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Abstract

Purpose Lung magnetic resonance imaging (MRI) using conventional sequences is limited due to strong signal loss by
susceptibility effects of aerated lung. Our aim is to assess lung signal intensity in children on ultrashort echo-time (UTE)
and zero echo-time (ZTE) sequences. We hypothesize that lung signal intensity can be correlated to lung physical density.

Materials and methods Lung MRI was performed in 17 children with morphologically normal lungs (median age: 4.7 years,
range 15 days to 17 years). Both lungs were manually segmented in UTE and ZTE images and the average signal intensi-
ties were extracted. Lung-to-background signal ratios (LBR) were compared for both sequences and between both patient
groups using non-parametric tests and correlation analysis. Anatomical region-of-interest (ROI) analysis was performed for
the normal cohort for assessment of the anteroposterior lung gradient.

Results There was no significant difference between LBR of normal lungs using UTE and ZTE (p < 0.05). Both sequences
revealed a LBR age-dependency with a high negative correlation for UTE (R;=—0.77; range 2.98-1.41) and ZTE (R,=—0.82;
range 2.66—-1.38)). Signal-to-noise (SNR) and contrast-to-noise ratios (CNR) were age-dependent for both sequences. SNR
was higher for children up to 2 years old with 3D UTE Cones while for the rest it was higher with 4D ZTE. CNR was similar
for both sequences. Posterior lung areas exhibited higher signal intensity compared to anterior ones (UTE 9.4% and ZTE
12% higher), both with high correlation coefficients (R =0.94, R%,75=0.97).

Conclusion The ZTE sequence can measure signal intensity similarly to UTE in pediatric patients. Both sequences reveal
an age- and gravity-dependency of LBR.
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Introduction

Magnetic resonance imaging (MRI) for assessment of lung
parenchyma used to be challenging and its clinical applica-
tion in children was limited in the past. Computed tomog-
raphy (CT) was considered the modality of choice for the

< Konstantinos G. Zeimpekis
konstantinos.zeimpekis @insel.ch

Department of Nuclear Medicine, Inselspital, Bern
University Hospital, University of Bern, Freiburgstrasse 18,
3010 Bern, Switzerland

Department of Diagnostic Imaging, University Children’s
Hospital Zurich, Steinwiesstrasse 75, 8032 Zurich,
Switzerland

Children’s Research Center, University Children’s Hospital
Zurich, Zurich, Switzerland

Published online: 03 March 2022

evaluation of lung parenchyma and density. However, MRI
has been becoming more popular in pediatric exams of lung
pathologies and airways in recent years thanks to techni-
cal advances and emergence of new sequences [1-8]. In
addition, MRI provides an important advantage in avoiding
radiation exposure in children, who are the most radiosen-
sitive [9], thus establishing it as safer compared to CT for
follow-up scans of pediatric patients [10].

Ultrashort echo-time and zero echo-time sequences are
designed to capture the rapid decaying T2* signal of tis-
sues like the lung or bone. Both sequences have been imple-
mented for lung morphology and pathology [11-16], and
ultrashort echo-time sequences have been recently used for
COVID-19 patients [17-19].

The difficulty in lung MR imaging mainly originates from
its physiology. The lung has a 10 times lower proton density
than that of other organs, and the T2* relaxation time of the
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lung parenchyma is extremely short (1.43 +0.41 ms at 1.5-
Tesla) [20]. Furthermore, the multiple air—tissue interfaces
at the level of the alveoli microstructures give rise to strong
susceptibility effects that accelerate the signal decay. In this
regard, these novel sequences are advantageous in detect-
ing the fast-decaying lung signal in comparison to the con-
ventional spin-echo or gradient-echo sequences with longer
echo-times.

Three-dimensional ultrashort echo-time Cones (3D UTE
Cones) is a sequence which covers the k-space using multi-
ple twisting radial spokes that form conical surfaces. There-
fore, it is a non-cartesian data acquisition method. Cones
achieves echo times down to 30 ps [21] and thus is an excel-
lent candidate sequence for lung density imaging. 3D UTE
Cones provides higher signal-to-noise ratio than the plain
projection reconstruction because it samples the k-space
more efficiently and leads to shorter scan times as well. The
length of the spokes is operator-adjusted by adding more
twisting. The spokes that are longer, have a longer readout
so they cover the k-space faster achieving even shorter scan
times [21]. The filling of the k-space is realised through the
utilization of many size-varying cones that are made up of a
different number of spokes.

Respiratory motion-resolved four-dimensional zero echo-
time (4D ZTE) [22] is a zero echo-time sequence that is
binning the respiratory cycle into different data sets that can
be reconstructed separately, so motion is the fourth dimen-
sion. The final number or reconstructions depends on the
number of the bins that may vary from 4 up to 8. Zero echo-
time can achieve even shorter echo-times, namely, near 0,
because it employs a continuously switched-on reading gra-
dient during radiofrequency excitation [23-25]. 4D ZTE is
a non-cartesian data acquisition scheme using radial spokes
as trajectory to fill the k-space. The scan time of zero echo-
time is faster than the ultrashort echo-time due to the gradi-
ents being constantly on, leading to shorter repetition times
and silent scans, rendering the sequence clinically more
favourable.

While there are several studies evaluating the perfor-
mance of UTE on pediatric patients, e.g., with cystic fibrosis
[26-28], studies using ZTE sequences are still quite rare [5].

Previous studies performed lung density measurements
in comparison to CT [29-32]. A recent publication assessed
age-dependency of lung density in children using an UTE
sequence [33], while another one describes the application
of the UTE sequence for various lung pathologies in children
[34]. There is a preliminary study comparing lung imaging
between UTE and ZTE in adults [35]. This study showed
that ZTE provided higher SNR for the lung parenchyma
compared to UTE.

The aim of this study was to investigate the perfor-
mance of a 4D ZTE for quantitative assessment of lung-
to-background signal intensity ratio in comparison with a
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3D UTE in pediatric patients. We hypothesized that the 4D
ZTE might also reveal age-dependent lung signal intensi-
ties similarly to the 3D UTE sequence.

Materials and methods
Patient population

We retrospectively analysed all patients who underwent
lung MRI at a 1.5-Tesla scanner at a tertiary university
children’s hospital between November 2019 and October
2020. 17 patients (7 females, 10 males, median age of
4.7 years, range 0—17 years) with morphologically nor-
mal lungs obtained both 3D UTE Cones and 4D ZTE
sequences. The patients were scanned for various rea-
sons: six had cardiac anomalies without affecting the
lungs, seven obtained lung MRI in the context of staging
for extrapulmonary malignancies, the remaining four had
thoracic anomalies, such as pectus carinatum. A vascular
ring was ruled out in one of the six patients with suspected
cardiac anomalies. Two patients had an isolated atrial sep-
tal defect without hemodynamical relevance. One patient
had a bicuspid aortic valve, one a tricuspid valve insuffi-
ciency due to valve dysplasia and another had undergone
Rastelli procedure due to pulmonary atresia in infancy.
The included patients and their parents gave consent to
retrospective data analysis. The necessary approval by the
responsible government ethics committee was granted.

Imaging techniques

An axial 3D UTE Cones and a 4D ZTE were performed in
all included patients. The patients were scanned in supine
position on a 1.5-Tesla system (Discovery MR450, GE
Healthcare, Waukesha, WI). Both sequences were acquired
in free-breathing, with respiratory gating using belts near
the diaphragm to capture the physiological motion signal.
In addition, our 4D ZTE protocol was selected to seg-
ment the whole respiratory cycle into 4 phases (4 bins)
that were separately reconstructed. Based on the sharpness
of the image quality, that means minimum possible blur-
ring, either the second or the third respiratory bin, which
roughly correspond to the end-expiration phase, were used
for the analysis.

All patients were scanned with a 32-channel cardiac
surface coil (GE Healthcare, Waukesha, WI). 13 controls
were sedated during the scans. The acquisition parameters
for both sequences are shown in Table 1.
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Table 1 Acquisition parameters of UTE and ZTE

Parameter UTE ZTE

TR (ms) 3.7 294

TE (ms) 0.032 0.016

Spoke readout time (ms) 740 -

Flip angle (degrees) 5 2

FOV (cm?) 20x20/34 x34 20%20/36x36
Slice thickness (mm) 2-3 1.5

In-plane resolution (mm) 0.9 1.0

Acquisition matrix 384x384 192 x192-256 X256
Receiver BW (kHz) 256 62.5
Acquisition time

3-5 min ~3 min

TR repetition time, TE echo-time, FOV Field of view, BW Bandwidth

Quantitative analysis

The right and left lungs were manually segmented by signal
intensity thresholding avoiding high intensity vessels, and
average signal values were extracted (Fig. 1). Lung segmen-
tation was performed using the open-source image analy-
sis software Osirix MD version 11.03 (Pixmeo Sarl 2016,
Bernex, Switzerland). Four two-dimensional regions-of-
interest (size of 20 mm? each) were drawn in the air anterior
to the patients’ thorax in each slice and the average back-
ground signal intensity was extracted (Fig. 1). One addi-
tional two-dimensional region-of-interest of variable size
was drawn inside the trachea on an axial slice at the carina
level to measure the signal intensity of the air column within
the trachea. In addition, two-dimensional regions-of-inter-
est (size of 20 mm? each) were positioned in the anterior,
middle, and posterior anatomical regions of each lung, for
both sequences at the level of the carina in the patients with
normal lung parenchyma (Fig. 1). The regions-of-interest
did not include any high intensity vessels to avoid signal
contamination. Finally, the average signal of both lungs was
used to determine the whole lung signal intensity while the
average anterior signal intensity (respectively middle and
posterior) was determined by the average signal of the ante-
rior region-of-interest of both lungs (respectively middle and
posterior regions-of-interest).

The lung-to-background ratio (LBR) was calculated as
the ratio of the whole lung to background signal intensity.
Thus, since both sequences have different scan parameters
and physical characteristics, the LBR normalizes the inten-
sity to the respective noise level of each sequence, allowing
a reliable inter-sequence comparison.

Image quality parameters such as the signal-to-noise
ratio and contrast-to-noise ratio were calculated using the
signal from the trachea region-of-interest since it was more
reliable for the noise level inside the lungs. The signal-
to-noise ratio was defined as the ratio of the lung signal

Fig.1 Manual lung segmentation by thresholding and region-of-
interest placement of a 6-year-old female subject. a Axial slice show-
ing the manual segmentation of lung parenchyma (green). b Axial
slice with background (green) and lung (red) regions-of-interest

intensity to the standard deviation of the signal intensity
of the trachea’s region-of-interest. The contrast-to-noise
ratio was calculated as the ratio of the difference of the
lung and trachea signal intensities to the standard devia-
tion of signal intensity of the trachea’s region of interest.

Statistical analysis

Descriptive statistics were used to measure the median
value with the corresponding standard deviation to ana-
lyse the lung-to-background ratio differences between
the cohorts and sequences. Two-tailed Wilcoxon signed
ranked test was applied for the intersequence comparison
with a p value <0.05. Spearman rank correlation test was
applied to evaluate the age dependency of the lung-to-
background ratio. Statistical analysis was performed in
R (version 3.5.1; R Foundation for Statistical computing,
Vienna, Austria).

@ Springer



Japanese Journal of Radiology

Results

The lung-to-background ratio for patients with normal lungs
was higher than 1 for all ages and comparable between the
two sequences (Fig. 2). The median value of the lung-to-
background ratio for all patients for the ultrashort echo-
time sequence was 1.52 + 0.41 and for the zero echo-time
sequence 1.41 + 0.34. Both sequences revealed the highest
lung-to-background ratio in newborns with values of 2.98
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Fig.2 Lung-to-background signal intensity ratio curve depending on
age. Whole lung-to-background ratio curve, for ultrashort echo-time
and zero echo-time for controls related to age

for the ultrashort echo-time sequence and 2.66 for the zero
echo-time sequence. A signal drop was observed for up to
two years of age for both sequences (1.77/1.35 respectively).
The lung-to-background ratio curve revealed a stable signal
plateau for both sequences (range 1.52-1.45 to 1.41-1.38,
respectively) between the age of 2 and 17 years. There
was no significant difference in lung-to-background ratio
between the two sequences (p > 0.05).

Both sequences showed a high negative correlation
between the lung-to-background ratio and increasing age
(Spearman correlation coefficient R;=—0.77/-0.81 for
ultrashort echo-time and zero echo-time, respectively;
p<0.001).

Qualitatively, both sequences show an increased lung
parenchymal signal intensity in young children that
decreases with increasing age (Fig. 3).

The anterior, middle, and posterior lung-to-background
ratio curves in relation to patient age follow the same curve
as for the whole lung. For both sequences, the posterior
lung-to-background ratio was higher compared to the ante-
rior and middle lung-to-background ratio for all ages and
was highest for newborns. We found a rapid decrease in
lung-to-background ratio until the age of 2 years. The age
dependency is shown in Fig. 4a for the ultrashort echo-time
sequence and Fig. 4b for the zero echo-time sequence.

To determine quantitatively the difference of the posterior
and the anterior lung-to-background ratio, a linear regres-
sion was applied. Figure 5 shows the correlation of anterior
(x-axis) and posterior regions-of-interest (y-axis) for both
sequences for all patients without pulmonary disease. The
corresponding correlation coefficients were R,>=0.971 and

Fig. 3 Comparison of the ultrashort echo-time (left column) and zero
echo-time sequence (right column) depending on age in patients with-
out lung pathology. a Axial slices at the hilum level of a 1-year-old
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Fig.4 Lung-to-background signal intensity ratio curve depending on
age and gravity gradient. Regional lung to background ratio for ante-
rior, middle, and posterior areas for a ultrashort echo-time and b zero
echo-time for controls related to age

R,?=0.942, which showed high correlation of 97% and 94%,
respectively. After the linear fitting, the posterior lung-to-
background ratio was 9.4% higher than the anterior lung-
to-background ratio for the ultrashort echo-time and 12%
higher for the zero echo-time sequence.

Signal-to-noise ratio and contrast-to-noise ratio curves
(Figs. 6 and 7) were comparable and showed no statistically
significant difference (p > 0.05) for ultrashort echo-time
and zero echo-time sequences. Both sequences exhibited
the highest values in newborns with a steep decrease to the
age of two years. The ultrashort echo-time sequence showed
higher values than zero echo-time sequence for newborns
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Fig.5 Correlation of anterior to posterior region-of-interest signal
intensities for ultrashort echo-time and zero echo-time, for the control
cohort for all ages
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Fig.6 Whole lung signal-to-noise ratio curves, for ultrashort echo-
time and zero echo-time, for controls related to age

while the zero echo-time sequence had higher signal-to-
noise ratio values for older patients.

The values of signal-to-noise ratio for ultrashort echo-
time and zero echo-time sequences decreased from 17 and
14 in newborns to 4.5 and 5.2 in young adults. Furthermore,
the contrast-to-noise ratio varied from 9.6 to 1.7 for the
ultrashort echo-time sequence and from 7.8 to 1.6 for the
zero echo-time sequence.

Discussion
We could demonstrate in this study that lung signal intensi-

ties can be measured by using a zero echo-time sequence
in pediatric patients. The sequence is able to detect
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Fig.7 Whole lung to trachea contrast-to-noise ratio curves, for ultra-
short echo-time and zero echo-time, for controls related to age

age-dependent changes similarly to ultrashort echo-time
sequences. Both sequences can visualize lung parenchyma
with its rapid signal decay due to its very short T2* time in
contrast to conventional MR sequences that are based on
proton imaging.

With improvements in MRI hardware and software, par-
ticularly with the introduction of non-Cartesian data acqui-
sition schemes, echo times near zero can now be used for
image acquisition either as ultrashort echo-time or as zero
echo-time acquisitions. Based on their acquisition scheme
both sequences are three-dimensional [5]. Zero echo-times
sequences have the advantage of minimal gradient switch-
ing and, therefore, allow for silent lung imaging compared
to UTE. Therefore, ZTE may be more clinically useful and
comfortable for the patients supposing that delivers similar
results to UTE.

An ultrashort echo-time sequence—the so-called Cones
sequence—proved to assess the lung signal intensity
decrease from newborns to the age of two years which was
consistent with previous CT results [28, 36]. In this study,
we were able to demonstrate the same tendency using a zero
echo-time sequence that revealed the same signal decrease
from newborns to infants. In newborns, the lung signal
intensity was three times higher than the background signal
using the ultrashort echo-time sequence, whereas the signal
intensity measured with the zero echo-time sequence was 2.6
times the background signal. Both sequences had a stable
lung-to-background signal intensity ratio through childhood
and adolescence until early adulthood with only minor dif-
ferences concerning median (1.5 vs 1.4) values.

Both sequences revealed an increased posterior
lung-to-background ratio compared with the anterior
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lung-to-background ratio for all patients of the normal
cohort, independent of age. These findings are in line with
previously described CT results in the literature [36-39].
The zero echo-time sequence had increased posterior-
to-anterior values compared to the ultrashort echo-time
sequence. This could be caused by noisier signal intensities
in the anterior region in the zero echo-time sequence com-
pared to the ultrashort echo-time sequence. The fact that
both sequences were able to depict the anteroposterior grav-
ity gradient of the lung density supports our hypothesis of
the correlation between the lung signal intensity measured
by MRI and the physiological lung parenchymal density.
The signal-to-noise ratio and contrast-to-noise ratio of the
posterior lung-to-background ratio was higher compared to
the anterior and middle lung-to-background ratios for both
sequences for all patients. The ultrashort echo-time sequence
had higher signal-to-noise and contrast-to-noise ratios for
newborns while zero echo-time provided slightly higher
signal-to-noise ratio for the older patients. This could prob-
ably be caused by lower noise of the ultrashort echo-time
sequence in newborns and lower noise of the zero echo-time
sequences in older children.

The ultrashort echo-time sequence is a highly sensitive
method that may also be valuable for the multiple follow-up
imaging examinations required for lung patients during treat-
ment [26]. Both sequences have been investigated in recent
studies by Bae et al. [22, 35]. The four-dimensional zero
echo-time sequence provided images of lung parenchyma
with improved signal-to-noise ratio and contrast-to-noise
ratio compared with its three-dimensional variant. In addi-
tion, the zero echo-time sequence had higher signal-to-noise
and contrast-to-noise ratios than the ultrashort echo-time
sequence for adult patients, similarly to our findings.

ZTE may prove to be more patient comfortable compared
to UTE due to silent and faster scans while providing similar
if not better diagnostic images for general pediatric imag-
ing. UTE may be the better sequence for newborns while
delivering also higher contrast for long T2 tissues compared
to ZTE.

Limitations of our study are based on variations in
detected MRI signal which depend on scan parameters and
patients’ properties such as height and weight.

The noise distribution is spatially variable affecting the
signal intensity. The signal has a range of values within a
certain field of view depending on which area of the body is
being imaged. The statistical average of the signal and the
noise can be more reliable for the image quality and quan-
titative evaluation.

The captured signal is proportional to the voxel size.
Both sequences had comparable in plane-resolution
but different slice thickness. The ultrashort echo-time
sequence had a thicker slice thickness and could, therefore,
have theoretically between 8% (with 2 mm slice thickness)
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up to 62% (with 3 mm slice thickness) higher signal. The
zero echo-time sequence has shorter echo-times leading
to higher signal as well. However, the sequences are dif-
ferent, and thus, other parameters may have an impact on
the signal.

Even though the regions-of-interest were drawn at the
same anatomical regions, they were not drawn exactly at
the same regions due to different patient size and charac-
teristics. Another consideration is the presence of atelec-
tasis due to sedation to a few newborns. In these cases, the
regions-of-interest were placed just beside the atelectatic
regions to avoid signal intensity contamination. As ate-
lectases have a higher signal, they were cut off during the
appropriate intensity thresholding by manual segmentation
of the whole lung signal intensity assessment.

Inconsistent respiratory gating during data acquisition
due to irregular breathing may lead to further limitations.
Lung signal might change, and blurring artifacts might
occur in cases of incorrect gating during the end-expira-
tion phase.

The overall patients’ cohort is rather small and hetero-
geneous regarding age and disease. Unfortunately, we had
to exclude several patients in whom at least one of the
sequences had poor image quality resulting in a smaller
cohort than initially aimed at. However, both sequences
were able to demonstrate the age dependent changes of
lung signal intensities.

For reasons of radiation exposure, we did not compare
our MRI results with CT lung density measurements. How-
ever, the lung-to-background ratio curves for both ultrashort
echo-time and zero echo-time sequences follow the charac-
teristics of the CT lung density curves in the literature.

Ultrashort and zero echo-time sequences are promising
within the scope of modern lung imaging as a radiation
free imaging method which is particularly important in
children. Both sequences are possible candidates for MR
quantification of normal and pathological lung.

Conclusion

Ultrashort echo-time and zero echo-time sequences are
able to assess lung density by capturing higher lung signal
intensity in comparison to the background air. Based on
their efficiency in visualizing and quantification of lung
parenchyma, they may further be clinically utilized for
lung MRI in children without exposing the patients to
unnecessary radiation exposure.

Acknowledgements Special thanks to the team of the technicians of
the Radiology department of the Children’s Hospital that helped us
with the setting up of the protocol and the scanning of the patients.

Funding Open access funding provided by University of Bern.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Informed consent Patient consent was waived due to the retrospective
nature of the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Wielputz M, Kauczor HU. MRI of the lung: state of the art. Diagn
Interv Radiol. 2012;18(4):344-53.

2. Wielputz MO, Eichinger M, Biederer J, et al. Imaging of
cystic fibrosis lung disease and clinical interpretation. Rofo.
2016;188(9):834-45.

3. Ohno Y. New applications of magnetic resonance imaging for tho-
racic oncology. Semin Respir Crit Care Med. 2014;35(1):27-40.

4. Amaxopoulou C, Gnannt R, Higashigaito K, Jung A, Kellenberger
CJ. Structural and perfusion magnetic resonance imaging of the
lung in cystic fibrosis. Pediatr Radiol. 2018;48(2):165-75.

5. Serai SD, Rapp JB, States LJ, Andronikou S, Ciet P, Lee EY.
Pediatric lung MRI: currently available and emerging techniques.
AJR Am J Roentgenol. 2021;216(3):781-90.

6. Tepper LA, Ciet P, Caudri D, Quittner AL, Utens EM, Tid-
dens HA. Validating chest MRI to detect and monitor cystic
fibrosis lung disease in a pediatric cohort. Pediatr Pulmonol.
2016;51(1):34-41.

7. Sodhi KS, Ciet P, Vasanawala S, Biederer J. Practical protocol for
lung magnetic resonance imaging and common clinical indica-
tions. Pediatr Radiol. 2022;52(2):295-311.

8. Hirsch FW, Sorge I, Vogel-Claussen J, et al. The current status and
further prospects for lung magnetic resonance imaging in pediatric
radiology. Pediatr Radiol. 2020;50(5):734-49.

9. Miglioretti DL, Johnson E, Williams A, et al. The use of computed
tomography in pediatrics and the associated radiation exposure
and estimated cancer risk. JAMA Pediatr. 2013;167(8):700-7.

10. Macdougall RD, Strauss KJ, Lee EY. Managing radiation dose
from thoracic multidetector computed tomography in pediat-
ric patients: background, current issues, and recommendations.
Radiol Clin North Am. 2013;51(4):743-60.

11. Dournes G, Grodzki D, Macey J, et al. Quiet submillimeter MR
imaging of the lung is feasible with a PETRA sequence at 1.5T.
Radiology. 2016;279(1):328.

12. Ohno Y, Koyama H, Yoshikawa T, et al. Pulmonary high-reso-
lution ultrashort TE MR imaging: Comparison with thin-section
standard- and low-dose computed tomography for the assessment

@ Springer


http://creativecommons.org/licenses/by/4.0/

Japanese Journal of Radiology

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

of pulmonary parenchyma diseases. ] Magn Reson Imaging.
2016;43(2):512-32.

. Roach DJ, Cremillieux Y, Serai SD, et al. Morphological and

quantitative evaluation of emphysema in chronic obstructive pul-
monary disease patients: A comparative study of MRI with CT. J
Magn Reson Imaging. 2016;44(6):1656-63.

Burris NS, Johnson KM, Larson PE, et al. Detection of small
pulmonary nodules with ultrashort echo time sequences in
oncology patients by using a PET/MR system. Radiology.
2016;278(1):239-46.

Gibiino F, Sacolick L, Menini A, Landini L, Wiesinger
F. Free-breathing, zero-TE MR lung imaging. MAGMA.
2015;28(3):207-15.

Zhu X, Chan M, Lustig M, Johnson KM, Larson PEZ. Iterative
motion-compensation reconstruction ultra-short TE (iMoCo UTE)
for high-resolution free-breathing pulmonary MRI. Magn Reson
Med. 2019;83(4):1208-21.

Zhao F, Zheng L, Shan F et al. Evaluation of pulmonary ventila-
tion in COVID-19 patients using oxygen-enhanced three-dimen-
sional ultrashort echo time MRI: a preliminary study. Clin Radiol.
2021;76(5):391 e33-41.

Kamishima T, An Y, Fang W, Lu Y. Editorial for “clinical poten-
tial of UTE-MRI for assessing the COVID-19: patient- and
lesion-based comparative analysis.” J] Magn Reson Imaging.
2020;52(3):956-7.

Yang S, Zhang Y, Shen J, et al. Clinical potential of UTE-MRI
for assessing COVID-19: patient- and lesion-based comparative
analysis. ] Magn Reson Imaging. 2020;52(2):397-406.

Hatabu H, Alsop DC, Listerud J, Bonnet M, Gefter WB. T2* and
proton density measurement of normal human lung parenchyma
using submillisecond echo time gradient echo magnetic resonance
imaging. Eur J Radiol. 1999;29(3):245-52.

Gurney PT, Hargreaves BA, Nishimura DG. Design and anal-
ysis of a practical 3D cones trajectory. Magn Reson Med.
2006;55(3):575-82.

Bae K, Jeon KN, Hwang MJ, et al. Respiratory motion-resolved
four-dimensional zero echo time (4D ZTE) lung MRI using retro-
spective soft gating: feasibility and image quality compared with
3D ZTE. Eur Radiol. 2020;30(9):5130-8.

Hafner S. Fast imaging in liquids and solids with the Back-projec-
tion Low Angle Shot (BLAST) technique. Magn Reson Imaging.
1994;12(7):1047-51.

Madio DP, Lowe 1J. Ultra-fast imaging using low flip angles and
FIDs. Magn Reson Med. 1995;34(4):525-9.

Kuethe DO, Adolphi NL, Fukushima E. Short data-acquisition
times improve projection images of lung tissue. Magn Reson Med.
2007;57(6):1058—64.

Roach DJ, Cremillieux Y, Fleck RJ, et al. Ultrashort echo-time
magnetic resonance imaging is a sensitive method for the evalu-
ation of early cystic fibrosis lung disease. Ann Am Thorac Soc.
2016;13(11):1923-31.

@ Springer

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Torres L, Kammerman J, Hahn AD, et al. Structure-function
imaging of lung disease using ultrashort echo time MRI. Acad
Radiol. 2019;26(3):431-41.

Dournes G, Menut F, Macey J, et al. Lung morphology assessment
of cystic fibrosis using MRI with ultra-short echo time at submil-
limeter spatial resolution. Eur Radiol. 2016;26(11):3811-20.
Higano NS, Fleck RJ, Spielberg DR, et al. Quantification of neo-
natal lung parenchymal density via ultrashort echo time MRI with
comparison to CT. J Magn Reson Imaging. 2017;46(4):992—1000.
Roach DJ, Ruangnapa K, Fleck RJ, et al. Structural lung abnor-
malities on computed tomography correlate with asthma inflam-
mation in bronchoscopic alveolar lavage fluid. J Asthma. 2019.
https://doi.org/10.1080/02770903.2019.1622714.

Sheikh K, Guo F, Capaldi DP, et al. Ultrashort echo time MRI bio-
markers of asthma. J Magn Reson Imaging. 2017;45(4):1204-15.
Lederlin M, Cremillieux Y. Three-dimensional assessment of
lung tissue density using a clinical ultrashort echo time at 3 tesla:
a feasibility study in healthy subjects. J] Magn Reson Imaging.
2014;40(4):839-47.

Zeimpekis KG, Geiger J, Wiesinger F, Delso G, Kellenberger CJ.
Three-dimensional magnetic resonance imaging ultrashort echo-
time cones for assessing lung density in pediatric patients. Pediatr
Radiol. 2021;51(1):57-65.

Geiger J, Zeimpekis KG, Jung A, Moeller A, Kellenberger CJ.
Clinical application of ultrashort echo-time MRI for lung patholo-
gies in children. Clin Radiol. 2021. https://doi.org/10.1016/j.crad.
2021.05.015.

Bae K, Jeon KN, Hwang MJ, et al. Comparison of lung imaging
using three-dimensional ultrashort echo time and zero echo time
sequences: preliminary study. Eur Radiol. 2019;29(5):2253-62.
Millar AB, Denison DM. Vertical gradients of lung density in
healthy supine men. Thorax. 1989;44(6):485-90.

Rhodes CG, Wollmer P, Fazio F, Jones T. Quantitative measure-
ment of regional extravascular lung density using positron emis-
sion and transmission tomography. J Comput Assist Tomogr.
1981;5(6):783-91.

Brudin LH, Rhodes CG, Valind SO, Wollmer P, Hughes
JM. Regional lung density and blood volume in nonsmok-
ing and smoking subjects measured by PET. J Appl Physiol.
1987;63(4):1324-34.

Verschakelen JA, Van fraecyenhoven L, Laureys G, Demedts M,
Baert AL. Differences in CT density between dependent and non-
dependent portions of the lung: influence of lung volume. AJR
Am J Roentgenol. 1993;161(4):713-7.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1080/02770903.2019.1622714
https://doi.org/10.1016/j.crad.2021.05.015
https://doi.org/10.1016/j.crad.2021.05.015

	Assessment of lung density in pediatric patients using three-dimensional ultrashort echo-time and four-dimensional zero echo-time sequences
	Abstract
	Purpose 
	Materials and methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Patient population
	Imaging techniques
	Quantitative analysis
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References




