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Abstract

Assessment of lung T,™ may play an important role in the detection of structural and functional
changes caused by lung diseases such as emphysema and chronic bronchitis. While T,"
measurements have been conducted in both animals and humans at 1.5T, studies on human lung at
3.0T have not yet been reported. In this work, ultrashort echo time (UTE) imaging technique was
applied for the measurement and comparison of T,* values in normal human lungs at 1.5T and
3.0T. A 2D UTE pulse sequence was implemented and evaluated in phantom experiments, in
which an eraser served as a homogeneous short T,™ sample. For the in vivo study, five normal
human subjects were imaged at both field strengths and the results compared. The average T,"
values measured during free-breathing were 2.11(+0.27)ms at 1.5T and 0.74(x0.1)ms at 3.0T,
respectively, resulting in a 3.0T/1.5T ratio of 2.9. Furthermore, comparison of the relaxation
values at end-expiration and end-inspiration, accomplished through self-gating, showed that
during normal breathing, differences in T,* between the two phases may be negligible.
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The dependence of T," on the magnetic susceptibility difference between the airway and
lung tissue suggests that the parameter has the potential to characterize the morphometric
structure of micro-architecture of lung at the alveolar level. Structural and functional
changes occurring in various pulmonary disorders that change the dimensions, density and
composition of lung alveolar tissue may be reflected in the T," values. However, magnetic
resonance imaging of lung parenchyma is challenging due to the inherent limitations from
low proton density, relatively short T, relaxation time and respiratory motion(1,2). The
multi-level airway structure, in which water concentration is only ~30%, makes the
achievable signal intrinsically lower than other organs. The extremely short T," of lung also
demands a fast signal acquisition following excitation before signal decays into the noise
level. Respiratory motion can also cause ghosting artifacts and degrades the lung image
quality.

While T," measurements of the lungs have been conducted in both animals and humans at
1.5T, studies on human lung at 3.0T have not yet been reported. The magnetic susceptibility
effect is linearly proportional to the By field strength, which suggests it may be more
sensitive to subtle lung pathologic changes and may have the advantage in detecting early
stages of lung diseases. However, lung T," at 3.0T is expected to be considerably shorter
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than that at 1.5T. The ultrashort T," at 3.0T precludes the use of Cartesian-based sequences,
even when optimized to achieve very short TEs. Originally proposed by Pauly et.al. to
image very short T, species, ultrashort echo time (UTE) imaging is based on radial k-space
sampling of the free induction decay(3,4). The uniqueness of UTE is the self-refocusing RF
excitation, in which a half-sinc RF pulse in conjunction with a pair of gradients with
opposite polarity is used for slice selective excitation, and the slice profile after combination
is that of the tradition full-sinc excitation. With the elimination of slice selective rewinding
gradient and with the application of FID acquisition, the effective echo time, which is
defined as the delay between the end of excitation and collection of center of k-space signal,
can readily be reduced to less than 100 us.

In this work, we present a comparison of lung T,”" measurements in normal human subjects
at 1.5T and 3.0T with a 2D UTE pulse sequence. The UTE sequence utilizing the golden-
angle view increment strategy is first briefly described in the following section. A phantom
experiment with an eraser serving as homogeneous short-T,™ phantom is then performed to
evaluate the UTE sequence. In the in-vivo lung imaging experiments, five normal human
subjects were imaged in the axial orientation at the two magnetic field strengths. Based on
the measurements performed at multiple echo times, the T,™ values measured during free-
breathing were calculated in six anterior and posterior regions, and the results compared. In
addition, To* values were compared at end-expiration and end-inspiration by utilizing the
self-gating strategy to detect the respiratory cycle.

Materials and Methods

2D UTE sequence

A 2D UTE sequence was implemented on Siemens Sonata 1.5T and Trio 3.0T MRI systems.
The ultrashort echo time was achieved with a combination of radial sampling and self-
refocusing RF excitation techniques. As demonstrated in Fig.1, the radial sampling
techniques include an FID radial acquisition and ramp sampling. The self-refocusing RF
excitation technique utilizes the half-sinc RF pulse excitation as well as the variable rate
excitation (VERSE) methodology to play out the RF during the ramp down period(5,6).

The 2D UTE sequence is derived from a FLASH sequence with radial acquisition
implemented by removing the Cartesian phase encoding gradient and rotating the readout
direction in the imaging plane. To further reduce the achievable echo time, ramp sampling is
utilized with the ramp-up time fixed at 150us. With a sampling dwell time of 3us (at 3.0T),
50 of the 256 samples were collected during the ramping period. Fig.1 also shows the data
acquisition (ADC) was turned on 30us in advance of the readout gradient, and the k-space
center was oversampled by 10 points at 3.0T. For excitation a two-side-lobe half-sinc RF
pulse of 512us duration was used. With a fixed 150us ramp-down time of slice selective
gradient, the RF pulse duration was stretched to 587us (=512us+75us) by VERSE technique.
A half-Hamming filter was also applied to improve the smoothness of the slice profile.

With a combination of radial sampling and self-refocusing RF excitation techniques, the
minimum echo time (TE) achievable is ultimately limited by the hardware dead time
between the RF transmitter and the receiver of the scanner. We obtained 50us and 30us TEs
at the Siemens 1.5T Sonata and 3.0T Trio MRI systems, respectively. View angle increment
of 137.51°, which is the golden angle corresponding to half k-space projection acquisitions,
advanced successive views during the measurements(7). The desirable feature of the golden
angle view increment scheme used in the measurements is that the azimuthal sampling is
approximately uniform for an arbitrary number of consecutive views at an arbitrary temporal
position(7,8). Therefore the golden angle scheme allows reconstruction of images at
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different respiratory phases, e.g. the end-expiration or end-inspiration, by choosing the
corresponding angular view sets as determined by self-gating (7,8).

Phantom experiments

The 2D UTE sequence was evaluated with phantom experiments in which an eraser served
as a homogeneous short-T," phantom. The material of the specific eraser used consisted of
polymers of styrene, ethylene, propylene and butylene subunits, and its dimensions were
100x100x20 mm3. The choice of an eraser as the phantom is based on the assumption that
the material’s proton T," relaxation times closely match those of the water protons in lung
parenchyma. The following imaging parameters were used: field of view (FOV)= 300 mm;
slice thickness=10 mm; TR=10 ms; flip angle=15°; receiver bandwidth=651 Hz/pixel for
1.5T (1302 Hz/pixel for 3.0T). As a part of this evaluation, we also examined the goodness
of the slice excitation profile by rotating the imaging plane such that it was perpendicular to
the slice selection plane.

In-vivo experiments

The lungs of five healthy male volunteers (aged 30~41) were imaged on both scanners using
the transmit/receive body coil. The study was approved by the institutional review board and
all subjects gave informed consent. The subjects were scanned in the supine position during
free breathing. Single slice axial images were acquired with the 2D UTE sequence with the
following parameters: FOV=300mm,; Slice thickness=20mm; TR=10ms; Flip angle=7
degrees; Readout points=256. The readout bandwidth was 651Hz/pixel for 1.5T. To reduce
the image blurring effect caused by faster signal decay, a higher bandwidth of 1302 Hz/pixel
was used at 3.0T. A series of eight TE values were used in the experiments: [0.05, 0.2, 0.4,
0.6,0.8,1.0,1.2, 1.4](ms) at 1.5T and [0.03, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7](ms) at 3.0T. Ten
thousand angular views were acquired for a scan time of 3.4 minutes at each echo time.

Data processing

To reconstruct the images from radial k-space data, an accelerated regridding technique was
implemented in MATLAB (Mathworks Inc., Natick, MA, USA). The regridding technique
was proposed by Greengard et.al., in which an accelerated algorithm was developed for
nonuniform Fast Fourier Transform (nuFFT)(9).

In the eraser phantom experiments, a single region-of-interest (ROI) was selected for the T,”
measurements. During data processing for in-vivo experiments, the left and right lungs were
first manually segmented. The images were then thresholded at 40% of the maximum
intensity based on the first echo image to exclude large blood vessels to ensure T," was
measured for lung parenchyma. After segmentation, a voxel-by-voxel T, fitting was
performed by applying mono-exponential fitting to the signals of multiple TEs. In the fitting
for 1.5T, the first point was excluded due to signal irregularities in some of the scans (the
signal was lower than the second point), possibly caused by hardware jittering or insufficient
receiver dead time. Prior to exponential fitting, the signals were first bias-corrected from the
background noise(10,11)

S.=VS,

— g2
n—" T

where S, and S,, denote the signal intensities before and after the correction, respectively,

2
and o represents the noise, which can be estimated as = ;M, where M is the mean value
of a 5x5 background region where no signal are present.
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In addition, T,* at end-expiration and end-inspiration were compared to determine whether
significant differences between the two phases can be measured during normal breathing. To
this end, radial self-gating was performed by observing the signal variations of data at k-
space center to detect the respiratory cycle(7,8). Both magnitude and phase of the signal
were first detected, followed by detection of the peaks and valleys, corresponding to end-
expiration and end-inspiration, respectively. To* maps were subsequently constructed
separately for both phases and the results compared.

Phantom experiments

Figure 2 (a)-(c) shows the eraser phantom images acquired at TE= 0.05ms, 0.6ms and 3.0ms
at 1.5T. Due to the ultrashort TEs (50us) obtained with the UTE sequence, the solid plastic
casing of the coil is visible in the first two images (Fig.2(a) and (b)) and is characterized by
a faster T," decay rate than that of the eraser phantom. The ROI selected for T,"
measurement is depicted as a dotted square box in Figure 2 (c). The imaged slice profile is
shown in Figure 2 (d) and indicates that good slice-profile matching was achieved for the
paired half-sinc excitations in the UTE sequence. Figure 3 (a) plots the measured points and
the fitted T," curves for the ROI at the two field strengths. The average T," of the eraser
phantom is 2.06ms at 1.5T and 1.55ms at 3.0T. Since the eraser phantom is essentially
homogeneous, unlike the lung where tissue/air interface causes relaxation to be affected by
the magnetic susceptibility differences, a linear relationship between the relaxation rate (Ro*
= 1/T,*) and field strength is not expected.

In-vivo experiments

To quantify the regional variations of T,” in the lungs, three regions from anterior to
posterior were manually segmented for each side of the lungs in the T," maps. Table 1 lists
the T," values in the six regions (anterior, middle and posterior regions of each lung) of the
five subjects at 1.5T and 3.0T. The overall average T," was 2.11(x0.27)ms and
0.74(x0.1)ms at 1.5T and 3.0T, respectively. The average T," at 1.5T is close to the reported
value of 1.8 ms reported in literature(12,13). The ratio of average T," at the two field
strengths is 2.9, which is larger than the ratio of the two field strengths. It is interesting to
note that the middle regions (2 and 5) of the lungs have lower T," value than the anterior
and posterior regions at both field strengths. This observation is also in agreement with
previous findings(12,14).

Figures 4 (a)-(c) show the lung images at TE= 0.03ms, 0.2ms and 0.6ms at 3.0T. Figure 4
(e) labels the six regions used for T," calculations in Table 1. Figures 4 (f)-(g) show the
corresponding lung images at 1.5T at the same latter two echo times to demonstrate a more
slowly decaying signal as compared with 3.0T. Figures 4 (d) and (h) are the voxel-by-voxel
fitted T," maps for 3.0T and 1.5T. Since only normal subjects were included in this study,
only small variations in T," maps are observed. To illustrate the exponential fitting
processing, Figure 3 (b) plots the measured points and the fitted curves of a randomly
selected pixel in one of the regions at the two field strengths for one subject. The signal-to-
noise ratio (SNR) in the vertical axis is defined as the mean value of the ROI signal intensity
over the mean value of background noise.

The average SNR of the first image acquired with the shortest TE was 11.4 at 1.5T and 11.5
at 3.0T. Although the SNR at 3.0T is expected to be higher than that at 1.5T, some of the
gain is reduced due to a higher acquisition bandwidth and longer T at the higher field
strength.
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The radial acquisition strategy provides an advantage when imaging moving objects, as
motion mainly leads to blurring rather than ghosting, and further, as self-gating can be
utilized(8). As shown in Fig. 5 (a), when echo time is short (TE=0.03ms), the respiratory
cycle can be observed by examining either the signal magnitude or phase at k-space center
of consecutive views. However, at long echo times (for example, TE=0.7ms), the respiratory
cycle can only be observed in the signal phase (Fig. 5 (c)). The inability to detect the
respiratory cycle in the magnitude curve is possibly due to reduced magnitude signal from
the lungs at long TEs. Following the detection of the peaks and valleys of the phase curves,
lung images at both end-inspiration and end-expiration were separately reconstructed by
utilizing temporal windows which span approximately one-third of each respiratory cycle. A
voxel-by-voxel based fitting showed that the mean T," values for end-inspiration and end-
expiration are 0.80(x£0.09)ms and 0.75(x0.04)ms at 3.0T, and 2.11(+0.16)ms and
2.22(+0.28)ms at 1.5T, respectively. Compared to overall T," values 2.11(x0.27)ms at 1.5T
and 0.74(x0.1)ms at 3.0T, no significant differences were observed between the two
respiratory phases under normal breathing.

Discussion and Conclusion

Based on Case's model(15), the inflated lung can be simulated as a collection of air cavities
(the alveoli) embedded in a water-like medium (the lung tissue). In an external magnetic
field, each air-filled alveoli acts like a magnetic dipole due to the susceptibility difference
between air and water. The field perturbation is then expected to be proportional to the
external field strength. Although the variations in the dimensions, distribution and tissue
density of alveoli in lung complicate the problem and make the determination of perturbated
field at any local point difficult, the overall effects of magnetic susceptibility is expected to
be linear to the B field strength. This suggests that an approximate ratio of two in the
average T," values should be observed in MR imaging of lung at 1.5T and 3.0T. However,
our measurement shows a ratio of 2.9. One possible reason for a larger reduction in T,” at
3T, exceeding the predicted factor of two, is the non-linear dependence of the signal decay
rate on the background gradient as spins move through an inhomogeneous field. It has been
shown that the signal decay rate due to diffusion in an inhomogeneous field is proportional
to the square of the gradient(16). Although flow through the pulmonary vasculature is not
identical to diffusion, movement of spins through quasi-random distribution of field
perturbations in the lungs may create similar loss of phase coherence among the spins. Since
these gradients are effectively doubled at the higher field strength, super-linear increase in
relaxation rate may be expected.

Table 1 shows that the T," ratios among different lung regions and subjects are not as
consistent as one might expect. There are two possible explanations for the observed
variations. First, there may be differences among different regions in the degree of flow-
related effects as explained previously, which may artifactually augment the ratios by
different amounts. Second, although we have tried our best in the segmentation of the lungs
and exclusion of vessels, this process is likely to have been imperfect causing additional
variations.

Although T," is shorter at 3T, one potential benefit of the higher field is the enhanced
sensitivity to changes in T,". If the change in the transverse relaxation rate due to disease is
susceptibility-dependent, this change is expected to scale with field, favoring higher field
imaging. However, this advantage is realized only if the within-group variation in the
measured T," is dominated by measurement error rather than by inherent variability of T,”
(e.g., due to variations in structure) within the group(17). More rapid signal decay may also
limit the choice in pulse sequence one can use for making the measurement. For the lungs,
for example, an optimized Cartesian gradient echo sequence has been used previously for
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T," assessment at 1.5T, but such measurement would be more difficult at 3T due to the
enhanced signal decay.

While it is generally accepted that higher fields offer enhanced SNR, one must take into
account that T, typically also increases with field, reducing the potential signal gain,
particularly in short TR applications. In addition, when imaging the lungs or other tissues
strongly characterized by susceptibility-related effects, it may be desirable to use higher
receiver bandwidths to account for enhanced line broadening and image blurring. Use of
higher bandwidths, however, will increase image noise (as the square root of receiver
bandwidth). As shown in Fig. 3(b), these two factors in conjunction may have nearly
completely offset the achievable gain in SNR at 3T.

In our in-vivo experiments, axial planes were chosen for lung T, measurements as other
have previously done (12,18). Lung imaging in other planes (sagittal or coronal) have also
been reported in literature to investigate the spatial variations and heterogeneities of T,* and
density of the lungs(14,19,20). As we were careful to choose a consistent location using a
slice thickness of 20mm (at the center of heart), any T," variations due to lung tissue
displacement is expected to be minor. Our measurements in effect reflect an average T,”
value of the lung tissue that may have moved in/out of the prescribed slice location.

The long scan times we have used, on the order of 3 minutes per scan, is not strictly
necessary. However, one of our goals was to demonstrate that T,* measurements can be
made while the subjects are free-breathing. This may be beneficial in patients who may have
difficulty with breath-holding for any prolonged periods of time. In addition, as different
echo times typically require separate breath-holding, misregistration among different echo
times are possible with breath-held studies. Our method precludes the need for breath-held
scans. Also, in light of recent interests in radial self-gating for motion compensation, our
work demonstrates that self-gating can be used to generate lung T,* maps at either end-
expiratory or end-inspiratory stages of normal breathing. In addition, while shorter scan
times are possible with our technique, the spatial resolution would have to be subsequently
reduced due to reduced SNR. While high spatial resolution was not required for the study,
the work demonstrates that enhanced resolution imaging of the lungs is indeed possible.
This may be of benefit in future studies evaluating focal diseases or lesion heterogeneity.

Although a previous study by Theilmann, et al. demonstrated significant differences in lung
To* at different breath-held positions(19), our finding that there is negligible difference
between end-expiration and end-inspiration under normal breathing is not surprising.
Theilmann’s study compared T,* values at three different lung volumes: Total lung capacity
(To* = 1.2 ms), functional residual capacity (T,* = 1.8 ms), and residual volume (T,* = 2.0
ms). According to ref. 21, the volumes of air for these three respiratory positions in a healthy
male are 6.0, 2.4, and 1.2 liters, respectively, while the tidal volume (amount of air breathed
in or out during normal breathing) is about 0.5L(21). Thus, during normal breathing, the
volume of air moving in and out of the lungs is relatively small compared to the volume at
various breath-held positions studied previously. Roughly assuming a linear relationship
between lung volume and To*, we estimate that a 0.5L difference in volume would lead to <
0.1 ms difference in Ty*, a figure too small to differentiate in our study with limited number
of subjects and achievable SNR.

In summary, this work compares lung T,™ at 1.5T and 3.0T. A 2D UTE sequence was
implemented to achieve an ultrashort echo time well below 100us at 1.5T and 3.0T. In
normal human subjects, the average T, values of the lungs were 2.11(+0.27)ms at 1.5T and
0.74(x0.1)ms at 3.0T, respectively. The ratio of average T," at the two field strengths is 2.9,
greater than the theoretically predicted value of two. Furthermore, comparison of the
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relaxation rates at end-expiration and end-inspiration showed that during normal breathing,
differences in T,* between the two phases may be negligible.
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Figure 1.

Diagram of the 2D UTE sequence for lung T»* measurement. The sequence combines FID
radial acquisition, half-sinc RF pulse excitation, ramp sampling and VERSE techniques to
achieve an ultrashort echo time below 100us. & (150us): ramp-down time of slice selective
gradient; t1 (30us): duration of ADC in advance of the readout gradient; t2 (150us): ramp-
up time of the readout gradient.
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Figure 2.

Eraser phantom experiment evaluating the 2D UTE sequence for short To* measurements.
(a)-(c) are images acquired at 1.5T with UTE sequence at TE = 0.05, 0.6, 3.0ms,
respectively. The region-of-interest (ROI) selected for T,* measurement is depicted as a
dotted square region in (c). (d) shows the slice profile.
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Figure 3.
Signal decay vs. echo time for the (a) eraser phantom and (b) a voxel in lung region 2 of
subject 2 at 1.5T and 3.0T.
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Figure 4.

Lung images of subject 2 acquired with UTE sequence at 3.0T and 1.5T. (a)-(c) are images
of TE =0.03, 0.2, and 0.6ms at 3.0T. (f)-(g) are images of TE = 0.2, and 0.6ms at 1.5T. (d)
and (h) are the voxel-by-voxel fitted T," maps for 3.0T and 1.5T, respectively. () shows the
six regions of the lungs in Table 1 where the T, values are listed.
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Figure 5.

Time evolution of signal magnitude and phase at the center of k-space acquired with the 2D
UTE sequence during free breathing for subject 2 at 3.0T. (a) and (c) show the signal curves
at TE = 0.03 and 0.7ms (phase in bold curves), respectively. (b) and (d) are the
corresponding FFT curves in the frequency domain. At TE = 0.03, the respiratory cycle can
be clearly observed in (b) as a peak around 0.25Hz in both magnitude (dotted curve) and
phase (circled curve) spectra; while in (d) the respiratory cycle can only be observed in the
phase spectrum. The peak near 1Hz in magnitude spectrum corresponds to the cardiac cycle.
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