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Abstract

Objective To determine the feasibility of using high-resolution volumetric zero echo time (ZTE) sequence in routine lung

magnetic resonance imaging (MRI) and compare free breathing 3D ultrashort echo time (UTE) and ZTE lung MRI in terms

of image quality and small-nodule detection.

Materials and methods Our Institutional Review Board approved this study. Twenty patients underwent both UTE and ZTE

sequences during routine lung MR. UTE and ZTE images were compared in terms of subjective image quality and detection of

lung parenchymal signal, intrapulmonary structures, and sub-centimeter nodules. Differences between the two sequences were

compared through statistical analysis.

Results Lung parenchyma showed significantly (» <0.05) higher signal-to-noise ratio (SNR) in ZTE than in UTE. The SNR and

contrast-to-noise ratio (CNR) of peripheral bronchus and small pulmonary arteries were significantly (all p <0.05) higher in ZTE.

Subjective image quality evaluated by two independent radiologists in terms of depicting normal structures and overall acceptability

was superior in ZTE (p < 0.05). The diagnostic accuracy for sub-centimeter nodules was significantly higher for ZTE (reader 1: AUC,

0.972; p =0.044; reader 2: AUC, 0.946; p =0.045) than that for UTE (reader 1: AUC, 0.885; reader 2: AUC, 0.855). Mean scan time

was 131 s (125-141 s) in ZTE and 467 s (453508 s) in UTE. ZTE images were obtained with less acoustic noise.

Conclusion Implementing ZTE as an additional sequence in routine lung MR is feasible. ZTE can provide high-resolution

pulmonary structural information with better SNR and CNR using shorter time than UTE.

Key Points

* Both UTE and ZTE techniques use very short TEs to capture signals from very short T2/T2* tissues.

» ZTE is superior in capturing lung parenchymal signal than UTE.

* ZTE provides high-resolution structural information with better SNR and CNR for normal intrapulmonary structures and small
nodules using shorter scan time than UTE.

Keywords Lung - Magnetic resonance imaging - Ultrashort T2 - Ultrashort echo time - Zero-echo-time imaging

Abbreviations RF Radio frequency
AUC  Area under the receiver operating characteristic curve ~ ROI  Region of interest
CNR  Contrast-to-noise ratio SI Signal intensity
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SNR  Signal-to-noise ratio
TE Echo time

UTE  Ultra-short echo time
ZTE  Zero echo time

Pulmonary MRI is a major challenge mainly due to the low
proton density of the lung, inhomogeneity of magnetic sus-
ceptibility resulting from air and soft-tissue interfaces in the
lung, and cardiopulmonary motions [1]. With conventional
MRI sequences that use relatively long echo times (TEs), there
is little opportunity to capture the rapidly decaying signal of
lung tissue and small intrapulmonary structures that have very
short T2/T2*.

With progress in MRI techniques, it becomes possible to
visualize tissues containing very short T2 structures [2]. Ultra-
short TE (UTE) is a new MRI technique that can acquire free
induction decay at the end of the RF pulse as soon as possible
by using a radial center-out k-space trajectory and short data
sampling durations [3—5]. This allows better visualization of
intrinsic MR signals of lung than conventional short-TE se-
quences [6]. Several studies using UTE have been conducted
for quantitative and qualitative assessment of lung diseases
such as emphysema and interstitial fibrosis [7-9]. Recently,
the advanced 3D radial UTE technique that enables full cov-
erage of the chest with isotropic high spatial resolution has
been reported, providing images that resemble CT with excel-
lent performance in the detection of small lung nodules [10].

Zero TE (ZTE) sequence is another MRI technique that can
image tissues with ultrashort T2/T2* [11]. In this technique,
readout gradients are turned on prior to RF excitation so that
encoding can start simultaneously upon signal excitation,
resulting in TE of nearly zero. With readout gradients on dur-
ing RF excitation, flip angles and readout bandwidths are lim-
ited so that they would not affect imaging volume. Thus, the
sequence is inherently 3D. With absence of rapidly switching
gradients between TR intervals, ZTE can give additional ben-
efits such as decreased acoustic noise [12]. With capability of
reducing signal decay caused by T2* of lung parenchyma, this
technique could be a promising tool in lung imaging.
However, most previous studies using ZTE have been per-
formed in head and musculoskeletal systems where involun-
tary motion is absent [11, 13, 14] while only very few studies
have been conducted in lung imaging [15].

Detection of incidental lung nodules on chest CT common-
ly occurs in daily practice, with frequency of 15-30% [16].
Follow-up of some nodules with CT scans results in additional
radiation exposure to patients. The Fleischner Society has an-
nounced revised recommendations for incidental lung nodules
with increased size threshold to reduced unnecessary follow-
up examinations [17]. However, alternative imaging modality
without using ionizing radiation would be more beneficial to
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patients, particularly for younger patients or those who require
multiple examinations.

This study is motivated by questions about differences in
lung images obtained using UTE and ZTE when both tech-
niques similarly use very short TEs to capture signals from
ultrashort T2/T2* tissues such as small intrapulmonary struc-
tures and sub-centimeter nodules. Although animal studies
have suggested the promise of ZTE for lung imaging, struc-
tural imaging capability or quality of ZTE has not been eval-
uated in clinical studies yet [18]. To the best of our knowledge,
no previous paper has compared UTE and ZTE images in lung
MRI. Therefore, the goal of this study was to determine the
feasibility of implementing respiratory-triggered high-resolu-
tion 3D ZTE in routine lung MRI. We also aimed to compare
images obtained using UTE and ZTE in terms of depicting
normal structures and sub-centimeter lung nodules.

Materials and methods
Patients

Our Institutional Review Board approved this study. Written
informed consent was obtained from all patients before MR
scans. From Nov. 2017 to Apr. 2018, 20 patients (males to
females = 12:8) with mean age of 64.1 years (20—79 years)
who underwent chest MRI for further evaluation of lung
(n=15) or mediastinal (n=15) lesions detected on chest CT
scans taken within 1-4 days before MRI were enrolled. UTE
and ZTE sequences were performed additionally during the
same scanning session of routine chest MRI.

Lung MR imaging

MR images were obtained using a commercial 3-T scanner
(Signa Architect, GE Healthcare). UTE and ZTE scans were
performed without contrast enhancement using a 36-channel
body coil. UTE sequence used 3D cones trajectory which
allowed flexible spiral-like read gradients [19]. ZTE sequence
used silent scan algorithm (Silentz, GE Healthcare). Diagrams
of UTE and ZTE sequences are shown in Fig. 1.

There were some differences between UTE and ZTE aris-
ing from their characteristics. However, we tried to keep sim-
ilar conditions as much as possible between the two scans. In
both sequences, 3D coronal images with isotropic resolution
of 1.4 mm were obtained under free breathing. Respiratory
motion was minimized by using respiratory triggering tech-
nique with the same threshold to accept end expiratory data
for both sequences. While ZTE sequence characteristic limit-
ed flip angles (1-3°) and receiver bandwidth, UTE could use
higher flip angles. Parameters of UTE and ZTE sequences are
shown in Table 1. Acoustic noise levels were measured for
each sequence using a MR-compatible sound level meter
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Fig. 1 Diagram of UTE and ZTE pulse sequences. a Pulse diagram of
UTE (3D cones) sequence. The sequence can apply slice selection
gradient which allows slab selection, higher flip angles, and higher
bandwidths. The cone’s trajectory allows for flexible spiral-like read gra-
dients. DAQ, data acquisition. b Pulse diagram of a segment of ZTE
sequence showing an example of five spokes in one segment. Two

(OptiSLM-100A-F, Optoacoustics Ltd) at a 2-m distance from
the scanner in the closed room.

Image analysis

Original 3D coronal image data of UTE and ZTE were recon-
structed into axial images. After image acquisition parameters
and the name of sequences were removed, image datasets
were transferred to the PACS system (Universal Viewer 6.0;
GE Healthcare). Axial images were used for analysis.

To provide standard reference in lesion assessment, two
radiologists (with 22 and 16 years of experience in chest CT,
respectively) evaluated patients’ chest CTs in consensus. CT
scans were acquired with either a 64- or 320-MDCT scanner
(IQon; Philips Healthcare or Aquilion ONE ViSION; Canon
Medical Systems) utilizing a 2-mm slice thickness and 2-mm
slice increment. In 7 of 20 patients, a total of 19 non-calcified

Table 1 Parameters of UTE and ZTE sequences in lung MR of 20
patients
UTE ZTE
Acquisition type 3D, coronal
FOV (isotropic) 400 x 400 mm
Frequency 256
Slice thickness 1.4 mm

Number of slices 160180 depending on the patient volume

Acquisition resolution 1.4 mm iso-voxel

Respiration trigger window 30

Receiver bandwidth +125 kHz +41.7~+62.5 kHz
Flip angle 8° 1-3°

No. of spokes per segment 1 256

Segment TR 5 ms 393~503 ms

AT (TE) 78 us 16 us

No. of average

Mean scan time (range)

1
467 s (453-508 s)

1
131 s (125-141 5)

b
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hundred fifty-six spokes per segment were applied in real scanning.
Readout gradients are already ramped up before RF pulse followed by
data acquisition (DAQ) resulting in a nominal zero echo time. This pre-
cludes application of slab selection. It also limits the maximum flip angle
and readout bandwidth.

sub-centimeter-sized (2.8-9.7 mm, mean =5.5 mm) solid
nodules were detected on CT scan (1-4 nodule(s)/ patient).
They were used in validation of UTE and ZTE for nodule
evaluation. None of the non-calcified sub-centimeter nodules
detected on CT was excluded from analysis because of their
size or location.

Quantitative assessment of normal structures

To compare the ability of UTE and ZTE in detecting lung
parenchymal signal and depicting normal structures, signal
intensity (SI) of intrathoracic structures was measured and
SNR and CNR were calculated. For this, two radiologists with
6 years and 8 years of experience in chest imaging, respec-
tively, drew circular regions of interest (ROIs) in the back-
ground air, tracheal lumen air, lung parenchyma, trachea, pe-
ripheral bronchus, peripheral pulmonary artery, and aorta on
each image dataset. The size of the ROI was adapted to the
diameter of the structure, and the same size was applied for the
same location in both sequences. All measurements were per-
formed three times, and the mean was considered as the rep-
resentative value of each structure.

When measuring the SI of the lung, vascular markings and
fissures were avoided. For the SI of the trachea, the ROI was
placed in the anterior or lateral tracheal wall without including
luminal air. For the peripheral pulmonary artery, the circular
ROI was drawn on a subsegmental or sub-subsegmental pul-
monary artery appearing rounded on the image while the
avoiding adjacent lung. For the peripheral bronchus, after
selecting a segmental or subsegmental bronchus running per-
pendicular to the image plane, a circular ROI including the
bronchial wall and luminal air was drawn on an image where
the bronchus was delineated the best in each sequence.

To determine the ability of UTE and ZTE in detecting lung
parenchymal signal, the SI of the background air, tracheal
lumen air, and lung parenchyma were compared within each
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sequence. The SNR of lung parenchyma was then compared
between UTE and ZTE. To see differences in demonstrating
mediastinal or intrapulmonary structures, the SNR of the tra-
chea, peripheral bronchus, peripheral pulmonary artery, and
aorta were compared between two sequences. CNRs of the
peripheral bronchus and peripheral pulmonary artery were
also compared. SNR was calculated as mean SI of measuring
structure/noise. Standard deviation of the SI measured in the
tracheal lumen was considered as noise. The CNR of the pe-
ripheral pulmonary artery was calculated as mean SI (pulmo-
nary artery) — mean SI (lung)/noise. The CNR of the periph-
eral bronchus was calculated as mean SI (bronchus) — mean SI
(lung)/noise.

Qualitative assessment of normal structures

Two cardiopulmonary radiologists (with 21 and 9 years of
experience in chest imaging, respectively) independently eval-
uated UTE and ZTE images in terms of visualization of nor-
mal structures, degree of noise and artifacts, and overall ac-
ceptability. The score of each category was rated using a five-
point scale (Table 2).

Assessment of sub-centimeter nodules

UTE and ZTE images were independently evaluated by two
radiologists (with 12 and 6 years of experience in chest

Table 2  Qualitative grading system for assessment of lung MR images
obtained using UTE and ZTE sequences

Depiction of the intrapulmonary vessels and fissures

1, unacceptable (invisible peripheral pulmonary vessels and interlobar
fissure)

2, poor (barely visible peripheral pulmonary vessels/invisible
interlobar fissure)

3, fair (visible peripheral pulmonary vessels/invisible interlobar fissure)

4, good (visible peripheral pulmonary vessels with clear
margin/blurred interlobar fissure)

5, excellent (visible peripheral pulmonary vessels with clear
margin/sharp interlobar fissure)

Depiction of the bronchus
1, unacceptable (indistinguishable lobar bronchial walls)

2, poor (visible lobar bronchial walls with few visible segmental
bronchial walls)

3, fair (visible segmental bronchial walls)

4, good (visible subsegmental bronchial walls)

5, excellent (visible sub-subsegmental bronchial walls)
Image noise/artifacts (cardiac, respiratory, and streaking)

1, unacceptable; 2, above-average noise/artifacts; 3, average and ac-
ceptable; 4, less than average; 5, minimum or nothing

Overall acceptability

1, unacceptable; 2, suboptimal; 3, satisfactory; 4, above average; 5,
superior
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imaging, respectively) to detect sub-centimeter nodules. Two
reading sessions were provided with 2-week interval to avoid
consecutive reading of two sequences of the same patient.
Twenty image data sets were presented on each session in
random order. The number of true positive nodules was
blinded to readers. First, readers were asked to record the
presence or absence of sub-centimeter nodules on a lobe-by-
lobe basis for each MR image data set. When there were
multiple nodules in a lobe, only one dominant nodule in each
lobe was included in the analysis. In the next step, readers
were asked to assign one of five confidence levels to each
decision as follows: 1, definitely absent; 2, probably absent;
3, possibly present; 4, probably present; or 5, definitely
present.

For quantitative evaluation of nodules, the SI of nodules de-
tected in both UTE and ZTE were measured by two radiologists
with 6 years and 8 years of experience in chest imaging, respec-
tively, using a circular ROI. SNR and CNR were calculated and
compared between two sequences. The SNR of nodules was cal-
culated as mean SI (nodule)/noise. The CNR of nodules was
calculated as mean SI (nodule) — mean SI (lung)/noise.

Statistical analysis

Wilcoxon signed rank test was used to compare SI differences
of the background air, tracheal lumen, and lung parenchyma
within each sequence and differences of the CNR and SNR of
normal structures and sub-centimeter nodules between UTE
and ZTE. Image quality scores were also compared using
Wilcoxon signed rank test. To evaluate the diagnostic accura-
cy of sub-centimeter nodules, receiver operating characteristic
(ROC) curve analysis was performed and areas under the
ROC curve (AUCs) were compared. McNemar’s test was
used to compare sensitivity of two sequences in nodule detec-
tion. To assess interobserver agreement for quantitative eval-
uation, intraclass correlation coefficient (ICC) was used.
Interobserver agreement for qualitative assessment was deter-
mined by calculating the kappa coefficient. ICC or the kappa
value was interpreted as follows: 0.20 or less, poor;
0.21-0.40, fair; 0.41-0.60, moderate; 0.61-0.80, sub-
stantial; and 0.81 or greater, almost perfect agreement.
Statistical analyses were performed using MedCalc, ver-
sion 17.6 (MedCalc Software) or SPSS package version
22.0 (SPSS Inc.). P values of less than 0.05 were con-
sidered to indicate statistical significance.

Results

All lung MR examinations were successfully performed with-
out any adverse events. Figures 2 and 3 show typical UTE and
ZTE images. The mean acquisition time was 467 s (453—
508 s) for UTE and 131 s (125-141 s) for ZTE. Mean acoustic



Eur Radiol (2019) 29:2253-2262

2257

Fig. 2 Axial lung MR images at the level of both lower lobes obtained
using UTE (a) and ZTE (b) sequences in a 57-year-old male.
Intrapulmonary vessels and small bronchi are more clearly delineated in

noise levels measured during ZTE and UTE scans were
50.2 dB and 82.4 dB, respectively. Background noise was
45.3 dB.

Quantitative assessment of normal structures

SIs of the background air, tracheal lumen air, and lung paren-
chyma were not significantly different in UTE by both
readers. However, in ZTE, the SI of lung parenchyma was
significantly higher than that of the background air or tracheal
lumen air while SIs of the background air and tracheal lumen
were not significantly different (Table 3).

SNRs of lung parenchyma, peripheral pulmonary artery, and
peripheral bronchus were significantly (all p <0.05) higher in
ZTE by both readers. SNRs of the trachea and aorta were not
significantly different between two sequences. CNRs of the pe-
ripheral pulmonary artery and peripheral bronchus were signifi-
cantly (all p <0.05) higher in ZTE by both readers (Fig. 4).

Interobserver agreements in measuring Sls of various struc-
tures were substantial for both sequences as follows: back-
ground air (ICC, 0.69 [95% CI 0.35, 0.80] in UTE; ICC,
0.71 [95% CI 0.51, 0.85] in ZTE), tracheal lumen air (0.76
[95% CI 0.48, 0.86] in UTE, 0.80 [95% CI 0.67, 0.89] in

Fig. 3 Chest CT and lung MR images at the level of the left atrium in a
68-year-old female. Chest CT (a) shows a 2-cm-sized part-solid nodule in
the right lower lobe superior segment. UTE (b) and ZTE (c¢) successfully

7~ N

ZTE image. Note the mediastinum and chest wall. While UTE demon-
strates T1 contrast, ZTE shows proton density image, causing lack of
contrast between structures

ZTE), lung parenchyma (0.68 [95% CI 0.31, 0.83] in UTE,
0.75[95% C10.56, 0.87] in ZTE), tracheal wall (0.71 [95% CI
0.46,0.85]in UTE, 0.73 [95% C1 0.58, 0.87] in ZTE), periph-
eral bronchus (0.69 [95% C10.38, 0.84] in UTE, 0.71 [95% C1
0.54, 0.86] in ZTE), peripheral pulmonary artery (0.76 [95%
C10.46,0.86] in UTE, 0.72 [95% C1 0.48, 0.87] in ZTE), and
aorta (0.79 [95% CI 0.57, 0.87] in UTE, 0.74 [95% CI 0.49—
0.85] in ZTE). Noise measured in the tracheal lumen showed
substantial agreements for both UTE (0.74 [95% CI 0.49—
0.84]) and ZTE (0.76 [95% CI 0.66, 0.87]).

Qualitative assessment of normal structures

Subjective image quality scores for intrapulmonary structures
were significantly higher in ZTE by both readers. Scores for
noise were not significantly different between two sequences
by both readers. Although scores for artifacts in ZTE were
superior to those in UTE by both readers, the difference was
significantly different only by reader 2. Overall acceptability
scores were significantly higher in ZTE by both readers. The
results are shown in Table 4.

When above score 3 was considered acceptable, UTE was
acceptable in 16 patients by reader 1 and 15 patients by reader

demonstrated the lesion. However, the internal character of the nodule
was more consistent with that of CT on ZTE.

@ Springer
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; 2 2 while ZTE was acceptable in 20 patients by reader 1 and 19
E o E patients by reader 2.
o8, § & @ Inter-reader agreements in the evaluation of vessels/
mezECe fissures (k=0.61 in UTE, x=0.70 in ZTE), bronchus (s =
= = 0.61in UTE, k=0.71 in ZTE), image noise (x = 0.79 in UTE,
§ ; k=0.76 in ZTE), artifacts (v =0.59 in UTE, x =0.69 in ZTE),
E E N and overall acceptability (x =0.45 in UTE, x=0.63 in ZTE)
£e 5%3 were substantial to moderate in both sequences.
AT fmdcs
- Assessment of sub-centimeter nodules
o <
E E o 2 . In quantitative analysis for nodules detected in both se-
E %‘Jg g % 58 quences, CNR and SNR of sub-centimeter nodules were
e mlmErEeS higher in ZTE by both readers (Table 5). However, only the
ED - - difference of SNR was statistically significant. Interobserver
_Z s 2 agreements in measuring Sls of sub-centimeter nodules were
P § E 23: o substantial for UTE (ICC, 0.72 [95% CI 0.46, 0.87]) and ZTE
g B2<882 (0.75 [95% C1 0.60, 0.88]).
% The diagnostic accuracy for detecting sub-centimeter nod-
é = - ules on a per-lobe basis was significantly higher for ZTE
N & s (reader 1: AUC, 0.972 [95% C10.918, 0.995], p = 0.044; read-
g o &« er 2: 0.946 [95% CI 0.882, 0.981], p =0.045) than that for
= 554388 UTE (reader 1: 0.885 [95% CI 0.806, 0.940], reader 2:
% 0.855 [95% C10.770, 0.917]) (Figs. 5 and 6).
E = = When scores 3, 4, and 5 were considered positive, 14 and
% _ 8 5 16 nodules were detected on UTE by reader 1 and reader 2,
s o128 - E s respectively, while 17 nodules were detected on ZTE by each
§ S § E g‘ é g % § reader. The sensitivity was not significantly different between
gl) UTE and ZTE (73.7% vs. 89.5% for reader 1 and 84.2% vs.
£ o s 89.5% for reader 2) by both readers.
El 7 g b - Missed lesions in ZTE by both readers were smaller than
g 2 Zi ¢ g gf 5 mm (2.6 mm and 4.3 mm). In UTE, two more nodules
g (5.7 mm and 3.2 mm) in the subpleural area were missed by
= = = reader 1 and a nodule (6.2 mm) in lingular segment was
ES 0 0 . missed by both readers due to motion artifacts.
g EEPEEL
£ . .
£ -~ = Discussion
:‘5 E g E . {‘; ,:\g Q MRI has not been frequently used for lung imaging since lung
5 mlAeEEes 5 parenchyma has extremely short T2 and appears as signal void
E _ _ g on conventional sequences. This limitation has been over-
Z E - § - g N come with recently dedicated techniques that can directly im-
%’ 02 £ a % 3 8 age very short component such as UTE or ZTE, offering TE of
El BorECS é > £ < 1 msec. While the performance of UTE in the evaluation of
-ED R R T 2» % lung parenchyma has been shown by several investigators, the
° - it '% g El feasibility study with ZTE has only been performed in healthy
2 & i E 5| ZE % volunteers [8, 9, 15]. This is the first study comparing 3D UTE
% 3EERES | B % g and ZTE sequences in lung MR for clinical patients. The sig-
3 g 5 = nal of lung parenchyma was significantly higher than that of
- - 53 & . g § § intratracheal air or background air in ZTE. The SNR of the
2| —% o oio . g E i g 3 s lung parenchyma in ZTE was also superior to that in UTE.
ClSl 2l 38402 | 8&F These results support exceptionally short T2/T2* capability of
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Fig. 4 a Graph comparing SNR of normal structures between UTE and
ZTE sequences in lung MR. Data are mean and standard deviation.
Asterisk, difference is statistically significant. R1, reader 1; R2, reader
2. b Graph comparing CNR of peripheral pulmonary artery and

ZTE. Because data acquisition starts immediately after a short
hard pulse with near-zero TE, very rapidly decaying trans-
verse magnetization in the lung parenchyma can be captured
more effectively with ZTE. This capability of ZTE in captur-
ing lung parenchymal signal may be able to be applied in
detecting and quantifying architectural disruption of the lung
tissue such as emphysema [20].

ZTE is superior in depicting normal structures in the lung,
including small vessels and peripheral bronchial walls.
Considering that MR has a lower spatial resolution than CT
and magnetic susceptibility of the lung, delineation of small
peripheral bronchial walls in lung MRI is a challenging task.
In this study, while the SNR and CNR of the trachea showed
no significant differences between UTE and ZTE, those of the
peripheral bronchus were significantly higher in ZTE. In sub-
jective evaluation, the image quality scores of the peripheral
bronchus were higher in ZTE. In spite of its similar tissue
composition to the trachea, the peripheral bronchus in the lung
may have a much shorter T2* than the trachea because of the
surrounding lung tissue, particularly under higher field
strength [21, 22]. The trachea resides in the mediastinum,
being surrounded by vessels, the esophagus, and mediastinal

peripheral bronchus between UTE and ZTE sequences in lung MR.
Data are mean and standard deviation. Asterisk, difference is
statistically significant. R1, reader 1; R2, reader 2

fat while the peripheral bronchus resides within the lung.
Intrinsic magnetic susceptibility of the lung tissue can cause
protons in the peripheral bronchus to undergo greater degrees
of dephasing between excitation and readout stages [22, 23].
Therefore, ZTE with a shorter TE can be more advantageous
in imaging the small bronchus and other fine intrapulmonary
structures than UTE.

Non-contrast-enhanced lung MR as an alternative to CT in
nodule detection has been investigated [24, 25]. The sensitiv-
ity of MRI for lung nodules larger than 8§ mm in diameter is
100%. However, the sensitivity for smaller nodules varies
depending on pulse sequences, nodule consistency, and breath
holding condition [25]. Recently, high-resolution UTE imag-
ing with a free-breathing technique has demonstrated promis-
ing results, comparable to low-dose chest CT [26, 27].
According to Burris NS et al [27], UTE has superior sensitiv-
ity for the detection of small (4-8 mm), non-FDG avid nod-
ules than 3D dual-echo GRE sequence. Key differences were
small voxel sizes and short TE. In our study, because the SI of
surrounding lung parenchyma was also higher in ZTE, the
CNR of sub-centimeter nodules was not significantly higher
than that in UTE. However, ZTE showed higher SNR and

Table 4 Qualitative assessment

of intrapulmonary normal Reader 1 Reader 2

structures and overall diagnostic

acceptability of lung images UTE ZTE p value UTE ZTE p value

obtained using UTE and ZTE

sequences by two independent Vessels 29+09 3.7+0.7 0.001* 3.1+0.8 39+0.6 0.003*

readers Bronchus 3.1+£06 45+05 0.001* 33+0.6 4.6 £0.5 0.001*
Noise 3.6=+08 3.6=06 0.655 34+06 35+£0.7 0.655
Artifacts 34+£07 37+£05 0.096 34£06 38+£0.6 0.034*
Overall acceptability 3.0+ 0.7 41+07 0.001* 3.0+ 09 41+08 0.005%*

Data are mean and standard deviation

*Difference is statistically significant
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Table 5 SNR and CNR of sub-

centimeter nodules in UTE and Reader 1 Reader 2
ZTE lung MR images
UTE ZTE p value UTE ZTE p value
SNR 212 £4.6 343 +£5.1 0.004* 22.5+6.6 36.1 £6.9 0.017*
CNR 14.0 + 4.4 16.6 £ 5.4 0.155 151 +£5.6 17.5+7.1 0.286

Data are mean and standard deviation

*Difference is statistically significant

readers’ confidence for the presence of the nodule. Much
shorter TE in ZTE might result in less signal loss of small
nodules and higher readers’ confidence. Readers missed two
nodules in ZTE and three more nodules in UTE in the area
prone to respiratory and cardiac motions. Although both se-
quences used the same free breathing technique, the motion
artifact was more frequent in UTE due to a longer scan time.
Since patients who undergo chest MRI often have poor pul-
monary functions, they are unable to tolerate extensive exam-
ination times. Thus, scanning in a short time is requisite for
good image quality in lung MRI. In the management of lung
nodules, introduction of low-dose chest CT enables follow-up
imaging with reduced radiation dose. However, patients who
need repeated examinations might be harmed by cumulative
radiation. Integration of ZTE in routine lung MR can provide
high-resolution structural information, potentially avoiding
the need for CT and associated radiation hazard.

Another advantage of ZTE was minimal acoustic noise
during MR examinations. Fast current switches within the
gradient coil can lead to vibration in their mountings and cause
acoustic noise [28]. This noise is the most significant cause of
discomfort during MRI examinations, particularly for children

or patients who are sensitive to acoustic noise [29]. Minimal
gradient variations applied in the ZTE sequence can dramati-
cally decrease acoustic noise and patient annoyance [30].

Despite those advantages, ZTE has several weaknesses in
chest imaging. ZTE lacked appropriate image contrast for
evaluation of long T2 tissues. Because the flip angle and
allowed maximum receiver bandwidth were limited for a clin-
ically reasonable scan time, ZTE images showed proton den-
sity contrast. It was limited for evaluating the mediastinum,
chest wall structures, and internal character of large parenchy-
mal lesions. Therefore, ZTE imaging should be performed as a
complementary sequence to routine protocol instead of replac-
ing conventional diagnostic sequences. In addition, oversen-
sitive signal capturing and K-space sampling characteristics of
ZTE might provoke lots of streak artifacts on images
(Supplementary Figs. 1 and 2). Through experience with vol-
unteer scans, we could improve image quality by using a small
flip angle, a higher bandwidth, and a higher spatial resolution
with enough coverage along the anterior to posterior direction
in the coronal scan.

This study had several limitations. The main limita-
tion is its small study population. Further studies with

Fig.5 Chest CT (a) and UTE (b) and ZTE (c) MR images at the level of the left upper-lobe bronchus in a 58-year-old female. There is a sub-centimeter
nodule (6 mm) with irregular margin in the left upper lobe on CT. This nodule is more clearly delineated in ZTE sequence
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Fig. 6 Receiver operating characteristic curves for UTE and ZTE images
in detecting sub-centimeter nodules on a lobe-by-lobe basis by two

readers. AUCs were higher for ZTE (reader 1, 0.972; p = 0.044; reader
2, 0.946; p = 0.045) than those for UTE (reader 1, 0.885; reader 2, 0.855)

larger populations are required to confirm our prelimi-
nary results. Second, a comparison of lesion detection
was performed in only a small number of solid nodules
on a per-lobe base. According to the purpose of this
study, we focused on the feasibility and image quality
of ZTE compared with UTE. Lesion evaluation was
performed quantitatively and qualitatively using a small
number of sub-centimeter nodules being considered as
the most important target of lung imaging. To validate
the diagnostic performance and clinical relevance of
ZTE in the evaluation of parenchymal lesions, further
study is needed using a larger group with various le-
sions. Third, scan parameters of UTE and ZTE were not
completely identical because of characters of each se-
quence and scanner system per se. Some parameters in
ZTE such as the flip angle, receiver bandwidth, and
segment TR were different from patient to patient.
However, we tried to use the best optimized parameters
for both sequences in each patient.

In conclusion, ZTE as a complementary sequence in routine
clinical lung MR without contrast agent is feasible. It can be done
in less than 3 min. This sequence can provide high-resolution
structural information with better SNR for intrapulmonary struc-
tures and sub-centimeter nodules than UTE.
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