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Abstract

Rationale: Bronchopulmonary dysplasia (BPD) is a prevalent yet
poorly characterized pulmonary complication of premature birth;
the current definition is based solely on oxygen dependence at
36 weeks postmenstrual age without objective measurements of
structural abnormalities across disease severity.

Objectives:We hypothesize that magnetic resonance imaging
(MRI) can spatially resolve and quantify the structural abnormalities
of the neonatal lung parenchyma associated with premature birth.

Methods: Using a unique, small-footprint, 1.5-T MRI scanner
within our neonatal intensive care unit (NICU), diagnostic-quality
MRIs using commercially available sequences (gradient echo and
spin echo) were acquired during quiet breathing in six patients with
BPD, six premature patients without diagnosed BPD, and six full-
term NICU patients (gestational ages, 23–39 wk) at near term-
equivalent age, without administration of sedation or intravenous
contrast. Images were scored by a radiologist using amodifiedOchiai

score, and volumes of high- and low-signal intensity lung
parenchymawere quantified by segmentation and threshold analysis.

Measurements and Main Results: Signal increases, putatively
combinations of fibrosis, edema, and atelectasis, were present in all
premature infants. Infants with diagnosed BPDhad significantly greater
volume of high-signal lung (mean6 SD, 26.16 13.8%) compared
with full-term infants (7.36 8.2%; P = 0.020) and premature infants
without BPD (8.26 6.4%; P = 0.026). Signal decreases, presumably
alveolar simplification, only appeared in the most severe BPD cases,
although cystic appearance did increase with severity.

Conclusions: Pulmonary MRI reveals quantifiable, significant
differences between patients with BPD, premature patients without
BPD, and full-term control subjects. These methods could be
implemented to individually phenotype disease, which may impact
clinical care and predict future outcomes.
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Very low birth weight (,1,500 g) and low
gestational age (GA; gestational age is
defined as the number of weeks from the
beginning of the last menstrual period
[approximately 2 wk prefertilization] to
birth) infants represent a small fraction
of live births in the United States but a
disproportionately high percentage of
newborn healthcare costs. These neonates

are susceptible to myriad pulmonary
complications that require longer durations
of stay in the neonatal intensive care unit
(NICU) and additional clinical resources
(1). The most common respiratory
complication of preterm birth,
bronchopulmonary dysplasia (BPD),
defined by a clinically assessed need for
supplemental oxygen support at 36 weeks

post-menstrual age (2), has actually
increased in incidence as advancements
in clinical respiratory care (i.e.,
implementation of less-aggressive
ventilation strategies, steroid and surfactant
therapies) have improved initial
survivability for very premature neonates.

For many patients, however, the
burden of pulmonary disease continues
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beyond the NICU; these survivors are
at greater risk for respiratory-related
rehospitalization and diminished pulmonary
capacity, and methods for longitudinal
assessment and prediction of outcomes are
lacking in this population (2–7).

Pulmonary imaging of the neonate
has been limited to the clinical assessment
of acute changes in respiratory status.
The most widely accessible clinical imaging
modalities, radiograph and computed
tomography (CT), have significant
limitations (8, 9). Although chest
radiograph is routine for acute assessment,
the technique’s sensitivity is limited because
patients with significant respiratory
dysfunction may exhibit only minor
radiographic abnormalities (10–12), and
although CT is considered the gold
standard for clinical pulmonary imaging,
it is not widely implemented because
neonates may require sedation, especially
for high-resolution CT, and are especially
vulnerable to damage from ionizing
radiation (13, 14). Furthermore, CT is

not appropriate for longitudinal assessment
because of the link between serial radiation
exposure and increased cancer risk (4).

As a nonionizing technique, magnetic
resonance imaging (MRI) is superficially
an ideal modality for pulmonary imaging;
nevertheless, MRI has played a limited
role because of technologic challenges: the
low 1H density of the lung parenchyma
(only z20% that of solid tissues),
numerous air-tissue interfaces that lead to
rapid signal decay (i.e., short T2*, z2 ms at
1.5 T [15]), and cardiac and respiratory
sources of motion that further degrade
image quality (16). Pulmonary MRI of the
neonate is additionally confounded by
small patient size and the delicate nature
of transporting a NICU patient to the
scanner. To overcome the latter two
challenges, we extend the application of a
unique, small footprint 1.5-T MRI scanner
designed by our colleagues in the Imaging
Research Center at Cincinnati Children’s
Hospital for installation and clinical use in
our NICU (17–19) to image neonatal lungs.
Using this scanner, commercial MRI
sequences, and quantitative analysis,
we demonstrate the ability of MRI to
spatially map and quantify lung pathology
associated with premature birth in quietly
breathing neonates. Some of these results
have been previously reported in the form
of abstracts (20, 21).

Methods

NICU MRI Patient Cohort
After institutional review board approval,
patients were recruited from our NICU and
parental consent was obtained. Eighteen
patients (Table 1) were enrolled and divided
into three subgroups: a full-term control
group (n = 6), defined as NICU patients
born at greater than or equal to 36 weeks
GA without major, suspected pulmonary
complications; a premature non-BPD
group (n = 6), defined as birth at less than
36 weeks GA without a BPD diagnosis; and
a BPD group (n = 6), defined as premature
infants with a clinical diagnosis of BPD.
Subjects Term3, Term4, and Term5 were
imaged before surgery; Term1 and Term6
were imaged 2 weeks post-surgery, and
Term2 was imaged 3 weeks post-surgery.

Image Acquisition
A small-footprint 1.5-T orthopedic MRI
scanner (ONI Medical Systems, currently

GE Healthcare, Waukesha, WI) was
previously adapted for clinical use in our
NICU (17–19); the scanner’s 18-cm bore
can accommodate infants weighting up to
approximately 4,000 g. Using this scanner,
standard axial three-dimensional fast
gradient echo (FGRE) images were
acquired in all 18 patients (repetition
time/echo time [TR/TE] z7/1.9 ms; 108 flip
angle; 18–20 cm field of view; 3 mm slice
thickness; 5–10 averages). Additionally, fast
spin echo (FrFSE) images were acquired for
10 patients (TR/TE 3,000/11.6 ms; 16 cm
field of view; 3 mm slice thickness; echo
train length 5) and Propeller images
(TR/TE 3,750/32.5 ms; 16 cm field of view;
3 mm slice thickness; echo train length 10)
were acquired for 11 patients. Patients were
fed, swaddled, and equipped with ear
protection directly before imaging. Subjects
were imaged during quiet breathing; all
full-term control subjects, all premature
non-BPD patients (except Premature2),
and BPD4 were imaged while freely
breathing room air; Premature2, BPD1,
BPD3, BPD5, and BPD6 were supported by
O2 via nasal cannula, and BPD2 was
mechanically ventilated during the study
(positive end-expiratory pressure, 7 cm
H2O; 40 breaths per min). No intravenous
contrast agent or sedation was administered
as part of the study; preimaging preparation
and total scanner time was about 1 hour,
with approximately 30 minutes for image
localization and acquisition. For
comparison with the MRIs, clinical chest
radiograph films for all patients (dated
closest to the MRI examination) and
clinically ordered CT images for two
patients (BPD1 and BPD2) were obtained
from medical records.

Quantification and Analysis
MRIs were clinically scored by a radiologist
with no prior knowledge of clinical
diagnosis using a modified Ochiai scoring
system (Table 2) with a higher score
reflective of more severe findings (range,
0–14) (22); the radiologist also scored
the diagnostic quality of the images (0–2,
with 0 considered nondiagnostic quality).
Quantitative image analysis was
performed using ImageJ (23) and Amira
(FEI Visualization Sciences Group,
Hillsboro, OR). Parenchymal signal-to-
noise and signal-to-muscle ratios were
measured for multiple regions of interest in
equivalent anatomic regions of the lung
across several slices per patient. For

At a Glance Commentary

Scientific Knowledge on the
Subject: Bronchopulmonary
dysplasia is a common respiratory
complication of premature birth and is
essentially defined by an oxygen
dependence; very little is known about
the underlying structural pathologies.
Survivors (particularly those of very
low birth weight and/or gestational
age) are at higher risk for respiratory
complications and morbidity with
unclear linkages between initial clinical
diagnosis and long-term outcomes.

What This Study Adds to the
Field: This study demonstrates that
pulmonary magnetic resonance
imaging can be performed safely and
successfully in the neonatal intensive
care unit environment and that
multiple underlying structural
abnormalities exist in patients with
bronchopulmonary dysplasia
compared with full-term control
subjects. These results support wider
implementation of magnetic resonance
imaging as a safe, nonionizing tool for
longitudinal assessment of the lungs of
very young children.
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segmentation analysis of the FGRE images,
separate masks were generated for the chest
soft tissue (excluding the lungs) and the
lung parenchyma (excluding major airways
and vasculature). Mean signal intensities
for the chest and lung masks were
calculated, and the signal from the lung was
normalized to the mean chest soft tissue.
Masks of high- and low-signal intensity
parenchyma were obtained by thresholding

the MRI signal intensity. High-signal
regions of the lung parenchyma
(i.e., regions of potential fibrosis,
bronchiectasis, edema, and/or atelectasis)
were segmented by thresholding pixels with
intensity greater than 45% of the mean
chest soft tissue signal; likewise, low-signal
lung parenchyma (i.e., regions of suspected
alveolar simplification) was segmented by
thresholding pixels with signal intensity less

than 4% of the mean chest soft tissue signal.
These thresholds were chosen empirically
based on visual appearance to maximize
contrast among groups. Volume
percentages were calculated to determine
the amount of affected lung. Mean and SD
of high- and low-signal volume percentages
were calculated for each subcohort, and a
two-tailed Student t test with unequal
variance was performed to determine
statistical significance (defined as P< 0.05)
among groups.

Results

The protocol was well tolerated by the
patients; most of the infants did not stir
during imaging, and for the few that did,
the scanner was paused and the patient
was soothed for a few minutes before
continuing. The resulting images obtained
were of high-diagnostic quality (mean
quality score, 1.65) and relatively free from
respiratory and cardiac motion artifacts.
Radiologic scoring of the MRIs using the

Table 1. Cohort of NICU Patients

Patient ID (Diagnosis)
Birth

GA (wk)
Birth

Mass (g) Sex
PMA at
MRI (wk)

Day of Life
at MRI (d)

Mass at
MRI (g)

Total Days on
Respiratory
Support until

Discharge: Type (d)

Full-term group (n = 6)
Term1 (gastroschisis) 36 3,145 F 38 14 3,500 13: NIV (1)/NC (12)
Term2 (gastroschisis) 36 2,807 F 40 27 3,200 5: MV (5)
Term3 (spinal dysraphism) 37 2,920 F 38 12 3,000 0: RA
Term4 (anorectal malformation) 38 3,590 M 38 2 4,000 0: RA
Term5 (tethered cord) 39 3,160 F 39 2 3,060 0: RA
Term6 (Hirschsprung disease) 39 2,619 F 41 14 2,640 0: RA

Premature (non-BPD) group (n = 6)
Premature1 34 1,900 F 35 6 1,830 4: NC (4)
Premature2 34 2,370 M 35 6 2,170 6: NC (6)
Premature3 32 1,860 F 37 39 2,630 0: RA
Premature4 35 2,380 F 37 15 2,370 0: RA
Premature5 29 1,490 M 36 41 2,680 32: NIV (12)/NC (20)
Premature6 34 2,466 F 38 28 2,500 6: NC (6)

BPD group (n = 6)
BPD1 23 595 M 39 111 3,000 130: MV (56)/NIV (50)/NC

(24) transferred on NC
BPD2 26 1,000 M 39 89 3,500 247: MV (247) discharged

on home ventilator
BPD3 27 1,060 M 35 67 2,800 83: MV (22)/NIV (14)/NC

(47) discharged on O2
BPD4 28 1,120 M 40 83 3,700 43: MV (2)/NIV (41)

transferred on NIV
BPD5 28 1,390 M 36 77 4,000 75: MV (35)/NC (40)

discharged on O2
BPD6 29 1,090 F 37 61 2,300 84: MV (25)/NIV (7)/

NC (52) discharged on O2

Definition of abbreviations: BPD = bronchopulmonary dysplasia; GA = gestational age; MRI =magnetic resonance imaging; MV =mechanical ventilation;
NC = nasal cannula; NICU = neonatal intensive care unit; NIV = noninvasive ventilation; PMA = post-menstrual age; RA = room air.

Table 2. Radiologic Scoring System for Pulmonary MRI of NICU Patients

Category

Scoring

0 1 2

Hyperexpansion None Focal Global
Mosaic lung attenuation None Unclear Obvious
Emphysema, number of cysts/regions None Single Multiple
Emphysema, size None ,5 mm .5 mm
Fibrous/interstitial, triangular subpleural opacities None 1–3 lobes 4–6 lobes
Distortion of bronchovascular bundles Mild Moderate Severe
Subjective impression Mild Moderate Severe

Definition of abbreviations: MRI =magnetic resonance imaging; NICU = neonatal intensive care unit.
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system in Table 2 showed significantly
higher scores in the BPD group (7.76 4.5,
mean6 SD) compared with the full-term
group (0.176 0.41; P = 0.009) and
compared with the premature group (2.86
2.1; P = 0.046). Also, the premature group
had significantly higher clinical scores than
the full-term group (P = 0.027).

Table 3 summarizes the quantitative
volumetric thresholding analysis for the
FGRE images. Images of the prematurely-
born infants revealed more high-intensity
parenchyma than full-term control subjects,
with the most striking differences found
in BPD patients. BPD patients had a
significantly higher volume percentage of
high-signal intensity lung (26.16 13.8%)
compared with the premature group (8.26
6.4%; P = 0.026) and compared with the
full-term group (7.36 8.2%; P = 0.020).
There was no significant difference in
the high-signal analysis between the
premature and full-term groups (P = 0.83).
For the low-signal intensity analysis
(our quantitative measure of alveolar
simplification), there was no significant
difference between the BPD group (0.556
0.55%) and the full-term group (1.46
1.8%; P = 0.33) or premature group (0.96
1.2%; P = 0.49), nor was the difference
between the premature and full-term
groups significant (P = 0.62).

The parenchymal appearance of BPD
varied widely among patients, with most
exhibiting heterogeneous structure with a
few dispersed pockets of relatively lower
signal intensity (presumably alveolar
simplification) and others with more
uniformly elevated parenchymal signal
throughout. Figure 1 compares FGRE
images with clinical chest radiographs for a
premature patient without BPD and three
BPD patients. Radiologic reads of BPD
patient chest films included diffuse and
reticular opacities consistent with edema
and/or atelectasis. Compared with
radiograph, MRI more clearly shows the

differences in parenchymal structure
between the BPD patients and also between
BPD and non-BPD premature patients.
Elements of mosaic attenuation and fibrotic
opacities are observed in the MRIs for
patient BPD5; for subjects BPD3 and BPD2,
these features and multiple regions of
emphysema (i.e., alveolar simplification)
and hyperexpansion are described in the
clinical reads.

Figure 2 is an example of the
quantitative volumetric segmentation of
high-intensity and low-density parenchyma
for FGRE images from a full-term control
patient, a non-BPD premature patient,
and two BPD patients. The high-signal
intensity mask identifies all high-density
abnormalities, likely representing
combinations of edema, atelectasis, fibrosis,
and bronchiectasis, whereas the low-signal
threshold identifies potential regions of
alveolar simplification and gas trapping
(low-density parenchyma). Interestingly,
the results from Figure 2 are representative
of the groups, in that alveolar simplification
was identified only in the most severe
BPD cases (e.g., BPD2).

Figure 3 compares the FGRE, FrFSE,
and Propeller pulse sequences in control
subject Term4 and in BPD patient BPD3.
All three sequences capture elements of
the parenchymal signal in the full-term
control patient: the parenchyma-to-muscle
signal ratios (mean6 SD) are 0.136 0.02,
0.396 0.09, and 0.336 0.09 for the FGRE,
FrFSE, and Propeller images, respectively.
The parenchyma of BPD3 in Figure 3 is
more heterogeneous with diffuse regions
of increased signal intensity relative to the
control patient; the BPD parenchymal-
to-muscle signal ratios are 0.316 0.16,
0.576 0.14, and 0.546 0.18 for the FGRE,
FrFSE, and Propeller images, respectively.

The FGRE images, which were proton
density– and T2*-weighted, provided the
most consistent contrast between lung
parenchyma and vasculature and sufficient

signal intensity for quantification. Although
parenchymal signal is more intense in the
FrFSE images, detail in the vasculature
and pathology is killed, and the sequence
is more susceptible to motion as evidenced
by the artifacts in the images. The Propeller
sequence has similar signal-to-noise as
FrFSE but is more robust to motion
artifacts (better demonstrated in BPD3)
(Figure 3). Regions of increased
parenchymal signal were common in all
premature patients, and the structural
differences between the full-term and
BPD patient are most striking and best
resolved in the FGRE images because of
better contrast from the increased proton
density and long T2* components of
disease.

For patient BPD1, a clinically ordered
chest CT was performed the day before
MRI, which provided a unique opportunity
for direct comparison of the modalities
(Figure 4). A clinical chest radiograph taken
4 days before the MRI study is also
included. Although the CT and FGRE MRIs
differ in resolution (0.293 0.293 3 mm3

and 0.783 0.783 3 mm3, respectively),
strikingly similar lung architecture with
regions of increased and decreased density
throughout the parenchyma is revealed,
and clinical reads include the same
pathologic features (i.e., focal
hyperexpansion, emphysema, diffuse and
fibrous opacities, and bronchovascular
distortion).

Discussion

We demonstrate diagnostic-quality,
quantitative pulmonary MRI in neonates
using a small-footprint 1.5-T scanner within
our NICU and standard commercial pulse
sequences. Although wider implementation
of MRI scanners in NICUs is on the horizon,
the pulse sequences and quantitative
methods presented here are readily

Table 3. Summary of Radiologic Score and Quantitative Analysis of FGRE Images

Group Radiologic Score
Normalized Parenchymal

Signal Intensity
Percentage High-Signal

Lung Parenchyma
Percentage Low-Signal

Lung Parenchyma

Full-term 0.176 0.41 (0–1) 0.266 0.07 (0.15–0.35) 7.36 8.2 (0–18.1) 1.46 1.8 (0.1–4.9)
Premature, non-BPD 2.86 2.1 (0–5) 0.276 0.05 (0.19–0.33) 8.26 6.4 (1.0–19.8) 0.96 1.2 (0.2–3.4)
BPD 7.76 4.5 (1–14) 0.366 0.07 (0.25–0.46) 26.16 13.8 (5.3–40.9) 0.66 0.6 (0–1.3)

Definition of abbreviations: BPD = bronchopulmonary dysplasia; FGRE = fast gradient echo.
Data are mean6 SD (range).
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accessible and could be deployed on a
conventional adult-sized scanner using coils
appropriately sized for the neonate, thus
providing a routine, nonionizing means of
imaging the lung parenchyma and vasculature.
The images are relatively free from significant
motion artifacts as determined by the
radiologist, with the exception of some
respiratory ghosting in the FrFSE images.
The proton density– and T2*-weighted
contrast in the FGRE MRI best emphasized
the structural differences between the groups,
and BPD patients had significantly higher
radiologic scores and volume percentages
of high-signal intensity parenchyma as
compared with full-term control subjects and
premature peers without BPD. Interestingly,
although radiologic scoring for the most
severe BPD cases included emphysema or
alveolar simplification, this is not reflected in
the low-signal quantitative analysis of the
FGRE images. This suggests that although
the cystic appearance of the lungs increases
with BPD severity, the pockets of relatively
darker parenchyma have signal intensities
consistent with lung parenchyma of full-term
control patients.

Even in this relatively small cohort,
using radiologic scoring and quantitative

analysis, MRI can differentiate BPD patients
from premature infants without BPD. The
increased parenchymal signal intensity in
premature (non-BPD) patients is likely from
lung fluid or edema as opposed to fibrotic
pathologies observed in BPD. Fetal lung
fluid plays a vital role in lung development,
and in preparation for the transition to air
breathing ex utero, secretion of fetal lung
fluid declines in the days before labor.
Infants born prematurely are estimated
to have approximately 25% greater lung
water content than full-term peers (24); this
likely contributes to increased parenchymal
fluid and the increased signal intensity
observed in the MRIs of premature infants,
although it can be in addition to other
factors including immature surfactant
production and decreased activity of
epithelial sodium channels (responsible for
lung fluid absorption). The increased lung
fluid observed in these premature patients
weeks and months after birth may be
reflective of persistent fluid-handling
abnormalities and/or disease.

Importantly, in the BPD group, high-
signal intensity (arising from increased
proton density and lengthened T2*) is more
concentrated in fibrotic opacities and

bronchovascular bundling as opposed to
diffusely distributed throughout the
parenchyma. Furthermore, a cystic
appearance of the parenchyma is observed
only in the BPD group and is entirely
absent in both the premature patients
without BPD and the full-term control
subjects. This cystic appearance presumably
would be caused by alveolar simplification
(emphysema), although quantitative
analysis for low-signal intensity did not
show a significant difference among groups.
Increasing the threshold to less than 5%
or less than 10% of the mean chest soft
tissue signal did not increase group
separation (using a ,10% threshold, the
mean6 SD volume percentages for the
groups were 3.96 3.4%, 6.66 6.6%, and
8.86 9.8% for the BPD, premature, and
full-term groups, respectively; P> 0.3 for
any group comparison).

It is possible that our quantitative
MRI analysis fails to include areas of
alveolar simplification that would be
identified by clinical reads. For example,
three of the BPD subjects showed at least
minor evidence of cystic appearance, but the
MRI signal intensity within these cysts was
consistent with the parenchymal signal
measured in the full-term control subjects.
Notably, these cystic areas had slightly
reduced radiographic attenuation in the two
BPD cases where clinical CT images were
available for comparison (approximately
2870 HU), which suggests some alveolar
simplification. This small discrepancy
between CT and MRI likely results from the
lower resolution of MRI (and edge-blurring
at the thick sepal walls bounding the cystic
areas) compared with CT. We expect
that increased MRI resolution will reduce
these areas of CT-MRI disagreement,
particularly with newer ultrashort echo
time (UTE) sequences (25, 26).

Although no sedation was
administered during this research protocol,
in one case (Term5), midazolam (Versed)
had been administered (oral, 0.5 mg/kg
dose) approximately 2 hours before our
study to aid quiescence for a clinically
ordered MRI examination. Even still, this is
a significant improvement over the general
anesthesia needed for CT protocols using
inspiratory and expiratory phase imaging
in neonates and young children (27).
Although the MRIs are not as high
resolution as CT, the risks of anesthesia and
ionizing radiation must be considered in
the particularly vulnerable NICU

Figure 1. Phenotyping lung disease in neonates with quantitative magnetic resonance imaging (MRI).
For each patient, an axial fast gradient echo slice (taken near the carina) is compared with a clinical
chest radiograph. Notice the vastly differing parenchymal structure in each of the patients. Day of
chest radiograph (MRI date as Day 0): Premature1 (Day 25), BPD3 (Day 217), BPD5 (Day 22), and
BPD2 (Day 12). The radiologic scores for the MRIs were 2, 10, 5, and 14 for Premature1, BPD3,
BPD5, and BPD2, respectively, using the system in Table 2. BPD = bronchopulmonary dysplasia.
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population. Moreover, the similarity of the
fundamental structures on CT and MRI
when compared with Figure 4 suggest that
MRI can be a viable approach for detecting

major lung abnormalities despite the
reduced spatial resolution. The radiologic
scoring of the CT and MR images in
Figure 4 were 12 and 9, respectively, and

the differences in scoring were in the
emphysema (“single region of .5 mm size”
in CT vs. “multiple regions of ,5 mm”
in MRI), distortion of bronchovascular
bundles (“severe” in CT, “moderate” in
MRI), and subjective impression (“severe”
in CT, “moderate” in MRI) categories. The
much larger regions of confluent opacity
in the CT images are likely atelectasis
caused by the patient being anesthetized
during that procedure, and we emphasize
that no anesthesia was required for the
MRI. In the two patients for whom these
direct comparisons between modalities
could be made, very good agreement
between the parenchymal structural
features and radiologic scoring was
achieved, suggesting the risk-benefit may
favor MRI over CT.

Our results are in good agreement with
work from Adams and colleagues (28) at
Hammersmith Hospital (London, UK),
who reported heterogeneously distributed
regions of increased lung density in NICU
patients with BPD. Increased density in the
dependent regions of the lung may be
atelectasis or increased lung fluid, and in
their study, imaging the patient supine and
prone (when appropriate) confirmed the
presence of lung fluid (29). They report that
the lungs of premature infants had a higher
relative proton density compared with
full-term peers, which is consistent with our
findings. However, our study differs in
several ways; we use a small-footprint 1.5-T
MRI scanner and implement a FGRE pulse
sequence with a shorter echo time, shorter
repetition time, and a lower flip angle for
faster imaging and whole-lung volumetric
quantification of the parenchyma. Our
scoring system takes into account different
types of high-signal intensity pathologies,
and we objectively quantify proton density
of the parenchyma.

Our study is not without limitations. In
this small cohort, the BPD infants were
significantly smaller at birth than their peers
without BPD; the mean6 SD birth weight
for the BPD group was 1,0426 257 g,
compared with 2,0786 388 g for the
premature non-BPD group and 3,0406
339 g for the full-term group. As expected,
the BPD group was also born at a
significantly lower GA than the premature
(non-BPD) and full-term groups; the
mean6 SD GA for the BPD group was
26.86 2.1 weeks, compared with 336 2.2
weeks for the premature group and 37.56
1.4 weeks for the full-term group.

Figure 2. Fast gradient echo image segmentation of high- and low-signal intensity parenchyma in
four neonatal intensive care unit patients (top to bottom): a full-term control subject (Term2), a
premature patient (Premature3), and two bronchopulmonary dysplasia (BPD) patients (BPD1 and
BPD2). The first column is a representative axial slice near the hilum without masking. High-signal
(defined as pixels .45% of the mean chest soft tissue signal) and low-signal (,4% of the mean chest
soft tissue signal) lung parenchyma are indicated in red and yellow, middle and right columns,
respectively. The volume percentages of the thresholded pixels for the whole-lung analysis are included.

Figure 3. Axial slices near the carina of a full-term control subject (Term4) and bronchopulmonary
dysplasia (BPD) patient (BPD3) (top and bottom rows, respectively) demonstrating the fast gradient
echo (FGRE), fast spin echo (FrFSE), and Propeller pulse sequences. Although the fast spin echo
sequences (FrFSE and Propeller) show increased parenchymal signal intensity, the proton density–
and T2*-weighted FGRE images provided the most consistent contrast between the BPD and
full-term patients. Here, BPD parenchymal signal-to-muscle signal ratios were elevated by a factor
of 2.4 in the FGRE images (see RESULTS).
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At the time of MRI, the full-term group
was significantly larger than the premature
non-BPD group (3,2336 468 g vs. 2,3636
320 g, respectively; P = 0.005) but not
significantly larger than the BPD group
(3,2176 631 g). In future studies, BPD
subjects will be matched for GA and/or
birth weight with premature infants
without BPD.

The FGRE MR images are not
corrected for T1, T2, or T2* decay, but
assuming both soft tissue and lung
parenchyma have similar T1 and T2

(z1,000 ms and 40 ms, respectively, at 1.5
T [16]) and operating in a low flip angle
regime (z108), it is reasonable to assume
that the FGRE images (normalized to the
mean soft tissue chest signal) are only
proton density– and T2*-weighted. Imaging
with a lower flip angle (i.e., 3–48) is an
additional improvement, which we are
currently implementing. Although it
increases objectivity and potential
efficiency, one drawback of the quantitative
thresholding analysis is that it is incapable
of distinguishing different pathologies

from one another (e.g., fibrosis vs.
atelectasis). In the future, the quantitative
and textural differentiation of high-
intensity pathologies will be explored; we
hypothesize that the macromolecular
structural differences of these pathologies
will give rise to differential relaxation and/
or textural properties, and that information
will be used to refine the quantitative
threshold analysis. In addition to these
efforts, we are adapting other pulmonary
imaging methods, including UTE (25, 26)
and hyperpolarized-gas MRI (30)
techniques for neonatal patients. We expect
that in the future, UTE MRI will provide
higher spatial resolution and some
insensitivity to motion artifacts and that
hyperpolarized-gas MRI will illuminate
regional pulmonary function and airspace
size.

In concert, these MRI methods will
provide spatially resolved quantification of
the macrostructural and microstructural
and functional relationships in the neonatal
lung. Although hyperpolarized-gas MRI
currently is limited to specialized research

centers, the methods in this study rely
on standard product pulse sequences and
with refinement could be implemented
for neonatal lung imaging on adult-sized
scanners.

Much of what is known about BPD
has been revealed through biopsy and post-
mortem studies, which may have skewed
the pathologic perception of this condition
toward more severe cases. As we
demonstrate, quantitative MRI has the
potential to reexamine and refine the
definitions of BPD, to move beyond grading
the condition by its treatment and
instead focus on individual pathologic
characteristics; in particular, there is great
opportunity for MRI to describe very mild
and moderate BPD where pathologic
descriptions are less clear than those for
severe BPD. Furthermore, quantitative
pulmonary MRI can be implemented
serially from early life and serve as a
foundation for longitudinal assessment,
objectively measuring changes in the lung
parenchyma as these patients age, and can
be compared with pulmonary function
tests as survivors grow. Indeed, there is
evidence of “catch-up alveolarization” in
formerly premature school-age children
from hyperpolarized 3He MRI (31, 32).
In cases of acquired lobar emphysema,
a rare but significant consequence of
severe BPD sometimes requiring
pneumonectomy, quantitative MRI of the
lung parenchyma could provide an
additional means of presurgical and post-
surgical assessment (33). Also, in congenital
abnormalities, such as congenital
diaphragmatic hernia, there is opportunity
for these methods to monitor catch-up
and/or compensatory lung growth. With
further refinement, quantitative pulmonary
MRI methods may be able to recognize
the structural phenotypes contributing to
an individual patient’s condition, and in
the future may inform therapy, monitor
treatment efficacy, and assess postnatal
lung growth and development. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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