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Abstract

Purpose—To evaluate an optimized stack of radials ultrashort echo time (UTE) three-
dimensional MRI sequence for breath-hold and free breathing imaging of the human lung.

Methods—A 3D stack of ultrashort echo time radials trajectory was optimized for coronal and
axial lower resolution breath-hold and higher resolution free breathing scans using Bloch
simulations. The sequence was evaluated in ten volunteers, without the use contrast agents. SNR
mean and 95% confidence interval were determined from separate signal and noise images in a
semi-automated fashion. The four scanning schemes were evaluated for significant differences in
image quality using the Student’s t-test. Ten clinical patients were scanned with the sequence and
findings were compared with concomitant CT in nine patients. Breath-hold 3D spokes images
were compared with 3D stack of radials in five volunteers. Mann-Whitney U test was performed to
test significance in both cases.

Results—Breath-hold imaging of the entire lung in volunteers was performed with SNR (mean =
425 [CI]: 35.5 - 49.5; mean = 34.3 [CI]: 28.6 — 40) in lung parenchyma for coronal and axial
scans respectively, which can be used as a quick scout scan. Longer respiratory triggered free
breathing scan enabled high resolution UTE scanning with mean SNR of 14.2 ([CI]: 12.9 - 15.5)
and 9.2 ([CI]: 8.2 — 10.2) for coronal and axial scans, respectively. Axial free breathing scans
showed significantly higher image quality (P = 0.008) than the three other scanning schemes. The
mean score for comparison with CT was 1.67 (score 0: N = 0; 1: N = 3; 2: N = 6). There was no
significant difference between CT and MRI (P = 0.25). 3D stack of radials images were
significantly better than 3D spokes images (P < 0.001).

Conclusion—The optimized 3D stack of radials trajectory was shown to provide high quality
MR images of the lung parenchyma without the use of MRI contrast agents. The sequence may
offer the possibility of breath-hold imaging and provides greater flexibility in trading off slice
thickness and parallel imaging for scan time.
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INTRODUCTION

MRI of the lung has advanced to provide complimentary tools for the evaluation of lung
structure and function (1) clinically. Although CT has been traditionally the method of
choice, recent improvements in MRI hardware and sequences have made MRI an attractive
alternative. Lack of ionizing radiation allows for repeated longitudinal studies over short
time periods. Furthermore, MRI without use of gadolinium contrast agents is indicated in
patients with renal failure as well as being attractive for pediatric imaging. MRI offers
several advantages beyond the scope of x-ray based techniques. This includes improved
tissue contrast and the greater potential for functional information. Most lung diseases result
in an increase in tissue, cells or blood which results in increased MRI signal and can
therefore be visualized using MRI. For example, pulmonary nodules and infiltrates can be
depicted with standard sequences such as 3D fast field echo or single-shot spin echo imaging

).

However, certain pathologies such as chronic obstructive pulmonary disease (COPD),
asthma and cystic fibrosis may manifest themselves in reduced signal from the lungs due to
destruction of lung tissue and airways (3,4). Structural imaging of the lung parenchyma is
challenging due to the extremely short T,* of lung, the low proton density and the
possibility of motion related artifacts on relatively longer MRI scans. Standard sequences
based on gradient echo and spin-echo need to be used in conjunction with gadolinium based
contrast agents to improve signal-to-noise ratio. The mechanism of improved SNR is
through a reduction in T1 allowing higher excitation angles to be used. However, use of a
contrast agent does not address the T»* related reduction in SNR. MRI scanning based on
ultra-short echo time imaging (UTE) has been around for decades. However, earlier use of
the technique was hampered by poor gradient hardware and other shortcomings unique to a
radial trajectory beginning at the center of k-space such as gradient delays and eddy currents
(5). Current advances have brought ultra-short echo time imaging into the realm of everyday
use on standard scanners. UTE imaging is uniquely suited for native morphological lung
imaging. A short echo time ensures reduced T,* related signal loss and blurring. In addition,
a radial trajectory is more robust to motion artifacts (6,7). Several different implementations
of UTE exist in the literature. These include techniques such as SWIFT (8), TPI (9) and ZTE
(10). Most of the techniques could be described as experimental. The more common
implementations of UTE sequences are based on 2D using half pulse excitation (11) or 3D
cush-ball trajectory (12,13). Johnson et al. (13) proposed a modified radial trajectory along
with reduced FOV and improved RF pulses to increase SNR.

A hybrid 3D stack of radials (STAR) trajectory has previously been used to acquire full k-
space radial lines for dynamic contrast enhanced (DCE) myocardial perfusion imaging (14),
DCE liver imaging (15), pediatric abdominopelvic imaging (16) and in MR angiography
(17). 3D STAR with ultrashort echo time provides reduced T2* decay while allowing
flexibility along the slice direction. As a result, scanning time can be traded off for slab
coverage or slice resolution allowing for breath-hold as well as free-breathing scans. The
purpose of this work was to evaluate an optimized 3D stack of radials ultrashort echo time
(UTE) MRI sequence for breath-hold and free breathing imaging of the human lung.
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Sequence Description

Simulations

For 3D STAR imaging, RF excitation pulse is followed by a k, encoding gradient prior to
radial acquisition using trapezoidal waveforms. The STAR k-space geometry has unique
advantages which allow for breath-hold (BH) scans in a reasonable time. Radial sampling in
the in-plane direction ensures short echo time while Cartesian sampling along k; provides
tradeoff between resolution and coverage. In addition, parallel imaging can be applied in a
straightforward manner along the k; direction to reduce breath-hold time. For shortest echo
time, a non-selective pulse is used. To reduce wraparound artifacts (along the foot to head
direction) in axial scans, a slab selective RF pulse is employed at the expense of slightly
increased echo time (by ~ 0.05 ms). The slab selective pulse was a short duration (100 ps; 30
us from isocenter to end of pulse) Gaussian modulated sinc pulse with one left lobe. In
conjunction with the slab selective gradient, this increased the echo time by ~0.05 ms. The
To* of lung at 1.5T and 3T has been measured to be 2.1 ms and 0.74 ms, respectively (18).
Optimal SNR for a radial acquisition scheme has been studied by Rahmer et al. (19) where
nominal resolution (resulting from blurring) was offset against SNR considerations in order
to determine the optimal data acquisition window. For a stack of radials trajectory such as
used in this work, the optimal occurs when the acquisition window ~ 0.81 x Ty* (19).
Consequently, the acquisition window was fixed at 0.6 ms. The bandwidth for each scan was
adjusted to provide the targeted acquisition window (BW/pixel = 1.7 KHz for BH and 1.66
KHz for FB scans). T, of lung parenchyma has been measured to be 1374 ms at 3T (20).
With a spoiled gradient echo radial sampling scheme as used here, the optimal flip angle is
given by the Ernst angle: 0= cos1(exp(-TR/Ty)).

The magnetization resulting from the spoiled gradient STAR trajectory was simulated using
sequence parameters corresponding to the breath-hold scanning sequence.

Parameters used were: TR/TE = 2/0.09 ms, 6 = 3.1° (Ernst angle), Tacq = 0.6 ms, To* = 0.74
ms, FOV = 380 mm, res = 2 mm, 494 radial arms.

Bloch simulation for magnetization evolution with transverse and longitudinal relaxation
using T1/T2 values for lungs given earlier was performed. Once the signal along all radial
arms (sequential ordering) was determined, sampling density compensation was performed
prior to gridding as described by Jackson et al (21). This was followed by a 2D inverse
Fourier transform. The reconstruction was implemented in Matlab®.

Volunteer Scanning

Ten volunteers (7 male, 3 female) were scanned on a Philips 3T Achieva TX scanner using
the lower resolution breath-hold and the higher resolution free breathing scans. The
volunteers were scanned under an IRB approved protocol and informed consent was
obtained after the nature of the procedures was fully explained. A respiratory pad was
employed to monitor the breathing cycle and for triggering the free breathing scans. A 16-
channel receive coil (SENSE Torso-XL) was used for the study.
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Breath hold Scans

Parameters for the coronal and axial end-expiration breath-hold scans were as given below.
Coronal: FOV =38-39 cm, TR/TE = 2/0.09 ms, radial spokes = 494, parallel imaging:
SENSE (z) = 2, 25-34 slices for full lung coverage, res = 2 x 2 x 8mm3, scan time: 16-21s.

Axial: Same as coronal scan except res = 2.5 x 2.5 x 8 mm3, radial spokes = 365, selective
RF (TE = 0.14ms), 19-23 slices, scan time: 18-23s and SENSE (z) = 1. With coronal scans,
use of SENSE (with full coverage along the A/P direction) made shorter breath-hold scans
possible with a slightly higher in-plane resolution (2 x 2 mm?) than the axial scans (2.5 x
2.5 mm2). Parallel imaging (along slice encoding direction) could not be used for axial scans
due to foldover artifacts resulting from signal outside the selected slab showing up at an
unfavorable location (near center of 3D slab). In addition, to avoid artifacts from outside the
FOV along the axial direction, a slab selective RF pulse was employed. For the imaging
parameters used, this would entail just a 7% drop in signal due to increased TE while
preventing aliasing.

High Resolution Free Breathing Scans

Axial and coronal free breathing scans were performed with the following scan parameters:
FOV =38-39 cm, res = 1.5 x 1.5 x 5 mm3, segment factor = 201208 radial arms;
respiratory triggered.

Coronal scans: TR/TE = 2.4/0.09 ms, flip angle 6 = 3.2°, slices: 40 — 61, scan time: 5:06 —
7:48

Axial scans: TR/TE = 2.5/0.14 ms, flip angle 6 = 3.3°, slices: 34 — 39, scan time: 5:00 — 6:54
based on number of slices and respiratory rate.

The shot duration per respiratory trigger was ~500 ms and trigger delay was set to 700 ms.

Measurements

The SNR in lung parenchyma was determined from signal and noise only images for all
slices (second breath-hold for BH scans) in the same scan. The noise only images were
obtained as a second acquisition with the RF switched off (22). A semi-automated technique
was implemented in Matlab® to measure whole lung signal by manually drawing a region in
the chest wall around the lungs to exclude airways and surrounding tissue and using
thresholding to segment out the lungs from airways and vessels. In cases where the
automated thresholding algorithm didn’t agree with visually identified lung tissue,
adjustments were made to the threshold value. The same segmented region was applied to
the noise only images to obtain the standard deviation of noise. SNR was calculated as mean
(signal)/std(noise) in the lung roi. A correction factor of 1.42 for multi-channel magnitude
images was applied to calculate SNR (23,24). A coefficient of variation (CV) measure was
determined as (o/l) where o= (X stdg)/N where X is over the N volunteers and stdg refers to
the standard deviation of the SNR values across slices. p is the mean SNR across all slices
and subjects. This metric provides a measure of the homogeneity of the lung signal across
slices.
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Semi-quantitative Assessment

The volunteer images were also scored for image quality independently by two observers
(NG: 22 yrs and AM: 10 yrs MRI experience) according to the following guidelines: (a)
Lung tissue visibility (scale: 0 (same as air); 1 (barely distinguished from airways); 2
(uniformly different from airways). (b) Airways and vessels: 0 — cannot be distinguished, 1 —
trachea can be distinguished, 2 — primary level, 3 — segmental level and 4 — extending to
periphery (c) Artifacts: 0 — severe artifacts, 1 — moderate artifacts, 2 — some artifacts
interfere with interpretation, 3 — no artifacts. Mean and standard deviation of the scores for
the two observers was calculated. Total score for each scan was determined and the mean
and standard deviation was computed for both observers. Student t-test was performed to
determine significant differences between the four different scans.

Patient Scanning

Ten patients (age: 37.3 £ 20.3 yrs; range: [17 — 74] yrs) with prior or suspected lung disease
were scanned with BH and FB sequences. All MR sessions were successfully completed
within 20 minutes without any adverse events. In nine of the ten cases, concomitant low
dose CT scans (SOMATOM Force, Siemens, Germany) were performed. One patient had a
two month follow up on both CT and MRI. The findings were reported by board certified
body radiologists who reported the CT and MRI studies separately.

Semi-quantitative Assessment

In addition, the nine patient MRI and CT images were scored by a trained body radiologist
(AM: 10 yrs experience) based on the following scale for correlation of findings: 0 (poor
correlation); 1 (good correlation but some features < 4 mm not visible on MRI); 2 (excellent
correlation with all findings being the same). Mann-Whitney U test was performed to test for
differences between MRI and CT images. The higher resolution used here was limited by
the need for a reliably high SNR (>5) in native lung parenchyma. However, 3D STAR can
provide higher resolution images with increase in scan time. The feasibility was
demonstrated in a volunteer where 1 mm? images were acquired with a scan time of 11 min
40s.

In addition, to show the advantage of 3D STAR over 3D spokes for breath-hold images,
comparison was done in five volunteers (3 male, 2 female) using the same breath-hold time
of 20 s and the same voxel size. Resolution for 3D STAR images was 2 x 2 x 8 mm?3 while it
was 3.2 x 3.2 x 3.2 mm3 (voxel size matched) for the 3D spokes trajectory. Two observers
(NG: 22 yrs and AM: 10 yrs MRI experience) scored the images obtained from the two
scans after all identifying information had been stripped for each subject. Scoring was as
follows: 0 = preference for 3D spokes over 3D STAR; 1 = no perceptible difference between
the two sets; 2 = 3D STAR preferred over 3D spokes.

RESULTS

From simulations, peak of the point spread function (PSF) was 0.025 (where peak PSF =1
denotes the magnitude without relaxation and with 6 = 90°) while the FWHM radius
(obtained from area in pixels = PSFax/2) was 0.85 mm which is in agreement with the
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theoretically derived value of 0.49 x (Taq/T2) (19). Figure 1(a) shows the PSF in the x-y
plane (Cartesian sampling along k;). Figure 1(b) shows the 1-D profile corresponding toy =
FOV/2. The FWHM for this central profile was ~ 2 mm. Figure 2 shows sample axial and
coronal images obtained from breath-hold and free breathing scans. Figure 3 provides a
perspective of the entire lung from representative maximum intensity projected (MIP) (25
mm slab thickness) axial and coronal breath-hold images for a volunteer at three different
levels while Figure 4 shows the corresponding MIP images obtained from the same
volunteer with the free breathing higher resolution scans. In all cases, lung parenchyma has a
sufficiently high SNR to be clearly distinguished from signal-less background.

Table 1 shows the mean SNR for breath-hold and free breathing coronal and axial scans
across the 10 volunteers. CV was higher for the coronal scans than the axial scans indicating
greater inhomogeneity in signal across slices.

Figure 5 shows the mean and standard deviation of scores obtained from qualitative
assessment of images by the two observers. (Lung tissue visibility was scored at 2 for all
cases by both observers and is not shown.) As expected, higher resolution free breathing
scans provided better visualization of the bronchi and vessels than breath-hold scans. Axial
free-breathing scans provided the best results (as determined using the t-test) relatively
unhindered by chest wall signal. Mean score for FB axial scans was 8.38 + 0.28 which was
significantly higher than the next score of 8.08+ 0.07 for FB coronal scans (p = 0.008). FB
and BH coronal scans were in turn significantly better than BH axial scans (P = 0.02 and
0.03, respectively).

Findings in the ten patients included lung nodules, cysts, scarring, atelectasis, fibrotic
parenchymal changes, bronchiestases and post-surgical changes, such as lobectomy. There
was complete agreement between the readers for detection of scarring, atelectasis,
bronchiectasis, cyst and nodules > 4 mm. In the case of the patient with two month follow
up, a single nodule (~ 4mm) in the right upper lobe showed a slight decrease compatible
with resolving infection. CT showed superior sensitivity to 3D STAR MRI for better
definition of lung nodules (two patients), ground glass opacities (one patient) and calcified
granulomas (one patient).

Semiquantitative analysis on the findings from CT and MRI for the nine patients resulted in
a mean score of 1.67 (score 0: N = 0; score 1: N =3 and score 2: N = 6). The difference in
the findings between CT and MRI was not significant (P = 0.25).

Subjective assessment of images by the two observers indicated a preference for 3D STAR
images over 3D spokes in all five cases. The difference was significant (P < 0.001).

Sample images from a patient are shown in Figure 6. The patient exhibited atelectasis or
scarring of lung tissue in the left and right lungs. Comparison scanning with CT done on the
same day showed similar findings as non-contrast 3D STAR MRI. Although CT provides
higher resolution, MRI provides comparable visualization.

Images obtained with a resolution of 1mm?3 are shown in Figure 7. Sub-segmental airways
were visible on these higher resolution images.
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Figure 8 shows breath-hold images obtained using the 3D STAR and the 3D spokes
trajectory.

DISCUSSION

While isotropic imaging as done with a 3D spokes trajectory provides reformatted images
along the three dimensions, performing separate breath-hold scans (with higher in-plane
resolution) along more than one orientation as done here mitigates some of the drawbacks of
non-isotropic STAR imaging. Slice encoding along the z direction leads to slightly increased
TEs. For example, minimum TE increased by 0.04 ms for BH scans and 0.05 ms for FB
scans. While 3D spokes requires no slice encoding, flexibility along slice direction (and
consequently scan time) is lost. ZTE imaging (10) on the other hand requires estimation of
the data at center of k-space and may be unsuitable for routine imaging.

As mentioned earlier, the objective of this study was to visualize lung parenchyma reliably
and evaluate the intrinsic SNR. The Rose criterion (25) from image processing states that an
object can be differentiated with 100% certainty when SNR > 5.

The intrinsic speed of a sequence is governed by the required Nyquist sampling frequency
(26). Thus, a 3D Cartesian sampling scheme requires (Ny x Nz x TR) scan time where Ny =
FOVylyres and N = FOV,/Zres; Ny = FOVy/Xres samples are acquired each TR. Fulfilling
Nyquist criterion for the 3D STAR trajectory requires approximately (N, x % NR)
acquisitions where Ng refers to the number of samples along the radial arm starting from the
center of ky—ky space (i.e. Nr = Ny/2 = Ny/2). A 3D spokes trajectory needs 4 x  x (NR)?
acquisitions in order to fulfill the Nyquist criterion. In this case, Ng = Ny/2 = N,/2). For the
case of isotropic imaging, Nyquist criterion for Cartesian, 3D STAR and 3D spokes based
trajectories require acquisitions which scale by 1, n/2 and m, respectively. When N, < Ny
(through plane resolution is lower than in-plane resolution for 3D Cartesian and STAR
trajectories), 3D spokes requires even greater acquisition multiples and scan time. Efforts to
reduce the scan time include reduced FOV imaging, parallel imaging, compressed sensing
(especially for dynamic angiography studies), view sharing (again for dynamic studies) or
reducing the angular sampling (for non-Cartesian trajectories) which are equally applicable
to all the sampling schemes although the ease of application typically goes down as one goes
from 3D Cartesian to 3D STAR to the 3D spokes trajectory. Reduced angular sampling
density manifests as noise (reduced SNR) and/or streaking artifacts. In addition, iterative
reconstruction methods used to reduce streaking are computationally intensive and
dependent on appropriate choice of parameters which could lead to blurring and contrast
changes especially when intrinsic contrast is low as for contrast free imaging (27). In short,
reconstruction of anatomic images from highly undersampled data sets can be clinically
cumbersome. In addition, MRI of lung parenchyma remains a low SNR application and
most acceleration methodologies typically result in further SNR reduction. Further reduction
in scan time for respiratory triggered scans can be achieved by increasing the shot duration
(from ~500 ms or less than 15% of a typical respiratory cycle used here) at the expense of
increasing motion artifacts.
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To achieve the same voxel resolution for 3D spokes as the breath-hold 3 STAR (2 x2 x 8
mm?3) would imply an isotropic resolution of ~ 3.2 mms3. For our example, the number of
acquisitions would be approximately 7760 for 3D STAR and 44300 for the 3D spokes
trajectory to get the same voxel volume. If angular sampling density is kept constant, a
breath-hold scan which can be performed in ~15 s with STAR trajectory would then require
~1 minute for 3D spokes trajectory, making it prohibitively long. Achieving the same breath-
hold time with equivalent voxel size as 3D STAR requires gross under sampling (based on
Nyquist criterion) for 3D spokes based trajectories.

SNR for free breathing scans when compared with breath-hold scans were lower than the
predicted ratio. This could be related to partial volume effects resulting from two effects.
Higher resolution scans provide better separation between lung parenchyma and higher
signal vascular and muscle components. Secondly, noise only images were acquired as a
second acquisition (a second breath-hold or a second free-breathing acquisition) while the
mask employed was from the first acquisition (signal) which could result in slight
misregistration errors between the signal and noise images. Increased CV along the coronal
slab when compared to the axial slab was due to increased signal in the dependent part of the
lungs (28). Breath-hold and free breathing have their own merits. While breath-hold imaging
provides relatively lower resolution images, it can be an invaluable tool for a quick scout
scan or in clinical situations where time is of the essence. Breath-hold scans of the order of
20 s or less are typically well tolerated in the patient population. On the other hand, although
respiratory triggered free breathing scans provide higher resolution, there is an added risk of
respiratory and gross motion artifacts which can only be retrospectively realized after the
entire scan is completed. This makes the reacquisition of the scan near impossible in a
clinical setting where high scanner throughput is a necessity. Although none of the scans
needed reacquisition in our study, breath-hold scans offer the advantage of the possibility of
reacquisition in case of failure to breath-hold.

Reliable shimming in the chest region is challenging due to the large region of low signal
from air in the lungs. Therefore end expiration should be the preferred breath-hold mode.
However, performing end inspiration and end expiration MRI could provide information
related to tracheomalacia, sleep apnea and other restrictive or obstructive lung diseases and
assessment of conditions such as emphysema.

As stated earlier, SENSE could not be used for the axial scans as a result of unfavorable coil
direction and wraparound artifacts from motion showing up at the center of the slab. A
possible alternative is to use a SENSE factor of 1 with FOV oversampling to move artifacts
outside the region of interest (29). At 3T, using a slab selective RF pulse as done here
resulted in a minor penalty (~ 7% decrease) in lung signal.

Although To* at 3T is roughly 2.9 times lower than at 1.5T, the expected SNR is still higher
by a factor of 1.8 due to the approximately twofold gain in proton signal at 3T when
compared with 1.5T. However, increased inhomogeneity due to background gradients and
flow effects could result in higher signal variation at 3T. Further reduction in scan time could
be achieved with use of non-Cartesian parallel imaging techniques such as in (30-32). Since
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the lung exhibits a much reduced proton signal, the increased utility of further acceleration
and consequent increase in noise makes the choice of increased acceleration moot.

Contrast-enhancing or signal suppression techniques were not employed in the current study
partly due to the difficulty of achieving isotropic contrast enhancement with segmented
(along ky — ky) radial acquisition and partly due to the irrelevance of certain contrast
techniques (such as fat suppression when lung parenchyma is the tissue of interest).
Navigators could have been employed in lieu of respiratory triggering but at the expense of
added SAR and acoustic noise.

This study was limited to resolution necessary to reliably visualize lung parenchyma as
indicated by the measured intrinsic SNR. Higher resolution scans are possible as
demonstrated but at the expense of increased scan time, reduced SNR and possibly increased
motion artifacts. SNR was measured only in end expiration for breath-hold scans since
parallel imaging can only be reliably used at end expiration. Measured values are likely to
vary based on the volume of air remaining at end expiration (resulting in different
susceptibility) in addition to any physiological changes. While care was taken to exclude all
vascular structures and chest wall through semi-automated thresholding, some variance is
possible due to signal and noise images being acquired in different breath-holds or as a
second RT scan. Bloch simulations did not take into account susceptibility, B1
inhomogeneity or magnetization transfer effects. Comparison with the 3D spokes was
limited to a single case due to the very apparent difference in image quality. The evaluation
of MRI and CT scans of the clinical cases was subjective and only looked at the diagnostic
value of the images. Image quality was not assessed. However, CT did provide superior
images where pathological structures were better defined.

The optimized 3D STAR technique has been shown to potentially provide robust lower
resolution breath-hold and higher resolution free breathing full coverage lung images with
relatively high SNR. Other favorable properties over competing techniques include the
flexibility with respect to slice thickness and the straightforward use of parallel imaging
along the slice encoding direction for offsetting scan time against SNR.
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Figure 1.
(a): The simulated PSF in the x-y plane with the breath-hold scan parameters and typical

lung relaxation parameters at 3T. Myy = 1 corresponds to magnetization devoid of both T1
and T2 relaxation and for 6 = 90°. The radius at FWHM was 0.85 mm (b) a 1-D profile of
the PSF depicted at the center plane in Figure 1(a). FWHM was measured to be ~2 mm.
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Figure 2.
Single slice from coronal and axial lower resolution breath-hold (a) and higher resolution

free breathing (b) scans of a normal volunteer.
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Figure 3.
MIP (25 mm slab thickness) of breath-hold lung images obtained at three different levels for

(a) coronal and (b) axial scans. Native resolution was 2 x 2 x 8 mm3 for coronal scan and
2.5 x 2.5 x 8 mm3 for axial scan. Scan time was 18.5 s and 21 s, respectively, for complete
coverage along the two directions.
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Figure 4.
MIP (25 mm slab thickness) of respiratory triggered free breathing lung images obtained at

three different levels for (a) coronal and (b) axial scans. Native resolution was 1.5 x 1.5 x 5
mm3 for both scans. Scan time was 5:06 and 6:54 for complete coverage along the coronal
and axial directions, respectively.
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Figureb.
Semi-quantitative analysis of images for visualization of vessels and airways and the

presence of artifacts. CL and AL refer to low resolution breath-hold coronal and axial
images while CH and AH refer to high resolution FB coronal and axial scans, respectively.
Note that maximum score for visualization was 4 (all the way to the periphery of lungs)
while the best score for artifacts was 3 (no artifacts).
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Figure®6.
Scarring or atelectasis exhibited by a patient (CT and MRI done sequentially). (a) CT image

compared with lower resolution breath-hold axial MRI image (red arrows) (b) CT image
compared with free breathing axial MRI image (blue arrows). Although CT offers higher
resolution, MR images provide comparable visualization.
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Figure7.
Sample high resolution non-contrast MR image obtained with an isotropic resolution of 1

mm using a free breathing 3D STAR trajectory. Nominal scan time was 11 min 40 s. Sub-
segmental airways are clearly visible on this image.
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Figure8.
Comparison images obtained with the (a) 3D STAR and (b) the 3D spokes trajectory. Scan

time was 20 s for each case. Resolution was fixed to the same voxel size (32 mm?3) for each
(2 x 2 x 8 mmd for 3D STAR and 3.2 x 3.2 x 3.2 mm3 for 3D spokes.
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Table 1
Coronal Axial
Mean SNR | Mean CV | Mean SNR | Mean CV
Breath-hold 425+11.3 | 0.308 343+9.2 0.117
Free breathing | 14.2+2.0 | 0.214 92+17 0.136
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