomegaly, and intraventricular
hemorrhage. Importantly, abnormalities on the earlier scans were comparably predictive of
aberrant neurodevelopmental outcome as those identified on the TE scan. This work
suggests a clinical role for preterm scans as well, particularly for infants where there are
logistical obstacles to obtaining a TE scan. Additionally, these findings indicate a clinical
scan performed earlier during the neonatal period is preferable to not scanning a patient.

Conclusion

Recent practices have demonstrated that high-quality MRI scans can be safely and routinely
performed in prematurely-born infants at TE without sedating medications at any institution.
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Performing these scans affords an improved ability to assess brain development and injury.
Importantly, results of these imaging studies also provide invaluable prognostic information
regarding neurodevelopmental outcomes superior to those obtained using other
neuroimaging modalities, providing a critical adjunct to information available through
history and physical findings. While fewer investigations have been performed correlating
results from early MRI scans with neurodevelopmental outcomes, this practice also holds
promise moving forward. Additionally, increasing application of more advanced MR
modalities such as diffusion tensor imaging (DTI), surface based morphometry (SBM),
volumetry and/or functional connectivity magnetic resonance imaging (fcMRI), may further
expand the developmental and prognostic information obtainable using this modality in the
future.

Over the last decade, the role of MRI in NICUs has rapidly expanded. Growing experience
applying the technique to study this population has provided invaluable lessons for
clinicians, most prominently that MRI is highly effective with routine implementation. The
knowledge gained through regular use of MRI translates to enhanced skill necessary for
appropriate acquisition and interpretation of the imaging studies by a multidisciplinary
group of health care providers. Ultimately, this information can be translated to identify
high-risk infants, allowing implementation of interventions designed to improve
neurodevelopmental outcomes via development of targeted, cost-effective health care plans
initiated during the NICU course and continued following discharge. In the coming years,
ongoing experiences will continue to shape the nature and type of clinical information
available to clinicians and families from a single MR scanning session, further solidifying its
role as a routine and necessary component of NICU care.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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us ultrasound

MRI magnetic resonance imaging

NICU neonatal intensive care unit

DWI diffusion weighted imaging

MRS magnetic resonance spectroscopy
TE term equivalent

CT computerized tomography

PLIC posterior limb of the internal capsule
WMI white matter injury

CP cerebral palsy

DEHSI diffuse excessive high signal intensity
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diffusion tensor imaging

surface based morphometry

fcMRI functional connectivity magnetic resonance imaging
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Figure 1. Proceduresfor preparing infant for non-sedated MRI scan

Procedures for preparing infants prior to placement in the MRI scanner includes A) snuggly
wrapping the infant prior to placement in the vacuum bag; B) securing the infant in the
stabilizing vacuum bag; C) placing the stabilized infant in the MR-compatible isolette for
movement into the scanner.
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Figure 2. Development of cortical folding in the premature human brain

Representative A) 3-dimensional surfaces and B) axial T2-weighted images illustrating
regionally-specific cortical folding occurring in the premature brain secondary to sulcation
and gyration throughout early development. Provided are images obtained from a single
preterm infant from MRI scans performed at 28, 31, 34, and 38 weeks post-mentrual age.
Note the marked increase in brain size and folding complexity between each set of images.
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Figure 3. Mydlination of the posterior limb of theinternal capsule

Representative axial A) T1- and B) T2-weighted MR images from a very preterm infant at
term equivalent age demonstrating myelination evident in the the posterior limb of the
internal capsule bilaterally. Note myelinated white matter appears hyperintense on T1-
weighted images and hypointense on T2-weighted images (arrows).
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Figure 4. Classification of periventricular leukomalacia and cerebellar hemorrhage

Coronal T1- and T2-weighted MR images demonstrating representative examples of
periventricular leukomalacia (PVL, upper panel) and cerebellar hemorrhage (CBH, lower
panel) of progressive severity. A) Grade 1 and B) Grade 2 PVL defined by punctate lesions;
C) Grade 3 PVL defined by high signal along the wall of lateral ventricles; D) Grade 4 PVL
defined by cysts in the periventricular white matter. CBH was also classified into 4 grades
including: E) Grade 1 CBH defined by unilateral punctate lesions <3 mm in size; F) Grade 2
CBH defined by bilateral punctate lesions; G) Grade 3 CBH defined by a unilateral lesion
>3 mm in size; H) Grade 4 CBH defined by extensive lesions bilaterally.
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