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TECHNICAL NOTE

Magnetic Resonance in Medicine
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1 | INTRODUCTION

Purpose: To develop 3D ultrashort-TE (UTE) sequences with tight TE intervals
(8TE), allowing for accurate T, mapping of lungs under free breathing.
Methods: We have implemented a four-echo UTE sequence with 8TE
(<0.5ms). A Monte-Carlo simulation was performed to identify an optimal
number of echoes that would result in a significant improvement in the accuracy
of the T, fit within an acceptable scan time. A validation study was conducted on
a phantom with known short T values (< 5 ms). The scanning protocol included
a combination of a standard multi-echo UTE with six echoes (2.2-ms intervals)
and a new four-echo UTE (TE < 2 ms) with tight TE intervals 8TE. The human
imaging was performed at 3 T on 6 adult volunteers. T; mapping was performed
with mono-exponential and bi-exponential models.

Results: The simulation for the proposed 10-echo acquisition predicted over
2-fold improvement in the accuracy of estimating the short T} compared with
the regular six-echo acquisition. In the phantom study, the T, was measured
up to three times more accurately compared with standard six-echo UTE. In
human lungs, T} maps were successfully obtained from 10 echoes, yielding aver-
age values T; = 1.62 + 0.48 ms for mono-exponential and T5, = 1.00 + 0.53 ms for
bi-exponential models.

Conclusion: A UTE sequence using 8TE was implemented and validated on
short T phantoms. The sequence was successfully applied for lung imaging; the
bi-exponential signal model fit for human lung imaging may provide valuable

insights into the diseased human lungs.

KEYWORDS

bi-exponential model, lung T, short and long T, components, ultrashort TE (UTE)

noninvasive approach to examine lungs and the surround-
ing structures. However, lung MRI remains challenging

MRI is a valuable imaging tool for the evaluation of lung  for routine clinical needs due to its susceptibility and
diseases and abnormalities, providing a detailed and  motion artifacts related to respiration and cardiac
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pulsations. Additionally, lung parenchyma has intrinsi-
cally short T properties and low proton density, making
it extremely difficult to image using conventional MR
techniques. In general, lung MRI requires breath-holding,
electrocardiographic gating (ECG), and/or respiratory
control. Unlike conventional MRI sequences, Ultrashort
TE (UTE) imaging with a TE of less than 0.1 ms allows
capturing signals from the anatomies with short T;.!
A multi-echo UTE sequence can be used to generate a
set of images with different TEs, allowing for T, map-
ping.” In medical diagnosis, T; mapping can be used for
detecting water content and the presence of pathologi-
cal tissue as well as for monitoring a variety of diseases
and conditions.>> Lung T; maps have been previously
reported at 1.5 T using conventional gradient-echo (GRE)
sequences.>’ At 3T, the signal from lung parenchyma
decays even faster, making it impractical to use the con-
ventional GRE due to the lower SNR. More recent studies
at 3T used multi-echo 2D-UTE? and dual-echo 3D-UTE’
for humans and a multiscan 3D-UTE on rodents'® with
T, maps derived using a mono-exponential signal decay
model. Yet, several studies on the lung!! and muscu-
loskeletal systems have demonstrated the advantages of a
bi-exponential model fit,'>!3 such as the ability to distin-
guish between the fractions of restricted and free water.
The accuracy of the bi-exponential mapping depends on
the number of acquired echoes and the spacing between
them. This poses a challenge for the multi-echo UTE,
in which shorter echo intervals are restricted due to the
dB/dt hardware limitations. Acquiring these shorter TEs
by shifting the first echo several times requires multiple
separate acquisitions. To overcome this constraint, we
have implemented a free-breathing 3D-UTE with tight TE
intervals (8TE), which allows us to collect echoes between
the first TE and the following TEs for closely spaced short
TE (< 2ms) echoes within a single scan. The purpose of
this study was to validate our novel 3D-UTE sequence
with 8TE on a phantom with known short T; values and
to apply it in in vivo human lung imaging. This innovative
approach allows for short TE echoes in tight STE intervals
(TE; =0.096 ms < 8TE < TE, =2.2ms), providing supple-
mentary data to improve the accuracy of T; mapping of
the lung. Ultimately this could improve clinical diagnosis
and treatment of lung disease.

2 | METHODS
2.1 | Study design

The study was approved by the Institutional Review Board
of the University of California, San Diego (200335). We

obtained written informed consent from all study partic-
ipants. Both phantom and in vivo human lung imaging
experiments were performed.

2.2 | Sequence design

Schematic pulse sequence diagrams for multi-echo UTE
and UTE with tight echo time intervals 8TE are shown in
Figure 1A,B, respectively. The variable TE UTE sequence
was implemented on a clinical 3T scanner (Vantage Galan
3T, version 7; Canon Medical Systems Corp., Japan). The
position of the first echo in the UTE with 8TE (Figure 1B)
can be varied in small increments between the first and
second echoes of multi-echo UTE. In the diagram, the first
echo is shown shifted by 8TE, and a possible nth shift
n-8TE is shown with dashed gradients and thinner line
echo. The gating and segmentation scheme is shown in
Figure 1C. The lines are acquired in segments (dashed
box): The higher the number of segments (Ng), the smaller
the acquisition window is. The segment itself is split into
parts (green boxes), depending on the number of spectral
adiabatic inversion-recovery (SPAIR) pulses per segment
(Ntagsat)- For each SPAIR pulse, n radial lines are acquired.
A total of 8160 radial lines are acquired per slab, per
TE (Niota); this can be written as Niota = NR * Nfasat * 1,
where the number of segments was Ny = 48, the number of
SPAIR pulses per segment was Ny, sat = 5, and the number
of lines per SPAIR pulse was n = 34.

2.3 | Simulation

Commonly used monocomponent and bicomponent mod-
els for signal decays S(¢) are given by Egs. (1) and (2),
respectively:

S(t) = S(0) - exp(-t/T;) + S’ 1)
S(t) = S5(0) - exp(—t/T5,) + Si(0) - exp(—t/T5) + S (2)

A mono-exponential model has two parameters: T, and
S(t=0). The bi-exponential model has four: T;s!l for short
(restricted) and long (free) T and signal coefficients S;;(0)
of short and long T}, respectively. Signal fractions are cal-
culated from the signal coefficients as fy =S;/(Ss + S;) for
short and f; = S;/(S;s + S;) for long components. Both mod-
els also incorporate a noise term S'.

Monte-Carlo simulation was performed to estimate the
accuracy of fits when acquiring additional echoes. A set
of 250000 signals was generated according to Eq. 2 with
the combination of the parameters given in Table S1A.
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White Gaussian noise with variable SNR (TE dependent,
estimated from the acquired lung images and varying
from SNRrg; =30 to SNRrgjo=12) was independently
generated 1000 times for each combination of the param-
eters (n =250). The sampling time schemes for 6 to 10, 15,
20, and 25 echoes are given in Table S1A. The range of
the parameters is provided in Table S1B, and T;_ values
(<2.5ms) were selected based on previously reported T

values in lung obtained from a mono-exponential fit.®14
The T}, range was chosen such that the minimum value is
at least 4 times higher!? than the maximum T5, (2.5ms),
and the fractions were chosen to span the range from 10%
to 90%.

The percent error between predefined and measured
parameters was computed as a measure of the accuracy for
the given sampling scheme.
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2.4 | Phantom study

The study was carried out on a phantom (Model 450;
Calimetrix, Madison, WI, USA) featuring five short T;
inserts with relaxation times close to those expected in
lungs (4.44/3.62/2.27/1.89/1.05ms, all less than 5ms).
The scanning protocol included (i) a multi-echo UTE with
six TEs=0.096/2.3/4.5/6.7/8.9/11.1ms, TR=14.7ms,
number of excitations (NEX)=1, flip angle (FA)=4°,
FOV=25%x25cm in the axial orientation, and matrix
size =256 X 256; additional echoes were acquired with
(i) UTE with 8TE, four TEs=0.34/0.74/1.14/1.54 ms
(8TE=0.4ms), and same TR(14.7ms). A total of 8160
radial lines were acquired for each TE in both scans
(multi-echo UTE and UTE with 8TE), resulting in a scan
time of 9 min. Data from a multi-echo UTE (six echoes)
and combined 10 echoes (six echoes from multi-echo UTE
and four echoes from UTE with tight echo time intervals
8TE) were fitted using a mono-exponential model.

2.5 | Human study

The human study included 6 healthy adult volunteers
(34 + 10years, ranging from 22 to 50years old) scanned
with informed consent. Two individuals previously had
coronavirus disease 2019 (COVID-19) but recovered a
few months before participating in this study. All images
were acquired using 16-channel body and 16-channel
spine SPEEDER coils. The scanning protocol included
the following scans: (a) 3D UTE without fat suppression
(TE/TR =96 ps/3.7ms, NEX =1, FA =5°); (b) multi-echo
UTE (six TEs = 0.096/2.3/4.5/6.7/8.9/11.1 ms, with fat sup-
pression: The total of 8160 radial lines was divided
into 48 segments, resulting in 170 lines per segment;
the 170 UTE lines were further segmented to have
five SPAIR pulses per each of the 48 segments, result-
ing in one SPAIR pulse per 34 UTE lines [Figure 1C],
TR=14.7ms, NEX=1, and FA =4°); and (c) UTE with
STE (four TEs =0.34/0.74/1.14/1.54 ms, TR = 14.7 ms) and
same 48 segments with five SPAIR fat suppression pulses
in each. All study scans were acquired with the respi-
ratory bellows during the expiratory phase of the cycle
and shared the same geometric parameters: coronal ori-
entation, FOV =40 x20cm, and matrix size =256 X 256.
Total scan time varied from 16 up to 20 min, depend-
ing on the respiratory rate. Images from the scan were
used for an automated lung volume segmentation using
a set of morphological operations, finding two largest
areas with a low signal at each slice, dropping voxels
with less than 13 nearest neighbor connections, and the
resultant lung surface was smoothed with a 3D Gaussian
kernel.!3

2.6 | T;* mapping using multi-echo
3D UTE

For a phantom study, two time-dependent signal curves
(six echoes only from the multi-echo UTE and 10 echoes
from both multi-echo UTE [six echoes] and UTE with §TE
[four echoes]) were fitted to the mono-exponential model
(Eq. [1]) using the least-squares method. The precision of
the calculated T, was evaluated by determining the per-
centage error in comparison with established phantom T;
values. The lung mapping process used mono-exponential
and bi-exponential models (Egs. [1] and [2]), but limited
the bicomponent analysis to only those voxels that met the
condition of 4 - T, < T},."

Simulation study and image processing were imple-
mented in MATLAB (R2022b; MathWorks, Natick, MA,
USA) using curve fitting and parallel processing toolboxes.

3 | RESULTS

3.1 | Simulation

The results of a Monte Carlo simulation are demonstrated
in Figure 2C. The bar chart compares the accuracy of the
parameters (T}, and f) estimated from the bicomponent
model fit for the multi-echo acquisitions with 6 to 10, 15,
20, and 25 echoes. The results demonstrate a noticeable
decrease in error for T; (compared with true value) from
56% error (6 echoes) to 26% error (10 echoes). However, the
precision of T’ does not improve much when increasing to
15, 20, and 25 echoes (24% error for 25 echoes). Accuracy
for T7, ranges from a 47% error for 6 echoes to 35% for the
25-echo acquisition (10 echoes have a 39% error). Errors for
short f and long f; fractions turned out to be below 25% for
all the acquisition schemes and decreased gradually with
more echoes added.

3.2 | Phantom study

Axial image of T; phantom with colored regions of interest
(ROIs) corresponding to the five short T} inserts is shown
in Figure 3A. Figure 3B-K demonstrates all 10 echoes col-
lected with multi-echo UTE (B,G-K) and UTE with 6TE
(C-F). Note the significant drops in signal intensities for
ROIs 3-5 between TE=0.096 (B) and TE=2.3ms (G).
These ROIs (3-5) are consecutive TE images between the
first and second echoes of multi-echo UTE. The signals in
(C)-(F) from UTE with 8TE provide a smooth signal tran-
sition of a gradual decrease, as compared with multi-echo
UTE signals between (B) and (G), which may allow a better
estimation of T relaxation times. Comparisons between
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FIGURE 2 Grouped bar chart with mean error percentage demonstrates the results of the Monte-Carlo simulation comparing the

accuracy of the bicomponent model fit for the acquisitions with 6, 7, 8, 9, 10, 15, 20, and 25 echoes. The colored dashed lines in the background

provide reference to the mean errors for the 10-echo fit. Note the large increase in accuracy for T, component (red) between the 6-echo and

10-echo acquisition, whereas the increase between the 10-echo and 25-echo acquisition is much smaller and thus negligible. Accuracy for T,

(green) ranges from 47% error for the 6-echo acquisition to 35% for the 25-echo acquisition (10 echoes has 39% error). Errors for short f

(blue) and long f) (orange) fractions were below 25% for all the acquisitions schemes, gradually decreasing with more echoes added.

6-echo and 10-echo mono-exponential fits for five phan-
tom inserts are shown in Figure 3L-P. Six-echo fit curves
are given in blue, while 10-echo fit curves are given in
red. Discrepancies or mismatches in the fits are notice-
able with TS =1.89 in (D) and 2.27 ms in (C). Visually, the
six-echo fit appears to provide a precise fit. However, the
signal decay between the first and second echoes of the
multi-echo sequence (six echoes, blue circles) is substan-
tially rapid in all the plots (L-P) in Figure 3. Note that T
measures using 10 echoes from UTE and UTE with 8TE
show closer values to known T values of the five inserts
in the Figure 3. Due to rapid signal decay and as a result
lower SNR for all echoes with TE > 2 ms, the fits obtained
using only six echoes consistently underestimated T, for
all phantom inserts. Figure 3Q shows the bar chart of the
percent error between true and estimated T’ values. High
percent errors for T’ estimated from six echoes compared
with percent errors from 10 echoes are seen for inserts
with T; =1.06 ms and 1.89 ms, which are closest to those
anticipated for human lungs, reported previously.®14

3.3 | Human lung imaging

Figure 4 shows renderings of the extracted lung vol-
ume front (B) and back (C) coronal views. High con-
trast in non-fat-suppressed UTE image volume between
lung tissue and all the surrounding anatomies allowed for
a simple but robust segmentation. The segmented lung
volumes were then used to calculate mean T, from the
mono-exponential model, and T;S’l and their correspond-
ing fractions f; from bi-component model. A single slice
in coronal orientation with estimated lung T color maps
in a healthy adult volunteer is shown in Figure 4D-I:

T; from mono-exponential fit (D), bi-exponential model
fit colormaps with short T, (E), and long T3, (F). High-
lighted with green are the boundaries of the segmented
lung volume (Figure 4B,C), with the overlayed red vox-
els satisfying the condition for mono-component only
(Figure 4G) and the fractions of short and long T from
the bi-exponential fits (Figure 4H,I), respectively. The col-
ormaps appeared to be homogeneous with average T’ val-
ues of 1.62 +0.48 ms for mono-exponential fit, which is
in good agreement with the values reported in prior stud-
ies.>!* Mapping from the bi-exponential model yielded a
slightly more homogenous colormap for short T3, with
average values of 1.00 +0.53 ms, more than 50% lower
than from the mono-exponential fit. Typical monocompo-
nent and bicomponent fit curves in the lung parenchyma
ROI are shown in Figure S4. Per-subject average values
for T and T;, are provided in Table S2 and are pre-
sented as a bar chart with SD error bars in Figure S1.
Single-slice colormaps of T, (from mono-exponential
model) and T, (from bi-exponential model) are shown
in Figures S2 and S3. On average, over 68% of the lung
volume showed two components, with long T, being
123.89 +25.88 ms. The fraction of long component f; was
found to be 27.9% + 11.3% (consequently, short fraction
fs=72.1%+11.3%). Figure 5 demonstrates the colormaps
of long T, fraction f; for a single coronal slice, with the
largest cross-sectional area for all the volunteers partici-
pated in the study.

4 | DISCUSSION

The non-radiation nature of MRI has made it an appeal-
ing option for pulmonary imaging, as an alternative to
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FIGURE 3 (A) Axial image of T, phantom with overlayed colored regions of interest (ROIs) corresponding to the five short T; inserts.

(B-K) All 10 echoes collected with multi-echo ultrashort TE (UTE) (B,G-K, six echoes) and UTE with tight echo time intervals (§TE) (C-F,
four echoes). Note the significant decreases in signal intensities for ROIs 3-5 between TE = 0.096 ms (B) and TE =2.3ms (G). (L-P)
Comparisons between the 6-echo and 10-echo mono-exponential model fits for the five phantom inserts marked on (A). Six echoes from
multi-echo UTE are plotted in blue circles with the corresponding mono-exponential fit curves (also blue), whereas the 10-echo (six echoes
from multi-echo UTE combined with four echoes from UTE with tight echo time intervals [8TE] intervals [red squares]) with
mono-exponential fit curves are given in red. Discrepancy of the fits is best noticeable for inserts with T, of 2.27 and 1.89 ms. A stacked bar

chart demonstrates the error percentage between the true and estimated T values (F) for the same five phantom inserts as in (L)-(E).

CT and X-ray. However, because of low proton density,
short T; of the lung parenchyma, and respiratory motion,
itis a challenging task. While regular GRE sequences with
a Cartesian sampling scheme operate with TE>1ms,’
radial 3D UTE permits TE as low as 0.1 ms (or 100 ps). The
use of a UTE makes it possible to measure a substantial
signal from the lung parenchyma with an ultrashort T,
component and allows for accurate T; mapping.'® Radial
3D UTE acquires data from the center of k-space with
ramp sampling in the radial direction, without using
phase and slice encoding. This approach provides intrinsic

motion compensation because of oversampling of the cen-
ter of k-space. With appropriate segmentation, the radial
lines are collected under free breathing using respiratory
bellows.

The main limitation of multi-echo 3D UTE that
affects the precision of T; mapping is its inability to cap-
ture closely spaced echoes within a single acquisition.
The acquisition scheme introduced in UTE with §TE
overcomes this limitation, providing additional echoes
between the first (shortest) and second echoes in con-
ventional multi-echo 3D UTE. Nonetheless, the enhanced
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(A) Top: Non-fat-suppressed ultrashort TE (UTE) image volume and extracted lung volume renderings: front (B) and back

(C) coronal views. Bottom: Estimated T, lung colormaps for a healthy adult volunteer. (D) T, from mono-exponential fit, bi-exponential

model fit colormaps with short T  (E), and long T, (F). (G-I) Highlighted in green are the boundaries of the segmented lung volume with

the overlayed red voxels satisfying condition for mono-exponential fit only (G) and the fractions of short and long T3, respectively (H,I).

accuracy of T; mapping using additional 6TE echoes
comes with a trade-off of longer scan times. Therefore, it is
crucial to determine an optimal balance between scan time
and the number of additional echoes to achieve the desired
accuracy. The 10-echo scheme proposed in this study is
based on the simulation results and was tested on a short
T, phantom.

UTE images with high temporal TE resolution were
previously collected ex vivo for various specimens and
cadaveric tissues in tendon and knee!” as well as in rodent
lungs under anesthesia.!®!® The current study shows the
feasibility of T, mapping using UTE imaging with high

temporal TE resolution 6TE on in vivo human lungs
in 3D. The T; values obtained in this study with the
mono-exponential model are in good agreement with ear-
lier findings obtained through single-slice UTE® and 3D
UTE obtained in four separate acquisitions.'*

The application of a single exponential model to quan-
tify T values in lung parenchyma proved to be a valu-
able tool in the evaluation of pulmonary functional loss.!”
However, the accuracy of the single-compartment model
in describing signal evolution may be limited, particu-
larly when the fractions of the compartments with differ-
ent T values are comparable. The bi-exponential model
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Post-COVID

FIGURE 5

healthy

Long T} fraction f| colormaps for a single coronal slice with the largest cross-sectional area for all the volunteers

participating in the study. Post-coronavirus disease (COVID) subjects are shown on the left in (A,B), and healthy subjects on the right (C-F).
Note the higher long T} fraction f values of the post-COVID participants.

can be useful in distinguishing the contributions from
lung parenchyma with blood and mucus distribution,
and consequently increase the accuracy of T;, measure-
ment.!! In this study, on average, almost 70% of lung
volume demonstrated the presence of a two-component
signal. Short and long relaxation times derived from the
bi-component model were consistent across subjects; how-
ever, a fraction of short/long T; components varied across
the subjects, resulting in a large SD (11.3%). Two vol-
unteers had a much higher fraction of long T}, as com-
pared with others (Figure 5). Our hypothesis is that the
lung parenchyma signal in these subjects (both recently
recovered from COVID-19, f} = 34 and 39%) might be con-
taminated with the long T, component like mucus in
the bronchioles and alveoli. Several studies have demon-
strated mucus accumulation in the lungs of COVID-19
patients.?®?! A recent study using UTE imaging on COVID
patients revealed that visual examination can be a viable
diagnostic tool alternative to CT.?* Our bicomponent T}
mapping using UTE with §TE may provide an additional
quantitative lung biomarker by long and short T; compo-
nents to investigate long COVID, emphysema, and lung
cancers.

With regard to the automated lung volume segmenta-
tion used in this study, it is important to note that all volun-
teers were healthy individuals without any lung pathology

or injury. However, for patients with scarring or atelectasis,
manual correction may be required.

5 | CONCLUSIONS

The UTE sequence with §TE was successfully imple-
mented and tested on the short T, phantom and
human lung imaging by combining with the conventional
multi-echo UTE. Based on our findings, we were able to
achieve greater precision in T; mapping for both phan-
tom and human lung imaging. The bicomponent model fit
has proven to be a valuable tool for obtaining quantitative
metrics of lung parenchyma. In future, we will investi-
gate our bicomponent T, mapping method in patients with
pulmonary disease.
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Table S1. a: Range of parameters used for the simulation
study. b: List of echo times for different TE samplings.

%

Table S2. Per subject average values for T, and T, with
the standard deviation.

Figure S1. Bar chart with per subject average values for T
(blue) and T (red) with the standard deviation error bars.
Figure S2. T} (mono-exponential model) colormaps for a
single slice of each subject.
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Figure S3. T (bi-exponential model) colormaps for a
single slice of each subject.

Figure S4. Average signal intensity in parenchyma region
of interest measured (red) at different TEs and the
bi- (green) and mono- (blue) exponential fit curves.
Root-mean square errors for the bi- and mono- component
fits are 1.05 and 4.34 respectively.
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