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BACKGROUND: Bronchoscopy is the gold standard for evaluating tracheomalacia; however, reliance
on an invasive procedure limits understanding of normal airway dynamics. Self-gated ultrashort
echo-time MRI (UTE MRI) can assess tracheal dynamics but has not been rigorously evaluated.

METHODS: This study was a validation of UTE MRI diagnosis of tracheomalacia in neonates
using bronchoscopy as the gold standard. Bronchoscopies were reviewed for the severity and
location of tracheomalacia based on standardized criteria. The percent change in cross-
sectional area (CSA) of the trachea between end-inspiration and end-expiration was deter-
mined by UTE MRI, and receiver-operating curves were used to determine the optimal cutoff
values to predict tracheomalacia and determine positive and negative predictive values.

RESULTS: Airway segments with tracheomalacia based on bronchoscopy had a more than
threefold change in CSA measured from UTE MRI (54.4 £ 56.1% vs 14.8 & 19.5%; P <
.0001). UTE MRI correlated moderately with bronchoscopy for tracheomalacia severity (p =
0.39; P = .0001). Receiver-operating curves, however, showed very good ability of UTE MRI
to identify tracheomalacia (area under the curve, 0.78). A “loose” definition (> 20% change
in CSA) of tracheomalacia had good sensitivity (80%) but low specificity (64%) for identi-
fying tracheomalacia based on UTE MRI, whereas a “strict” definition (> 40% change in
CSA) was poorly sensitive (48%) but highly specific (93%).

CONCLUSIONS: Self-gated UTE MRI can noninvasively assess tracheomalacia in neonates
without sedation, ionizing radiation, or increased risk. This technique overcomes major
limitations of other diagnostic modalities and may be suitable for longitudinal population
studies of tracheal dynamics. CHEST 2020; 157(3):595-602
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Tracheomalacia (TM) is characterized by weakening of
the airway wall and results in dynamic collapse of the
airway lumen during respiration. TM is estimated to
occur in approximately 1:2,000 otherwise healthy
children and can afflict more than one-half of high-risk
populations such as neonates with bronchopulmonary
dysplasia or tracheoesophageal fistulas.'* Despite the
high prevalence of TM, there are few population studies
that assess the implications of dynamic tracheal collapse
on symptoms and outcomes or the response of TM to
medical or surgical interventions.

The “gold standard” for the diagnosis of TM is
bronchoscopy during spontaneous breathing. There are
no standardized criteria for evaluating TM, nor is there
consensus of normal airway collapse in children.”®
Although there is high interrater reliability for the
endoscopic diagnosis of TM in adults, this approach has
not been assessed in pediatric patients.” Furthermore,
bronchoscopy requires sedation and poses increased
risk, albeit small, to the patient. Consequently,
bronchoscopy is not suitable for assessment of normal
airway dynamics, limiting our understanding of normal
tracheal collapse and changes over time.

Various modalities have been used to diagnose TM in
young children. Pulmonary function testing is neither
sensitive nor specific for diagnosing TM and requires
sedation in infants and toddlers.” Plain-film radiography
and airway fluoroscopy are specific but poorly
sensitive.”® Chest CT imaging is sensitive and specific
for diagnosing TM in patients with severe TM.*
Although progress has been made to reduce radiation
exposure from CT scans, neonates are particularly
sensitive to the effects of ionizing radiation.”'’ Because

all traditional methods to assess TM in neonates require
sedation, ionizing radiation, or both, none is suitable for
population or longitudinal studies of TM. Cine MRI has
shown potential for the evaluation of airway dynamics in
adults and cooperative older children but requires
sedation in younger children and infants.'' In addition,
the smaller anatomy and higher respiratory rates in
young neonates necessitate an increase in both spatial
and temporal resolution of traditional cine MRI, which
is technically difficult to achieve, and thus cine MRI of
the airway with high temporal and three-dimensional
spatial resolution has not been implemented successfully
in neonates.

Ultrashort echo-time MRI (UTE MRI) has been used
to quantitatively evaluate airway dynamics.'” This
UTE MRI technique implements a radial k-space
acquisition (distinct from most conventional MRI
sequences) and thus is more robust to motion
artifacts."™'* In addition, radial UTE MRI acquisitions
allow for a retrospective motion-tracking approach
that discards MRI data affected by bulk motion prior
to image reconstruction, meaning sedation is not
required for imaging. This retrospective motion-
tracking method allows for imaging of respiratory
dynamics during spontaneous tidal-breathing in
nonsedated neonates. Importantly, UTE MRI does not
require ionizing radiation.

UTE MRI has the potential to overcome the limitations
of existing diagnostic techniques, but the ability of this
method to identify TM has not been rigorously assessed.
The purpose of the current study was to assess the ability
of UTE MRI to diagnose TM compared with
bronchoscopy as the gold standard.

Subjects and Methods

Subjects

Subjects were recruited from the neonatal ICU at Cincinnati Children’s
Hospital Medical Center (CCHMC). Subjects who had undergone a
research UTE MRI and a clinical bronchoscopy within 90 days of
imaging were eligible for enrollment. Subjects were excluded if they had
a tracheostomy. This study was approved by the institutional review
board at CCHMC (#2018-0958), and informed consent was obtained
for each patient for both the clinical bronchoscopy and UTE MRL

Bronchoscopic Assessment of TM

Clinical bronchoscopies were performed under general anesthesia
while maintaining spontaneous respiration. Twenty-five patients had
both a flexible and rigid bronchoscopy. If both procedures were
performed, a 2.8-mm flexible bronchoscope (Olympus BF-XP160F)
was inserted through the vocal cords that were anesthetized with
0.5 mL of 1% topical lidocaine, and the airway was evaluated to the
segmental bronchi. Following the flexible bronchoscopy, a Hopkins
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rod was inserted through the vocal cords. The trachea was evaluated
to the level of the main bronchi. Eleven patients underwent
evaluation by rigid bronchoscopy only.

All bronchoscopies performed at CCHMC are stored on a secure
online server. Endoscopic videos were edited to allow evaluation of
the airway from the vocal cords to the main carina and scored for
the location and severity of dynamic trachea collapse by three
independent reviewers (E. B. H., C. K. H.,, and D. B.) with expertise
in clinical bronchoscopy. The location of collapse was defined as
upper, middle, or lower trachea, and the severity of collapse was
defined as none (0%-25% collapse), mild/moderate (26%-
75% collapse), and severe (> 75% collapse). A visual aid with
endoscopic photos representative of all severities of airway collapse
was provided to each reviewer. Prior to scoring the endoscopies, a
training session was held to review the scoring criteria and evaluate
test cases until interrater agreement was > 90%.

The presence of TM by bronchoscopy was defined based on majority
agreement of the three reviewers. The severity of dynamic trachea
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Gated airway MRI (axial view)

Figure 1 — Upper: Axial ultrashort echo-time MRI retrospectively gated
to end-expiration (left) and end-inspiration (right) via the motion-
modulated center of the MRI k-space. The edge of the tracheal lumen is
highlighted in green and magenta, respectively. Lower: Airway surfaces
generated from segmentations of the airway from the ultrashort echo-
time MRI shown from the posterior aspect. The trachealis is concave in
the end-expiration image. Trachea cross-sections are shown for each of
the end-expiration (green) and end-inspiration (magenta) images. These
cross-sections are used to calculate the cross-sectional area at the two
points in the respiratory cycle.

collapse was defined as the average severity score of all three reviewers.
Ten bronchoscopies were chosen at random without knowledge of the
reviewer for assessment of intrarater reliability.

UTE MRI Assessment of TM

Research UTE MRI scans were performed on a neonatal-sized 1.5T
MRI  without administering sedation for the purposes of
imaging.”'” Imaging was performed by using the “feed and
swaddle” method with standard hearing protection and continuous

monitoring for respiratory or hemodynamic distress during the
procedure.'®'” MR images were acquired with a three-dimensional
radial UTE sequence during spontaneous tidal breathing, yielding
CT-like image resolution of 0.7 x 0.7 x 0.7 mm."* As previously
described,'**" the following UTE parameters were used: repetition
time = 5 ms, echo time = 200 ps, flip angle = 5°, field of view =
18 cm, matrix = 256 X 256 x 256, number of radial projections
~200,000, and scan time =~ 16 min. Periods of bulk motion were
discarded by using the motion-modulated center of k-space; the
remaining quiescent data were assigned to specified views (typically
eight, one each for end-expiration and end-inspiration, and three
each for inhalation and exhalation) throughout the respiratory cycle
with a sliding-window binning algorithm in MATLAB (The
MathWorks, Inc.). The respiratory-binned data were then used to
reconstruct gated images showing the airway anatomy at various
stages of respiration. These imaging and retrospective respiratory-
gating methods have previously been described in detail.'>'**

Virtual models of the airway surface at end-inspiration and end-
expiration were created from image segmentations performed in
ITK-SNAP (3.6.0; Penn Image Computing and Science Laboratory;
www.itksnap.org).”® Airway center lines through these surfaces were
generated, and a series of disks bounded by the tracheal surface were
defined at an angle of 90° to this center line and spaced every 1 mm
via in-house MATLAB code (The MathWorks, Inc.).”' ** These disks
were used to measure the luminal cross-sectional area (CSA).
Because the disks follow the airway center line, they avoid errors
associated with misalignment of the airway and image axes,” as can
occur when using axial image measurements. The CSA of each disk
was calculated for end-expiration (CSA..,) and end-inspiration
(CSAjnsp) and plotted against the position along the trachea as
previously described (Fig 1)."> The MRI-based assessment of TM
was defined as the percent change in CSA from end-inspiration and
end-expiration: [(CSAinsp ~CSAcyp)/CSAjnsp]. The upper, middle, and
lower regions of the trachea were defined by dividing the tracheal
length into thirds from the cricoid to the carina. The maximum
value of percent change in CSA from measurements in all disks in
each third of the trachea was used to determine collapse in that
segment for patients with and without TM based on bronchoscopy
findings (Fig 2).

Statistical Analysis

Interrater and intrarater reliability of bronchoscopic assessment of TM
was calculated by using Cohen’s K statistic. The correlation of TM
severity based on bronchoscopy and UTE MRI was assessed by using
the Pearson correlation coefficient. A receiver-operating curve was
generated by using a bootstrap with 1,000 replications to assess the
sensitivity and specificity of UTE MRI to identify TM compared
with bronchoscopy as the gold standard. Segments of the trachea
were clustered according to individual because segments within the
same patient may not be independent.

The percent change in CSA that maximized accuracy based on the
receiver-operating curve was chosen as the cutoff value. Positive and
negative prediction values were determined by using the cutoff value.
A P value < .05 was considered statistically significant. All data
analysis was performed by using Stata version 14.0 (StataCorp).

Results

There were 36 patients recruited for this study. The
average age at the time of MRI was 94.8 £ 88.3 days,
and the average age at bronchoscopy was 102.5 +
74.8 days. Subjects had a variety of respiratory

disorders, including bronchopulmonary dysplasia
(55.6%), tracheoesophageal fistula with esophageal
atresia (25.0%), congenital diaphragmatic hernia
(13.9%), and upper airway obstruction (5.6%)
(Table 1).
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Figure 2 — Three-dimensional ultrashort echo-time MRI with chest and airway coverage in four neonatal patients (resolution, 0.7 x 0.7 x 0.7 mm).
Coronal, sagittal, and axial planes of ungated images acquired during tidal breathing are shown in the three left columns. Insets (yellow): respiratory-
gated images reconstructed from the same imaging data show axial views of tracheal dynamics at end-expiration (green) and end-inspiration
(magenta). Endoscopic results in these four patients indicated absence of TM in Subjects A and B and presence of TM in Subjects C and D, which
qualitatively agrees with the degree of dynamic tracheal collapse observed on the respiratory-gated images at right. TM = tracheomalacia.
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TABLE 1 | Demographic Characteristics (N = 36)

Age at UTE MRI, d 94.8 + 88.3
Age at bronchoscopy, d 102.5 +74.8
Birth weight, g 1,803 =+ 1,260
Weight at UTE MRI, g 3341 + 892
Height at UTE MRI, cm 48.4 +£ 5.6

Male sex 19 (52.8%)
Respiratory comorbidities

Bronchopulmonary dysplasia 20 (55.6%)

Tracheoesophageal fistula/ 9 (25.0%)
esophageal atresia
Congenital diaphragmatic hernia 5(13.9%)
OSA 2 (5.6%)
Bronchoscopy-defined tracheo
malacia
Upper trachea 2 (5.6%)

Middle trachea 23 (63.8%)

25 (69.4%)

Lower trachea

Data are presented as mean £ SD unless otherwise indicated. UTE =
ultrashort echo-time.

Based on rigid bronchoscopy, two neonates (5.6%) had
TM in the upper trachea, 23 (63.8%) in the middle
trachea, and 25 (69.4%) in the lower trachea. There was
excellent intrarater agreement for all bronchoscopists,
ranging from 93% to 100% (K = 0.86-1.0; P < .0001).
The interrater agreement for the diagnosis of TM across
all segments was 87% (kK = 0.72; P < .0001).

A total of 108 segments of the trachea were compared
by using endoscopy and MRI. Neonates with TM based
on rigid bronchoscopy had more than a threefold
increased change in CSA measured from UTE MRI
(54.4 + 56.1% vs 14.8 £ 19.5%; P < .0001) (Fig 3).
There was moderate correlation with severity of TM
based on rigid bronchoscopy and change in CSA (p =
0.39; P = .0001).

Receiver-operating curves showed good ability of UTE
MRI to identify TM (area under the curve, 0.78) with a
bias coefficient of —0.003 (Fig 4). A change in CSA of >
20% provided a sensitivity of 80% and a specificity of
64%. We defined this as a loose measure of TM. When
this measure was applied, the positive predictive value
was 62%, and the negative predictive value was

76% (Table 2).

We also developed a strict definition of TM as a change
in CSA of > 40%, which provided a sensitivity of
48% and a specificity of 94%. When the strict definition
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was used, the positive predictive value was 84%, and the
negative predictive value was 69% (Table 2).

A subset of 25 patients had a flexible bronchoscopy with
73 tracheal segments available for evaluation. As with
rigid bronchoscopy, UTE MRI showed good ability to
identify TM compared with flexible bronchoscopy (area
under the curve, 0.77) and had moderate correlation
with severity of TM (p = 0.42; P < .0001). Our previous
loose definition again provided good sensitivity (82%)
but was less specific (67%) for the identification of TM,
and our strict definition was less sensitive (50%) but
highly specific (86%).

Discussion

In this study, we developed a novel method for
evaluating TM in neonates using gated UTE MRI. This
is the only current method that permits a purely
quantitative assessment of tracheal dynamics in
neonates along the entire length of the trachea during
spontaneous respiration without sedation and/or
radiation. We also describe values of airway collapse on
imaging to define TM and compare imaging with both
flexible and rigid bronchoscopy. Our loose definition of
TM based on UTE MRI provides good sensitivity, and
our strict definition provides excellent specificity.

Bronchoscopy remains the gold standard for the
assessment of TM; however, bronchoscopy is limited by
the lack of standardized criteria for defining TM, lack of
standardized endoscopic technique, and the ability to
define normality. Previous studies have used rigid and
flexible bronchoscopy as the gold standard for defining
TM in children.””® There are no data defining which
technique correlates best with clinical presentation and
minimal data comparing the endoscopic findings of
flexible and rigid bronchoscopy. Choi et al*” recently
compared rigid and flexible bronchoscopy for evaluation
of TM using the color histogram technique.”® Although
the authors concluded that there is no difference in
airway collapse as judged by the two techniques, 33% of
patients were defined as having TM on rigid
bronchoscopy that were not identified on flexible
bronchoscopy.”” Thus, there are important differences
between the gold standards for evaluation of TM. These
differences likely contribute to some of the discordance
with UTE MRI and bronchoscopic assessment of TM.

In addition to lack of standardization of the
bronchoscopic technique, there are no standardized
bronchoscopic criteria for diagnosing TM. Currently,
bronchoscopy relies on a semi-quantitative assessment
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Figure 3 — Percent change in tracheal cross-sectional area based on ultrashort echo-time MRI for the upper (A), middle (B), lower (C), and all (D)
tracheal segments stratified according to endoscopically determined tracheomalacia. Box-and-whisker plot: box includes the 1st and 3rd quartiles,

whiskers include the 95th percentile, circles represent outliers.

of airway collapse during spontaneous breathing;
unfortunately, bronchoscopy does not take the depth of
sedation into account nor the transmural airway

Receiver Operator Curve
UTE MRI Assessment of Tracheomalacia

1.0 1
0.75

0.5 4

Sensitivity

AUC =0.78
0.25 A

0 0.25 0.5 0.75 1.0
1- Specificity

Figure 4 — Receiver-operating curve showing the sensitivity and specificity
of percent change in tracheal cross-sectional area from ultrashort echo-
time MRI for assessing tracheomalacia. Endoscopically determined tra-
cheomalacia was used as the gold standard. AUC = area under the curve.

pressure, which may alter airway dynamics. The
presence of a bronchoscope itself can also alter
respiratory mechanics, and it is not clear what effect this
may have on tracheal dynamics.”””” Furthermore, the
lack of a standardized definition also allows for
interrater variability when interpreting TM based on
bronchoscopy, although we achieved very good
interrater agreement with agreed upon definitions and
extensive training cases. Quantitative methods have been
described to determine collapse of the trachea based on
bronchoscopy; however, this is not routinely
implemented in clinical practice.”>**”" Perhaps the most
challenging aspect of using bronchoscopy for assessing
TM is that the use of an invasive procedure prevents
evaluation of the trachea in healthy children, severely
limiting the understanding of normal airway dynamics.

UTE MRI provides several advantages for the assessment
of TM in neonates compared with other imaging
modalities that require ionizing radiation. Due to the
concerns of the carcinogenic effects of ionizing radiation,
the use of CT scanning in pediatrics has declined in the
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TABLE 2 | Diagnostic Performance of UTE MRI for Assessment of Tracheomalacia

Change in CSA Sensitivity Specificity PPV NPV
20% 80 (61,100) 64 (49,91) 62 (48,75) 76 (62,87)
40% 48 (13,89) 93 (73,100) 84 (64,96) 69 (57,79)

Data are presented as the point estimate and 95% CI. CSA = cross-sectional area; NPV = negative predictive value; PPV = positive predictive value. See

Table 1 legend for expansion of other abbreviation.

last decade.”* Although recent advances in multi-
detector CT scanning have reduced the exposure to
ionizing radiation, there is still the potential for adverse
events that are entirely avoided with UTE MRIL'’

The use of MRI has traditionally required sedation in
pediatric patients. Although anesthesia is generally well
tolerated in healthy children, young infants and those
with complex medical disease are at higher risk for
major adverse events.” In addition to the increased risk
related to sedation, anesthesia can significantly alter
airway morphology,’ and it is not currently clear what
effect anesthesia has on diagnosing TM. We have
developed a self-gated UTE image reconstruction
technique that yields views at several time points during
the respiratory cycle without sedation.'” This technique
is also able to remove data corrupted by patient bulk
motion.'>"” Consequently, UTE MRI can be used to
assess the dynamics of the trachea during spontaneous
respiration without significant additional risk’” or
distortion of airway morphology related to sedation.

TM has been linked to increased respiratory morbidity
in the neonatal period and throughout
childhood."*****” Because all current methods for
assessing TM require sedation, ionizing radiation, or
both, it has previously not been feasible to study the
impact of TM on large populations of children.
Limitations of existing modalities have also made it
difficult to study the natural history of TM in pediatric
patients. UTE MRI provides a unique opportunity to fill
this gap in knowledge. Similarly, UTE MRI provides an
objective and quantitative evaluation of TM in neonates,
which could be useful for objectively evaluating the
response of the trachea and tracheal dynamics to
treatments such as aortopexy, posterior tracheopexy,
and bethanechol.

Although UTE MRI provides many advantages for
assessing TM, there was not complete concordance with

chestjournal.org

bronchoscopy. Using our “loose” definition, UTE MRI
was 73% accurate for identifying TM and 74% accurate
with our strict definition. Agreement between
bronchoscopists was 87%; thus, we cannot expect
agreement with bronchoscopy and UTE MRI to exceed
this value. There are important limitations of UTE MRI
when assessing airway dynamics. The use of
retrospective self-gating evaluates the average collapse of
the trachea during spontaneous breathing and discards
bulk motion. Some children may only develop
significant collapse during respiratory maneuvers such
as forced expiration that would not be captured by using
this technique. This factor likely accounts for the
disagreements between imaging and bronchoscopy.

This study relied on a population of neonates
undergoing bronchoscopy, which is inherently a biased
patient population, and our results may not be
generalizable to other patient populations. Currently,
bronchoscopy is the gold standard for evaluation of TM,
so this is similarly a challenge for any validation study of
a novel technique for diagnosing TM in children. Our
previous study has shown that a normal neonatal airway
collapses by slightly more than 20%,'” which is very
consistent with our loose definition of TM. We have also
included patients with a very wide range of airway
collapse; thus, the risk of selection bias has been limited
as much as possible.

Conclusions

Respiratory-gated UTE MRI was able to identify TM in
neonates during spontaneous respiration without
sedation or ionizing radiation. Because there is no
additional risk to the patient, UTE MRI provides the
first opportunity to evaluate TM in entire populations
and to assess the natural progression of central airway
collapse and the impact on respiratory outcomes in
neonates.
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