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Abstract
Objectives To evaluate the feasibility and image quality of respiratory motion–resolved 4D zero echo time (ZTE) lung MRI
compared with that of 3D ZTE.
Methods Our institutional review board approved this study. Twenty-one patients underwent lung scans using 3D ZTE and 4D
ZTE sequences via prospective and retrospective soft gating techniques, respectively. Image qualities of 3D ZTE and 4D ZTE at
end-expiration were compared through objective and subjective assessments. The quality of end-expiratory images of 3D ZTE
and 4D ZTE of the two groups with different lung functions was also compared.
Results Images were successfully acquired in all patients without any adverse events. Signal-to-noise ratios (SNRs) of lung
parenchyma and thoracic structures were significantly (all p < 0.001) higher in 4D ZTE. Contrast-to-noise ratios (CNRs) of
peripheral bronchi, peripheral pulmonary vessels, and nodules or masses were significantly (all p < 0.001) higher in 4D ZTE. The
subjective image quality assessed by two independent radiologists showed that intrapulmonary structures, noise and artifacts, and
overall acceptability were superior in 4D ZTE (all p < 0.001). Image qualities of groups with normal and low lung functions
differed significantly (all p < 0.05) in 3D ZTE, but not in 4D ZTE. The mean acquisition time was 136 s (127–143 s) in 3D ZTE
and 325 s (308–352 s) in 4D ZTE.
Conclusions Respiratory motion–resolved 4DZTE lung imagingwas feasible as part of routine chestMRI. The 4DZTE provides
motion-robust lung parenchymal images with better SNR and CNR than the 3D ZTE, regardless of patients’ lung function.
Key Points
• ZTE MRI captures rapidly decaying transverse magnetization in the lung parenchyma.
• 4D ZTE provides motion-robust lung parenchymal images with better SNR and CNR compared with 3D ZTE.
• Compared with 3D ZTE, the image quality of 4D ZTE lung MRI was affected less by patients’ lung function and respiratory
performance.
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Abbreviations
CNR Contrast-to-noise ratio
RF Radio frequency
ROI Region of interest
SI Signal intensity
SNR Signal-to-noise ratio
UTE Ultrashort echo time
ZTE Zero echo time

Introduction

Magnetic resonance imaging (MRI) of the lung is beneficial to
patients requiring frequent follow-up examinations due to its
non-ionizing character. However, the physical properties of
lung hamper widespread clinical application of MRI. The
low proton density and the short T2 of lung parenchymal
tissue require rapid data sampling after RF pulse and maxi-
mum k-space coverage during the acquisition time limited by
ultra-short T2*. Newly introduced short T2–sensitive tech-
niques such as ultrashort echo time (UTE) and zero echo time
(ZTE) sequences can satisfy these requirements [1, 2]. UTE
sequence is effective in detecting and characterizing lung pa-
renchymal diseases [3–8]. With an echo time (TE) of less than
100 μs in UTE, the short T2* of lung tissue offers limited
constraint. Recently, respiratory-gated 3D UTE has been used
for high-resolution imaging of the lung [9].

As another technique that can image tissues with ultrashort
T2/T2*, ZTE sequence has been introduced in lung MRI [10,
11]. As the dead time between RF excitation pulse and data
acquisition is a nominal zero, rapidly decaying transverse
magnetization in the lung parenchyma can be effectively cap-
tured using this sequence. According to a recent study com-
paring 3D UTE and ZTE lung MR images, ZTE is better than
UTE for the detection of lung parenchymal signal and visual-
ization of intrapulmonary structures when optimized parame-
ters are used for each sequence [12].

The structural lung MRI using UTE or ZTE is performed
via respiratory gating during free breathing to acquire more
radial projections and resolve the effect of respiratory motion
[11, 13]. In spite of respiratory gating, image blurring is com-
mon in lung MR, especially in patients with inconsistent re-
spiratory pattern, which can be addressed by retrospective soft
gating in which the respiratory motion compensation is proc-
essed computationally during image reconstruction [14]. By
adding a motion dimension to volume data using retrospective
soft gating, dynamic 3D (or four-dimensional (4D)) MR im-
ages could be generated to obtain functional information. The
feasibility of respiratory motion–resolved 4D lung imaging
using UTE sequence has been demonstrated via clinical re-
search [15]. Motion-resolved 4D ZTE lung imaging has been
proposed and demonstrated in two volunteers [16]. However,
the applicability of 4D ZTE in clinical chest MRI and the

quality of 4D ZTE lung images have yet to be reported. The
goal of this study was to evaluate the feasibility of 4D ZTE
lung imaging during routine chest MRI, especially in patients
with poor respiratory performance. We also assessed the im-
age quality of 4D ZTE lung MRI compared with that of 3D
ZTE.

Materials and methods

Patients

Our institutional review board approved this study. Written
informed consent was obtained from all patients. From
Oct. 2018 to Mar. 2019, 21 patients who underwent chest
MRI for further evaluation of lung (n = 15), mediastinal (n =
4), or chest wall (n = 2) lesions detected on CTwere enrolled.
The study included 15males and 6 females with a mean age of
65 years (range, 19–88 years). Pulmonary function test results
were available for all patients. Since 3D ZTE lung scan has
been performed as a part of routine chest MRI protocol at our
institution, the 4D ZTE lung MRI was additionally performed
during the same scanning session. Based on pulmonary func-
tion test and clinical assessment, 12 patients had normal lung
function and 9 patients showed low lung function (obstructive
pattern).

Image acquisition

MR images were obtained using a commercial 3-T scanner
(Signa Architect, GE Healthcare) with a 16-channel body an-
terior array coil and a 40-channel posterior array coil. The
ZTE sequence consists of a non-selective hard pulse excitation
followed by 3D center-out radial sampling (Fig. 1). The 3D
and 4D ZTE lung scans were performed consecutively during
quiet breathing. A commercially available respiratory bellows
(GE Healthcare) was wrapped around the patient’s upper ab-
domen. Signals of the respiratory bellows were used as surro-
gates of respiratory motion. Scan parameters of 3D ZTE and
4D ZTE are summarized in Table 1.

Respiratory gating and image reconstruction

In 3D ZTE, a prospective respiratory gating technique was
used for data acquisition. Data were prospectively acquired
only when the position of the diaphragm was within an accep-
tance window during approximately one third of end-
expiration phase. In 4D ZTE, a retrospective soft gating meth-
od was used for motion correction and image reconstruction
as follows. k-space data along with physiological signals de-
rived from respiratory bellows were collected during the
whole respiratory cycles. The k-space data were binned into
four respiratory motion states based on physiological signals.
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For each respiratory motion state, the k-space data were
weighted depending on the respiratory displacement from an
ideal target physiological signal. The corresponding image
volume was then reconstructed. Figure 2 shows differences
in data acquisition and the k-space between 3D ZTE and 4D
ZTE. Coronal images with an isotropic resolution of 1.4 mm
were obtained in both sequences. Original coronal image data
of 4D ZTE and 3D ZTE were reformatted into axial images.
While only a single image dataset was generated for 3D ZTE,
four image datasets were generated in 4D ZTE according to
the different respiratory motion states (phase 1, beginning of
inspiration ~ phase 4, end-expiration) (Fig. 3).

Image analysis

All images were reviewed and analyzed with a PACS system
(Universal Viewer 6.0; GE Healthcare). Image analysis and
comparison were performed using end-expiratory image
datasets in both sequences. The 3D ZTE image dataset
consisted of prospective images acquired at approximately
one third of the end-expiration phase of respiratory cycles
(blue area in Fig. 2a). Among the four retrospective datasets
acquired during whole respiratory cycles in 4D ZTE, an image

dataset acquired at one fourth of end-expiration phase (phase
4, blue area in Fig. 2c) was used.

Quantitative evaluation

Signal intensities (SIs) of lung parenchyma and normal struc-
tures were measured for the comparison of 3D ZTE and 4D
ZTE. One radiologist (with 6 years of experience) drew circu-
lar regions of interest (ROIs) in the lung parenchyma, tracheal
lumen, tracheal wall, peripheral bronchus, peripheral pulmo-
nary vessel, aorta, and subscapularis muscle on each image
dataset (Fig. 4). In patients with parenchymal nodule or mass,
the signal of nodule or mass was also measured. All measure-
ments were performed three times, and the mean was recorded
as the representative value. The size of the ROI was adapted to
the diameter of the structure. The same size was used for the
same location in both sequences. 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 vessel, the circular ROI was drawn on a segmental
pulmonary vessel appearing round on the axial image while
avoiding the adjacent lung. In the peripheral bronchus, after

Table 1 Scan parameters of 3D
and 4D ZTE lung MR images in
21 patients

3D ZTE 4D ZTE

Acquisition type 3D, coronal

FOV (isotropic) 384 × 384 mm

Frequency 256

Slice thickness 1.4 mm

Number of slices 160–180 depending on the patient volume

Number of motion-resolved datasets 1 4

Acquisition resolution 1.4 mm isovoxel

Receiver bandwidth ± 31.25 kHz

Flip angle 2°

No. of spokes per segment 256

Gating Prospective gating Retrospective soft gating

Respiration trigger window 30 N/A

Scan time (mean, range) 127 s (125–136 s) 325 s (308–352 s)

Fig. 1 Diagram of ZTE MR
sequence showing an example of
five spokes in one segment. Note
that readout gradients are already
ramped up before RF pulse. Non-
selective hard pulse excitation is
followed by 3D center-out radial
sampling
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selecting a segmental bronchus perpendicular 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.

Signal-to-noise ratios (SNRs) of lung parenchyma, trachea,
peripheral bronchus, peripheral pulmonary vessel, aorta,
subscapularis muscle, and lung nodule or mass were compared
between the two sequences. Contrast-to-noise ratios (CNRs) of
intrapulmonary structures including peripheral bronchus, pe-
ripheral pulmonary vessel, and lung nodule or mass were also
compared. SNR was calculated as the mean SI of measuring

structure/noise. The CNR was calculated as [mean SI
(structure) − mean SI (lung)]/noise. The standard deviation of
the SI in the tracheal lumen was considered as noise.

Qualitative evaluation

In a separate setting, two chest radiologists (with 23 years and
24 years of experience, respectively) independently evaluated
axial and coronal images of 3D ZTE and 4D ZTE in a random
order. Visualization of pulmonary vessels and bronchus, and
sharpness of diaphragmatic contour as well as noise, artifacts,

Fig. 2 Simplified illustration of respiratory-gated 3D ZTE and weighting
applied 4D ZTE. a, b Signals from respiratory bellows. b, d Weighting-
applied k-space data. For prospective respiratory gating in 3D ZTE, k-
space spokes are acquired when the motion is within the acceptance
window, i.e., the blue area in a. k-space spokes are equally weighted as
shown in b. In 4D ZTE, k-space data along with physiological signals
were collected during whole respiratory cycles. For each respiratory

motion state, the ideal target signal was determined from physiological
signals and weights, visualized as gradation per each color (c). It was
determined by the distance between current data point and ideal target
signal. The corresponding volume for each phase was reconstructed with
weighted k-space data as shown in d. P1, phase 1; P2, phase 2; P3, phase
3; P4, phase 4

Fig. 3 Coronal 4D ZTE lung MR images in four different respiratory
phases. Note different diaphragmatic positions in each phase. Arrows
indicate left upper lobe bronchus (short arrows) and diaphragm (thin

arrows). End-expiratory (phase 4) image demonstrates the best quality
in delineating intrapulmonary structures and diaphragm
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and overall diagnostic acceptability were scored. The score of
each category was rated using a five-point scale as shown in
Table 2.

Statistical analysis

The Wilcoxon signed-rank test was used to compare the dif-
ferences in the SNR and CNR of normal structures and lung
nodule or mass between 3D ZTE and 4D ZTE. The scores of
subjective image quality between 3D ZTE and 4D ZTE were
also compared using the Wilcoxon signed-rank test.
Differences in image quality scores in 3D ZTE and 4D ZTE
between the two groups (normal and low lung functions) were
compared using the Mann-Whitney U test.

Inter-rater agreement for qualitative assessment was deter-
mined by calculating weighted kappa coefficient. The weight-
ed 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, substantial;
and 0.81 or greater, almost perfect agreement. Statistical anal-
yses were performed using SPSS package (version 22.0; SPSS
Inc.). P values of less than 0.05 indicated statistical
significance.

Results

Image acquisitions using 3D ZTE and 4D ZTE sequences
were successfully performed in all patients without any ad-
verse events. The mean image acquisition time was 136 s
(127–143 s) in 3D ZTE and 325 s (308–352 s) in 4D ZTE.

Table 3 Comparison of SNR and CNR of thoracic/intrapulmonary
structures between 3D and 4D ZTE lung MR images

3D ZTE 4D ZTE p value

SNR

Lung parenchyma 15.76 ± 3.06 24.72 ± 5.14 < 0.001*

Trachea 39.59 ± 7.51 62.84 ± 10.94 < 0.001*

Peripheral pulmonary vs. 34.78 ± 7.21 64.70 ± 12.76 < 0.001*

Peripheral bronchus 24.65 ± 5.70 48.65 ± 9.24 < 0.001*

Nodule/mass 53.36 ± 16.38 96.27 ± 27.11 < 0.001*

Aorta 36.75 ± 6.62 63.02 ± 11.56 < 0.001*

Muscle 53.47 ± 12.84 92.86 ± 15.74 < 0.001*

CNR

Peripheral pulmonary vs. 19.02 ± 5.46 39.99 ± 10.37 < 0.001*

Peripheral bronchus 11.74 ± 4.50 29.89 ± 7.58 < 0.001*

Nodule/mass 37.25 ± 14.10 71.48 ± 24.03 < 0.001*

Data represent mean and standard deviation

*Difference is statistically significant

Table 2 Qualitative scoring system of 3D and 4DZTE lungMR images

Visualization of intrapulmonary vessels

1, unacceptable (indistinguishable segmental vessels)

2, poor (blurred visualization of segmental vessels)

3, fair (clear visualization of segmental vessels)

4, good (visualization of subsegmental vessels)

5, excellent (visualization of subsubsegmental vessels)

Visualization of the bronchus

1, unacceptable (indistinguishable lobar bronchus)

2, poor (visible lobar bronchus)

3, fair (visible segmental bronchus)

4, good (visible subsegmental bronchus)

5, excellent (visible subsubsegmental bronchus)

Sharpness of the diaphragm

1, transition width of diaphragm, ≥ 2 cm

2, 1 cm ≤ transition width of diaphragm < 2 cm

3, 0.5 cm ≤ transition width of diaphragm < 1 cm

4, transition width of diaphragm < 0.5 cm

5, sharply defined diaphragm

Noise and 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, good; 5, excellent

Fig. 4 An example of drawing regions of interest (ROIs) in lung
parenchyma, the tracheal wall, tracheal lumen, aorta, and subscapularis
muscle (a, from left to right) and peripheral pulmonary vessel and
peripheral bronchus (b) in 4D ZTE. All measurements were performed
three times. The same size was applied for the same location in 3D ZTE
and 4D ZTE
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Quantitative evaluation

When comparing end-expiratory images of 3D ZTE and 4D
ZTE, the SNRs of lung parenchyma, trachea, peripheral bron-
chus, peripheral pulmonary vessel, aorta, muscle, and nodule/
mass were significantly (all p < 0.001) higher in 4D ZTE. The
CNRs of peripheral pulmonary vessel, peripheral bronchus,
and nodule or mass were significantly higher in 4D ZTE (all
p < 0.001) (Table 3).

Qualitative evaluation

The subjective image quality of intrapulmonary vessels and
bronchi evaluated by two independent radiologists was signif-
icantly higher (all p < 0.05) in 4D ZTE (Fig. 5). Scores

obtained by both readers for diaphragmatic sharpness, noise,
artifacts, and overall acceptability in 4D ZTE were superior
(all p < 0.001) to those in 3D ZTE (Table 4).

Inter-reader agreements in the evaluation of peripheral ves-
sels (κ = 0.65 in 3D, κ = 0.50 in 4D), bronchus (κ = 0.57 in
3D, κ = 0.66 in 4D), diaphragm (κ = 0.77 in 3D, κ = 0.79 in
4D), image noise (κ = 0.77 in 3D, κ = 0.52 in 4D), artifacts
(κ = 0.69 in 3D, κ = 0.65 in 4D), and overall acceptability
(κ = 0.63 in 3D, κ = 0.62 in 4D) were substantial to moderate
in both sequences.

In subgroup analysis of subjective image quality according
to lung function, the image qualities were significantly (all,
p < 0.05) different between the two groups with normal and
low lung functions in 3D ZTE except for intrapulmonary ves-
sels evaluated by reader 2 (Table 5). However, 4D ZTE did not

Table 4 Qualitative assessment
of lung MR images obtained
using 3D and 4D ZTE sequences
by two independent readers (n =
21)

Reader 1 Reader 2

3D ZTE 4D ZTE p value 3D ZTE 4D ZTE p value

Vessels 4.43 ± 0.68 4.86 ± 0.36 0.007* 4.19 ± 0.60 4.67 ± 0.48 0.004*

Bronchus 3.38 ± 0.97 4.33 ± 0.58 < 0.001* 3.38 ± 0.67 4.33 ± 0.58 < 0.001*

Diaphragm 2.62 ± 0.97 4.29 ± 0.64 < 0.001* 2.86 ± 0.91 4.43 ± 0.67 < 0.001*

Noise 3.00 ± 1.00 4.38 ± 0.67 < 0.001* 3.05 ± 0.92 4.57 ± 0.51 < 0.001*

Artifacts 3.14 ± 1.12 4.19 ± 0.87 < 0.001* 3.24 ± 1.04 4.38 ± 0.67 < 0.001*

Overall acceptability 3.14 ± 1.11 4.29 ± 0.78 < 0.001* 3.38 ± 1.02 4.38 ± 0.67 < 0.001*

Data are mean and standard deviation

*Difference is statistically significant

Fig. 5 The 3D ZTE (a) and 4D
ZTE (b) images at end-expiration
phase in a 72-year-old man with
lung cancer. The patient
manifested reduced lung function.
Despite the use of hard gating,
image blurring occurred
frequently in 3D ZTE, especially
near the diaphragm. The 4D ZTE
images show sharply defined
margin of the mass and
diaphragms with less artifacts
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show any difference between the two groups. The overall
acceptability of images in 3D ZTE was acceptable (satisfacto-
ry or better, score ≥ 3) in 10 to 11 of 12 patients with normal
lung function by two readers. Among 9 patients with low lung
function, the 3D ZTE images of 4 patients were considered
acceptable by both readers. The 4D ZTE images were accept-
able for all patients by both readers in both groups.

Generation of dynamic images in 4D ZTE

In 4D ZTE, using images derived from multiple respiratory
phases, dynamic breathing MR images were generated.
Diaphragmatic motion and changes in airway dimension dur-
ing the respiratory cycle were identified in dynamic images
(Supplementary Fig. 1).

Discussion

Since gradient is already turned on when the RF pulse is
applied and gradient switching is avoided, loss of short-
lasting signals can be minimized in ZTE, facilitating signal
acquisition from tissues with extremely short T2 values [10].
Minimal gradient variations in ZTE lead to a dramatic de-
crease in acoustic noise and patient annoyance [17]. The fea-
sibility and potential of ZTE for lung parenchymal imaging
have been explored in cl inical s tudies [11, 12] .
Notwithstanding advances in imaging techniques, respiratory
motion artifacts remain a major challenge for lung MRI.
Motion artifacts appear as blurring, ghosting, signal dropouts,
and undesirable signal enhancement [18]. To obtain respirato-
ry motion–resolved lung MR images, we used the 4D tech-
nique in ZTE sequence. Our results based on 4D ZTE dem-
onstrated improved respiratory motion compensation in all
patients. While 4D ZTE showed consistent image qualities
regardless of patients’ lung function, 3D ZTE showed signif-
icantly inferior image quality in patients with low lung func-
tion compared with patients manifesting normal lung func-
tion. The 3D ZTE images were acceptable in 83% (10/12)
and 92% (11/12) by two readers in the normal lung function
group. The 3D ZTE images were acceptable in 44% (4/9) by
each of the two readers in the low lung function group. The 4D
ZTE images were acceptable in 100% by each of two readers
in both normal and low lung function groups.

In 3D ZTE and 4D ZTE imaging, different respiratory gat-
ing techniques were applied. The 3D ZTE used a prospective
gating technique, which is a commonly used respiratory mo-
tion compensation method in clinical setting. In 4D ZTE, a
retrospective soft gating technique was used and data acquisi-
tion was performed continuously during whole respiratory
cycles. In prospective gating, data collection is performed
within a limited window around a reference position, usually
end-expiration, because patients’ breathing pattern is mostTa
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consistent and the breathing time is longer in this phase [19].
Despite the use of gating, image blurring occurred routinely in
3D ZTE, especially near the diaphragm. Because a few mo-
tions in an acquisition window are not considered in recon-
struction, images with poor motion compensation were ob-
tained in patients with inconsistent respiratory patterns
[20–22]. Soft gating techniques have shown promise for
reconstructing high-resolution, motion-robust MR images
[23, 24]. In the present study, motion compensation using soft
gating in 4D ZTE was accomplished by giving different
weights on signals depending on the variations between actual
signal and ideal target signal in each phase. The 4D ZTE
images at end-expiratory phase demonstrated better SNR
and CNR of normal structures and nodules compared with
3D ZTE, due to higher signal and lower noise of 4D ZTE
images owing to reduced motion within voxels. By using all
data obtained during whole respiratory cycle, 4D ZTE sub-
stantially reduced the artifacts due to under-sampling.

Acquisition time of 4D ZTE images was longer than that of
3D ZTE (mean, 325 s vs. 127 s). The 3DZTE is more efficient
than 4D ZTEwhen the scan time for structural lung imaging is
considered in patients with normal lung function. However,
the scan time for 4D ZTE was comparable to other free-
breathing lung MR sequences [24, 25]. Any additional efforts
were not required for patients or operators in 4D ZTE com-
pared with 3D ZTE. In addition, dynamic respiratory images
were generated using the pooled volume data from multiple
phases, which potentially yielded functional information such
as dynamic changes of airway dimension, lung volume, and
diaphragmatic motion [15]. Therefore, the use of 4D ZTE in
routine chest MR facilitates acquisition of simultaneous
motion-robust lung images and dynamic motion information
regardless of patients’ respiratory performance in 5 min.

High-resolution images of 4D ZTE MR may be useful for
the evaluation of pulmonary parenchymal status, potentially
obviating chest CT scans, especially in patients who are vul-
nerable to radiation exposure. As demonstrated by re-
cent lung MR studies using UTE, 4D ZTE represents
another promising tool providing simultaneous structural
and functional information in various diseases without
contrast administration [13, 15, 26].

This study has several limitations. First, this study included
a small number of patients. Further studies with larger popu-
lations are required to corroborate our results and improve
data quality. Second, we evaluated the image quality of 4D
ZTE compared with that of 3D ZTE using different gating
techniques. The 3D ZTE is a product system, and prospective
gating used in 3D ZTE is a standard method for the compen-
sation of respiratory motion in clinical MRI. However, 4D
ZTE using soft gating is a new technique developed specifi-
cally to improve image quality and applicability of ZTE se-
quence in lung MRI. Therefore, the performance and benefits
of 4D ZTE were assessed via comparison with 3D ZTE.

Third, using non-ECG-gated scan protocols, cardiac motion
could have affected the image quality, although not as much as
respiratory motion. Fourth, the image quality of respiratory
phases other than end-expiration should be substantially im-
proved. A dynamic MRI entails increasing the number of
phases and improving reconstruction techniques. Lastly, the
ZTE sequence and respirationmotion correction software may
not be available in other MR machines. A substantial im-
provement of the sequence for other machines is needed to
provide benefits for patients with lung disease exposed to
ionizing techniques.

In conclusion, this study demonstrated the feasibility of
free-breathing 4D ZTE lung imaging under clinical settings.
The 4D ZTE generated respiratory motion–resolved lung pa-
renchymal images with high SNR and CNR without being
affected by patients’ lung function or respiratory performance.
The 4D ZTE also has the potential to extend lung MR appli-
cation by providing functional information via dynamic respi-
ratory imaging.
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