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Abstract

Objective Pulmonary MRI in neonates can be performed with quality comparable to radial 3D ultrashort echo time (UTE)
MRI in significantly less time using a FLORET trajectory.

Materials and methods Eighteen NICU patients with severe bronchopulmonary dysplasia (BPD), age 40.9 + 3.0 weeks at
time of imaging, underwent MRI using Radial and FLORET UTE at 1.5 T. Pulmonary signal-to-noise ratio (SNR), lung
density, and radiologist scoring of motion artifacts and image quality were compared across sequence types.

Results FLORET UTE reduced scan time by ~75% (4:40 vs. 16:41 min.) while incurring only ~ 10-30% SNR reduction
vs. radial (radial vs. 1-hub FLORET: 9.8 £2.8 vs. 9.0+ 2.6, radial vs. 3-hub FLORET: 9.2+3.0 vs. 7.7+2.3), P<0.05.
Normalized lung density measurements were elevated in FLORET (radial vs. 1-hub FLORET: 0.42+0.13 vs. 0.49+0.14,
radial vs. 3-hub FLORET: 0.49 +£0.13 vs. 0.51+0.13), P <0.05. Accounting for scan time differences, normalized radial
SNR was 19% and 16% lower than 1-hub and 3-hub FLORET, respectively (P <0.05). No significant differences in radiolo-
gist scores were found.

Conclusion FLORET UTE images are of quality comparable to radial UTE at 75% of the total scan time, the current state

of the art, and have a much greater time-SNR efficiency with enormous benefit in the neonatal population.
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Introduction

Radial 3D ultrashort echo time (UTE) MRI [1] has been
developed over the past several years as a tool for clinical
evaluation of lung disease in infants within the neonatal
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intensive care unit (NICU) [2-9]. A number of studies have
demonstrated its utility for detecting clinically relevant pul-
monary abnormalities in patients with bronchopulmonary
dysplasia (BPD) [4, 6, 10, 11] and congenital diaphragmatic
hernia (CDH) [3]. Imaging of the central airway in NICU
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patients has also been a significant focus recently using this
technique [7-9, 12—-15]. Moreover, parametric mapping of
R,* has been investigated and may be sensitive to pulmonary
disease processes in BPD and CDH, pending further studies
with acquisitions at expanded echo times [16, 17]. However,
reducing scan time is important in this young and delicate
patient population, which is often prone to low and/or unpre-
dictable subject compliance, especially if the technique is
used in less stable patients.

Two of the most important characteristics of the radial
UTE scan are its inherent robustness to motion due to the
pseudorandomized projection view order and self-naviga-
tion for retrospective respiratory gating [18], allowing it
to be performed during quiet tidal breathing. With neona-
tal patients’ small anatomies (e.g., total lung capacity of
180-250 ml) and the low sampling efficiency of 3D radial
trajectories, long scan times are necessary to achieve high
isotropic 3D resolution (~ Imm?) (e.g., ~ 15 min in a neonate
vs.~5 min in an adult). Thus, despite the proven track record
of radial UTE, this can be a difficult component of imaging
exams in NICU patients, given that limiting the duration of
individual scans and the overall exam is a practical consid-
eration that is important for patient safety and motion miti-
gation. This is particularly the case for parametric mapping
scans, with scan times as long as 20 min, making routine
use impractical [16].

In recent years, more efficient strategies for sampling
k-space with UTE MRI properties have been proposed [19,
20]. These “center-out” acquisition schemes utilize spiral
or otherwise curved trajectories in k-space that are more
uniformly sampled and require fewer excitation shots to
achieve full Nyquist sampling. Indeed, work has already
been published that applies these techniques specifically for
lung imaging [21, 22], indicating that they are viable, and
crucially more efficient [23], alternatives to radial UTE.

The main goal of this work is to explore the application
of a more efficient 3D UTE sampling strategy to neonatal
lung imaging—specifically FLORET [19] UTE, in order
to achieve desirably shorter scan durations compared to
radial acquisitions. Additionally, the transverse relaxation
rate, T,*, in pulmonary tissue in neonates is longer than
observed in adults (~3 ms vs. 2.1 ms at 1.5 T) [16], allow-
ing for longer readouts, optimally on the order of T,* [21],
further improving the sampling efficiency.

Overall, we hypothesize that UTE MRI in neonates can
be performed with comparable image quality in significantly
less time using a FLORET trajectory as opposed to an opti-
mized radial UTE with variable density sampling. Further-
more, we expect similar motion robustness and retrospective
respiratory gating capabilities using both techniques. Ghost-
ing/aliasing artifacts should be minimal when sampling at or
above the Nyquist limit, and otherwise incoherent leading
to similar degradation in image quality in both trajectories.
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To isolate deterministic vs physiologic sources of noise, we
perform imaging experiments in a phantom to verify relative
performance expectations of radial and FLORET UTE, and
then test our main hypothesis in a cohort of NICU patients
with BPD.

Materials and methods
Theory
Signal to noise

The SNR sampling efficiency [23] of an MRI acquisition,
W, can be described in terms of sampling density, w,,,,
at each sampled point m, where M is the total number of
samples, as:

M
D

eff = — —- (1
V sznlle Wy, :

In the case of uniform sampling (i.e., Cartesian), the
SNR efficiency is equal to unity. However, non-Cartesian
sampling patterns necessarily oversample parts of k-space,
which results in inefficiencies. Thus, the sampling efficiency
is a tool for computing how much each sample in an acquisi-
tion contributes to SNR relative to a Cartesian acquisition,
all else being equal. Given the same number of acquired
samples and otherwise identical scan parameters (e.g., band-
width, TR, TE, flip angle, resolution, etc.), the relative SNR
of two sequences should be given by Eq. 1.

Sampling

To compare sampling efficiency between radial and FLO-
RET trajectories, we define a figure of merit that accounts
for scan time and coverage. Of course, the time required to
fully sample k-space depends on the sequence trajectory
used. For example, the number of views, N,, required using
a 3D radial trajectory scales with the field of view and reso-
lution but is independent of the readout time per view. On
the other hand, FLORET trajectories typically require far
fewer views, particularly for longer readout times [23],
because samples within a given view are not confined purely
to radial spokes. Therefore, using radial sampling, each addi-
tional readout point simply adds additional time proportional
to the required number of views,N,,. In other words, the total
scan time increases by N, X (TR + N, ;44 X 1), Where N, 44
is the number of additional readout samples, ¢, is the sam-
pling rate, and TR is the original repetition time. Thus, the

(TR+N, yqqXt,)

relative scan time increase is . Note that nominal

image resolution can remain the same with the added
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samples by reducing the readout gradient amplitude accord-
ingly (keeping ¢, the same). On the other hand, FLORET
requires fewer views as readout time (number of readout
samples) increases, leading to a relative change in scan time

N, agaX(TR+N, 44 X1,)

by an amount given by , where N, 44 is the

N,XTR
number of required views when acquiring longer readouts
and N, ;49 < N,.

Tradeoffs

From Eq. 1, relative SNR scales with the square root of the
relative number of samples acquired. SNR of radial trajec-
tories can, therefore, be increased significantly by using a
variable density readout [1], which both increases the num-
ber of readout samples per view for a given resolution and
improves W, such that SNR can be made roughly equivalent
to its FLORET counterpart. However, scan time is another
issue because FLORET can acquire fewer total samples (in
less time) to achieve equivalent sampling, with the relatively
benign tradeoff that the SNR is reduced only by the square
root dependence on the relative number of samples.

However, another variable that governs the density of
sampling when using the FLORET trajectory is the number
of hubs along the 3 orthogonal orientations of k-space. We
note that the tradeoff between a 1-hub and 3-hubs FLORET
implementation is also described by sampling efficiency.
Acquiring multiple hubs allows smaller values of a; (the
maximum cone angle), which improves intra-trajectory sam-
ple spacing. However, this comes at the cost of orthogonal
oversampling, i.e., hub overlap that does not occur in 1-hub
designs [19]. However, it may be that the oversampling
inherent in the 3-hubs implementation is beneficial when
retrospectively undersampling for respiratory gating. The
value of a (45°) for 3-hub FLORET was chosen here as
a reasonable tradeoff between improved SNR, d
orthogonal oversampling.

Clinically used scan parameters for radial UTE result in
a total scan time of 16:40 [2, 5], achieving nearly fully sam-
pled k-space data (undersampling factor of ~0.97). Based on
the expected improvement in sampling efficiency afforded by
FLORET, we can achieve equivalent undersampling using
a 3.5 ms readout (compared to 2.0 ms readout using radial
UTE), approximately equal to neonatal lung T,* at 1.5 T
[16], with a reduction of scan time to 2:02 (88% reduction)
and 2:48 (83% reduction) using 1-hub and 3-hubs designs,
respectively. However, these would result in a reduction
in expected SNR relative to the radial equivalent by ~42%
and ~52%, respectively, which was judged to be too high a
tradeoft given the low proton density in the lungs [2]. Our
strategy was to empirically balance this tradeoff to retain the
same sampling efficiency but mitigate the SNR loss by over-
sampling the FLORET acquisition by approximately a factor

efficiency an

of 2 (relative to full Nyquist sampling), which will also help
with retrospective respiratory gating. This approach main-
tains a substantial ~75% reduction in scan time but with a
less severe reduction in SNR of 18% and 32% relative to
the radial equivalent for a 1-hub and 3-hub implementation,
respectively.

Phantom experiments

Imaging experiments in a phantom were performed to vali-
date the theoretically expected relative SNR efficiency per-
formance of radial and FLORET acquisitions in the absence
of physiologic and disease-based variations. The phantom
consisted of five glass vials filled with mixtures of water and
deuterium dioxide (D,O, heavy water) to produce a range
of proton densities (10%, 30%, 50% 70% and 90% water).
Additionally, MnCl, was added to reduce the T,* to a value
approximately equal to that expected in the lung of neonates
(5 mM concentration, T,* ~ 2.7 ms). An image of the phan-
tom is shown in Fig. 1, and a full description of the phantom
has additionally been previously published [16]. A phantom
with high-resolution features was also used to investigate
differences in real image resolution between radial and FLO-
RET trajectories. These experiments are described in the
Supplemental Information.

Image acquisition

Imaging of the phantom was performed on a 3 T MRI
scanner (Signa Premier, General Electric, Waukesha,
WI) using a quadrature head coil. All sequences tested
had the following common parameters: FOV =320 mm,
matrix =320x320x 320, TE=90 ps, BW =250 kHz, Flip
Angle =6°. Sequence-specific parameters were as follows:
(1) radial UTE (TR =3.2 ms, # of radial views varied from
12,500-50,000, samples per view =640), (2) 1-hub FLO-
RET (ay=90, TR =5.8 ms, # of spiral views varied from
7500-30,000, samples per view = 1500), (3) 3-hub FLORET
(ag=37, TR=5.8 ms, # of spiral views =7500-30,000, sam-
ples per view = 1500). Scan parameters are also provided in
Table 1. Each acquisition scheme was repeated four times,
reducing the number of views (and thus the total scan time)
in each by a factor of 2x, 3X and 4X relative to the first scan
in each subsequent repetition. This provides both a range of
SNR comparisons against theory and includes relative scan
time differences on the order of those used in human studies.

Image processing and analysis
Correction for gradient waveform imperfections was per-
formed using a separate calibration scan [24] to compute

the actual k-space trajectories. The acquired non-Cartesian
k-space data were then resampled onto a Cartesian grid

@ Springer



Magnetic Resonance Materials in Physics, Biology and Medicine

SNR efficiency Oversampling factor
0.04-0.16
0.24-0.96
0.19-0.78
0.97
2.41
1.81

0.93
0.85
091

0:44-2:54 0.88

16:41

0:44-2:54 0.86
4:40
5:13

a_0 Scan time
N/A  0:40-2:40 0.88

90
7
N/A
90
45

Readout
Duration

(ms)
1.3
3.0
3.0
3.5
3.5

2.0

Readout Pts

1500
1500
1750
1750

1012

Views
12,500-50,000 640
7500-30,000
7500-30,000
200,000

40,000

45,000

Flip angle

Fig. 1 Single slice from the density/T2* phantom showing a top-
down view of the D,0/MnCl, doped vials. The vials outlined in red
represent those used for these experiments, specifically 5 mM MnCl,
concentration and 10%, 30%, 50%, 70%, and 90% D,O concentration
(from brightest to darkest)

TE (ms) TR (ms)
3.2
5.8
5.8

0.09
0.09
0.09
0.16
0.16
0.16

[25] using weights, w,,, calculated iteratively to compen-
sate for the non-uniformly sampled data [26]. Images are
generated by inverse Fourier transformation of the uni-
formly re-gridded k-space data.

The vials in the phantom and a background region of
interest (ROI) were each manually segmented using Fiji
[27]. The mean signal intensity within each vial was com-
puted and signal-to-noise ratio (SNR) was estimated by
dividing by the standard deviation of the signal in the
background ROL.

For comparison of the SNR across each sequence, the
following normalization was applied:

Resolu-
tion

(mm)

FOV (mm)
320
180
180
180

1-hub FLORET—phantom 320

Table 1 Acquisitions and specific parameters tested for phantom and neonatal patient studies

3-hub FLORET—phantom 320

3D Radial—phantom

3D Radial—Human
1-hub FLORET—Human
3-hub FLORET—Human

Scan type

@ Springer
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SNR, oo = SNR/(W e X \/NN X M) 2)
(1 _ e_TR/Tl)

M, =sin(FA)

1 — cos(FA) x e~TR/Tr) )
to remove known dependencies of the measured SNR on
the sampling density, flip angle and T, recovery, where N,
and N, are the number of views and the number of sampled
points per view, respectively, and their product is equiva-
lent to the total number of acquired points, M. M| is the
transverse magnetization weighting associated with the flip
angle (FA), TR and T, which may vary across sequences.
Equivalently, the SNR normalization factor from Eq. 2,
1/(SNRfficiency X /N,N, X M), can be expressed such that
the dependence on total scan time and readout duration is
made more explicit (as opposed to the dependence on total
number of samples) [28]:

SNR =

SNR
norm 5 4
(Weffx V T,EA VTT) @

—TR
A= In(cos(FA)) ®)

where T is the total scan time and 7 is the readout duration.
The T in the phantom was estimated to be 2.7 ms at a MnCl,
concentration of 5 mM [29]. Despite its very short 7', this
vial was used to assess performance because of its similar-
ity to the T,* of the lungs. The experimental 7', was used to
correct for SNR per Eq. 3.

A linear regression was fit to the normalized SNR
within each vial for the 1-hub and 3-hub FLORET, and
the coefficients (i.e., intercept and slope) were tested for
differences from the expected values using a ¢ test, in this
case the expected intercept of 0 and a slope of 1.

Human volunteer and patient studies

All studies were conducted with the approval of the
Institutional Review Board and parental informed con-
sent (IRB# 2018-0958). MRI was performed on 18 NICU
patients with severe BPD (8M/10F, gestational age at
birth/MRI=25.7 +2.5/40.9 + 3.0 weeks, weight at birth/
MRI 696 +264/3034 + 612 g), with 3 patients undergoing
repeat exams resulting in 21 total datasets. A flow chart
of the experimental design is provided in Fig. 2. In all
21 exams, patients were imaged using a variable density
readout radial UTE sequence [1]. In 7 of the 21 exams, a
1-hub FLORET UTE sequence was acquired, and in 14
of the 21 exams, a 3-hub FLORET UTE sequence was
acquired.

N=18
patients
(Radial UTE)
N=6 N=12
patients patients
(1-Hub (3-Hub
FLORET) FLORET)
N=1 N=1 N=1
Repeated Repeated Repeated
(1-Hub (3-Hub (3-Hub
FLORET + FLORET + FLORET +
Radial UTE) Radial UTE) Radial UTE)
N=21
Total

Fig.2 Flow chart of study population experimental design

Image acquisition

Imaging in the NICU was performed using a 1.5 T scanner
designed for neonatal imaging with a quadrature body coil
[30] (N=19) or a dual-tuned H!/Xe'? body coil (N=2) [31].
Infants were prepared for scanning using the “feed and swad-
dle” method [32] and were imaged without administration of
intravenous contrast agents. Patients were not sedated or on
respiratory support unless clinically indicated. Heart rates
and SpO, levels were monitored throughout the exam.

In all 21 exams, patients were imaged using a variable
density readout radial UTE sequence [1] with the follow-
ing parameters: scan time =16:41 min., FOV =180 mm,
matrix =256 X256 X 256, TE =160 ps, BW =250 kHz, Flip
angle=5°, TR=5.0 ms, # of radial views =200,000, sam-
ples per view = 1012. Patients were additionally imaged with
one of two different FLORET sequences during the same
exam: (1) 1-hub FLORET (N =7, scan time =4:40, a;=90,
FOV =180 mm, matrix =256 X256 X256, TE =160 ps,
BW =250 kHz, flip angle=5°, TR=7.0 ms, # of spiral
views =40,000, samples per view =1750), or (2) 3-hub
FLORET (N=14, scan time=5:13, a; =45, FOV =180 mm,
matrix =256 X256 x 256, TE=160 ps, BW =250 kHz, flip
angle=5°, TR =7.0 ms, # of spiral views =45,000, samples
per view =1750). Imaging parameters for all scans are also
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provided in Table 1. Assignment of subjects to either 1-hub
or 3-hub FLORET was based on time of the scan; the ini-
tial set of subjects was imaged with 1-hub, following a full
transition of the protocol to 3-hubs approximately 1 month
into the period of the study.

Image processing and analysis

Respiratory gating using the “hard gating” method that
exploits the repeated sampling of the center of k-space
was performed retrospectively, with 50% data acceptance
(described previously [18]). Images from both respiratory
gated and ungated data were re-gridded and transformed to
images, as described for the phantom experiments above.

In each patient, an ROI within the lung with no apparent
pathophysiology was manually identified and segmented
using Fiji [27]. Additionally, a region of adjacent muscle tis-
sue was similarly manually segmented. Again, a background
ROI was segmented for noise estimation. Mean signal inten-
sities within the lung and muscle tissue ROIs, and signal
standard deviation from the background were calculated in
each reconstructed dataset (radial and FLORET, gated and
ungated) to estimate SNR in both muscle and lung. Normal-
ized lung tissue density (TD) was estimated by dividing the
lung signal by the adjacent muscle signal [5]. Finally, nor-
malized SNR was estimated for each measurement accord-
ing to Eq. 1 for comparison across sequences within each
patient. In human data, the 7', in both muscle and lung tissue
was assumed to be 1.2 s [33].

Radial vs. FLORET Normalized SNR -
a) Phantom Images
0.2

[ = Radial vs. 1Hub
0.18 = Radial vs. 3Hub

0.16

]

0.14 7
0.12
0.1 4
0.08
0.06 Py

0.04

RADIAL UTE Normalized SNR

0.02 o

0 0.05 0.1 0.15 0.2
FLORET UTE Normalized SNR

Fig.3 Scatter plots of the normalized SNR (Eq. 2) in the FLO-
RET vs. radial acquisitions in the density and T,* phantom (a)
and in ungated patient images (b). The black and red dashed lines
depict the linear regression line fit to the data in the radial vs.
1-hub and radial vs. 3-hub data, respectively. The blue dashed line
shows the expected trend; normalized SNR should be equivalent
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Paired ¢ tests were used to test for differences in SNR in
both muscle and lung, as well as normalized tissue densities,
under different acquisition and/or gating schemes. A linear
regression was fit to the normalized SNR within each ROI
for 1-hub and 3-hub FLORET acquisitions, and the coef-
ficients were compared to the expected values (intercept of
0, slope of 1) using a  test.

All 42 image datasets (21 FLORET + 21 radial) were
anonymized and scored by two expert radiologists (RJF and
RPG) on a Likert scale for apparent motion artifacts (1 non-
apparent, 5 severe), diagnostic quality (1 non-diagnostic,
5 excellent), degree of pulmonary pathology (1 none, 5
severe), and last visible airway generation. Scores from both
readers were averaged for statistical analysis. Differences in
overall medians between radial and FLORET image scores
were tested using Wilcoxon rank sum tests, and pairwise dif-
ferences between radial and FLORET within subjects were
tested using Wilcoxon signed rank tests.

Results

Plots of the normalized SNR (Eq. 2) in a phantom are pro-
vided in Fig. 3a. Each plotted point represents a D,0O per-
centage and common FLORET and UTE undersampling fac-
tor. These results indicate that the radial and FLORET UTE
sequences, each produce the expected SNR after normaliza-
tion for sampling and physical parameters. This is further
supported by the linear regression coefficients for both the
1-hub and 3-hub FLORET vs. the radial UTE normalized for

Radial vs. FLORET Normalized SNR -

b) Ungated Patient Images
0.06 -
= Radial vs. 1Hub - Muscle
+ Radial vs. 1Hub - Lung

@ 005, | *Radialvs.3Hub-Muscle
% ’ + Radial vs. 3Hub - Lung
© ./ /-/
So.04 7
© LI
B A g
20.03 o o
w it "
= . -7
] ; s »

0.02+ g ol
2 £
- 9 %
9( ¥~ X
@ 0.01 &7

o 7 *
/ // -
&
0

0 0.01 0.02 0.03 0.04 0.05 0.06
FLORET UTE Normalized SNR

across trajectories. Phantom data (a) express the expected trend
(R* up=0.97, R?;,,,=0.98); however, human data do not. Human
data regression lines (SNRypg=-.002+0.81XSNRg 0T, 1-hub»
SNRy1g=—0.0005+0.84 X SNRg; oRgT, 3.00) indicate that FLORET
measurements are consistently higher than expected relative to their
radial UTE counterparts (slope < 1)
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SNR; the intercept and slope of these lines are not different
than 0 and 1, respectively. Additionally, the relative densities
measured in the phantom vials were not significantly differ-
ent between the same sequences.

Image quality comparisons between the FLORET and
radial acquisitions in neonatal subjects (Fig. 4) show similar

)
~

Radial UTE

1-Hub FLORET UTE

O
~—"

Radial UTE

3-Hub FLORET UTE

Fig.4 Axial slices from both radial and FLORET UTE in representa-
tive subjects scanned with a 1-hub FLORET and b 3-hub FLORET.
Voxel size is 0.7 mm isotropic with FOV of 180 mm in all cases.
In both subjects, lung abnormalities are similarly apparent in both
modalities, indicated by the red arrows. Zoomed images at two dif-

visualization of pulmonary structural pathology, both show-
ing good contrast between regions of high and low tissue
density within the lung. Qualitatively, the SNR is higher
in the radial UTE compared to both 1-hub (Fig. 4, top) and
3-hub (Fig. 4, bottom) FLORET acquisitions. Interestingly,
the average density of lung parenchyma appears notably

ferent window/level settings are provided to both highlight these
structural similarities as well as provide better qualitative view of
background noise and SNR. The signal intensity within the lung in
the 1-hub FLORET images (a) appears noticeably higher than in the
corresponding radial UTE images
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higher in the 1-hub FLORET compared with the radial
UTE (Fig. 4, top), while this is not the case with the 3-hub
FLORET acquisition (Fig. 4, bottom). The other notable
difference between the FLORET and radial images is the
interference pattern at fat/water interfaces present in both
the 1-hub and 3-hub FLORET acquisitions not seen in the
radial UTE for this patient (Figs. 4 and 5).

The effectiveness of the retrospective respiratory gating
is demonstrated in Fig. 5. The respiratory motion, which
induces blurring at the diaphragm in the ungated images,
is not severe in any of these representative images. How-
ever, a reduction of blurring at the diaphragm is still appar-
ent following respiratory gating, and neither FLORET
nor radial images show apparent undersampling artifacts
beyond reduction in SNR. This indicates that both FLO-
RET sequences can be effectively gated retrospectively with
a reduction in motion blurring comparable to radial UTE
using proven self-gating methods [18].

Quantitative comparison of SNR between radial and
FLORET UTE images shows that radial images have a
higher SNR for equivalent gating schemes in both muscle
and lung tissue with one exception: lung tissue SNR is not
statistically significantly different between 1-hub FLORET
and radial UTE in the respiratory gated images. This is
expected since the radial UTE data were acquired over a
3x—4x longer time period than FLORET, in line with the
expectations presented in the Theory section above. To
emphasize the relationship between acquisition time and

Subject A

o

Fig.5 Coronal views from two NICU patients demonstrating the
effect of retrospective respiratory gating in both radial and FLORET
UTE. The boundary at the diaphragm is noticeably more defined in
the gated images. Overall, image quality is generally comparable

@ Springer

1-Hub FLOR

-

SNR in each case, we computed the SNR/second for both
trajectories and gating schemes and report these in Table 2.
Note that FLORET SNR/sec is ~2.5x—3x higher than radial
in all cases. Boxplots of these SNR data are provided in
Fig. 6, and a full tabulation of these results can be found in
Table 2.

Comparison of normalized lung tissue density (TD)
yielded unexpected results. Lung tissue density esti-
mates in both gated and ungated FLORET images
(TDypgarea=0.49 £0.14, TDy 0 =0.49 +0.11) were signifi-
cantly (P <0.05) greater than similar measurements in the
radial data (TD 459 =0.42+0.13, TDy,.q=0.42£0.13).
Similarly, measured tissue densities in the 3-hub FLO-
RET (TDpg41ea=0.51£0.13, TD,y¢=0.52£0.13) were
also greater than those in corresponding radial images
(TDypgatea =049 £0.13, TDyyeq=0.50£0.13), but this
difference was less pronounced than for 1-hub FLORET
and was only statistically significant in the ungated data
(P <0.05). Notably as expected, no statistically significant
differences in TD were found between gated and ungated
data for the same sequence type within any of the 3 acquisi-
tion trajectories. Boxplots of tissue density comparisons are
provided in Fig. 7.

Plots of the normalized SNR (Eq. 2) in the lungs for the
neonatal data are shown in Fig. 3b. Here, each point repre-
sents normalized SNR from radial (x-axis) and FLORET
(y-axis) acquisitions within a single subject in either lung
or muscle tissue. These indicate that SNR is higher in both

Subject B
D Radial 3-Hub FLORET

between radial and FLORET acquisitions, although SNR in FLORET
appears somewhat lower. Also of note is the difference in fat-water
interference in the chest wall for radial vs. FLORET images, indi-
cated by the red arrows
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Radial vs. 1-hub FLORET - Muscle SNR
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Fig.6 Boxplots of SNR in radial vs. FLORET UTE in subjects
scanned with 1-hub (a, b) and 3-hubs (c, d) from regions of muscle
(a, ¢) and lung tissue (b, d), both with and without respiratory gat-
ing. Despite a factor of 4 reduction in scan time, SNR is only slightly

greater in 1-hub FLORET compared to estimates from radial
UTE. The source of these discrepancies is not clear, par-
ticularly given no evidence of this phenomenon was present
in phantom data. While speculative, it is possible that the
noise measurement from a background ROI could be biased
by the imaging trajectory given that potential artifacts (e.g.,
streaking, off-resonance or eddy currents) could manifest
differently in each.

The influence of the off-resonance fat signal, in particu-
lar, could have a sequence-specific effect associated with
the different point spread functions for fat and water within
and between radial and FLORET trajectories. Additionally,
this difference between radial and FLORET images mani-
fests at the fat—water interfaces in the chest wall potentially
impacting the normalized lung tissue density measurement
and blurring contamination from fat signal, and eddy cur-
rents may artificially influence measurements of the stand-
ard deviation in the background leading to differences in
normalized SNR between the two trajectories [34]. While
beyond the scope of this work, mitigation of blurring due
to fat by implementing either fat suppression [35] or multi-
spectral fat—water separation techniques [36] is an impor-
tant next step for improving performance. To further inves-
tigate effects of differences in the point spread function and
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Radial vs. 1-hub FLORET - Lung SNR
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lower in FLORET vs. radial UTE. Nonetheless, radial UTE has sig-
nificantly higher SNR than its FLORET counterpart in all cases
(except lung tissue with gating in 1-hub FLORET vs. radial UTE,
panel b)

their influences on effective resolution across sequences,
we have performed experiments in a phantom with high-
resolution features, detailed in the provided supplementary
information.

A further potential source of bias is the theoretical val-
ues used to correct for differences in available transverse
magnetization due to variations in flip angle and TR across
sequences (Egs. 2 and 3). In this work, we assume these effi-
ciency comparisons are only modestly influenced by physi-
ologic and disease-related relative regional proton density,
T, and T,*. This is a reasonable assumption for readout
times that are short and comparable in duration which limit
the impact of T,* decay on the shape of the point spread
function, and ensure signal is present for the duration of the
total readout time. However, it is notable that we assume a
lung and muscle T, derived from adult studies, which may
not be consistent with values in the neonatal population.
Deviations in the true T, will result in incorrectly normal-
ized SNR; however, sensitivity analysis of the effects of true
T, over the range of 900-1500 ms results in expected error
of — 1.8 t0 2.3% in the relative SNR normalization between
radial and FLORET trajectories. Additionally, differences in
the T, in lung vs. muscle would bias those tissues differently,
causing an apparent difference in lung TD relative to muscle
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Radial vs. 1-hub FLORET - Lung Tissue Density
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Fig.7 Boxplots of normalized lung tissue density measurements in
radial and FLORET UTE images from subjects scanned with 1-hub
FLORET (a) and 3-hub FLORET (b), with and without respiratory
gating. Lung tissue densities measured with FLORET are consistently
higher than radial UTE (P <0.05), although radial and 3-hub FLO-

Radial
Gated

FLORET
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RET with respiratory gating do not achieve statistical significance.
Statistically significantly different measurements are indicated by an
asterisk. Normalized lung tissue density was estimated by dividing
the lung signal by the adjacent muscle signal

Table 3 Radiologist reader

X N Trajectory Motion (1 low, 5 high) Image quality (1  Pathology (1 Last visible
scores on a Likert scale low, 5 high( low, 5 high) airway genera-
tion
Radial 2.95+1.00 2.71+0.83 3.26+0.74 2.19+0.78
FLORET 2.67+1.00 2.64+0.96 3.31+0.62 2.17+0.76
P value of difference 0.35/0.29 0.80/0.62 0.82/0.72 0.92/0.88
(population/pairwise)

with sequences that use different flip angles or TR. Future
work is needed to quantify T1 of the lung parenchyma in the
neonatal population.

Finally, B1+ heterogeneity is also a potential source of
bias, both with respect to normalization of tissue densities
and SNR. While the RF pulse and power (FA) are the same
across trajectories, it is still possible that true FA may vary
regionally. Given that TR was different between radial and
FLORET UTE, this will have different effects in each. If
B1+ in skeletal muscle varied significantly from lung paren-
chyma, the variable T1 weighting with each tissue type
could bias the normalized tissue density across trajectories.

Furthermore, the SNR normalization factor (Egs. 2-5)
depends on flip angle, and the relative normalization factors
between radial and FLORET acquisitions will vary slightly
with flip angle. While we expect B1+ variability to be less
pronounced given the 1.5 T field strength, we cannot rule
this out as a source of variability in our measurements.
This study has several important limitations. First, the
phantom experiments were not performed with identical
sequences on the same MRI scanner make and model as
used for the in vivo studies. This was largely a practical
issue because the NICU scanner used for in vivo imaging
was decommissioned before phantom experiments could be
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performed. However, the sequences (custom code designed
in-house) were the same in both cases. The main goal of the
phantom experiments was specifically to verify that radial
and FLORET UTE yielded expected performance across a
range of “tissue densities” (in this case, H,0/D,0 concentra-
tions) with short T,* on the order of that expected for lung
parenchyma, and it is unlikely that the differences in field
strength should affect the relative performance of the two
methods. However, it cannot be ruled out that deviations in
performance between phantom and in vivo experiments are
in part due to field-strength-related differences in the physics
and experimental design. A second limitation of this study
was the imperfect nature of the noise estimates for SNR cal-
culation in vivo. Besides the aforementioned blurring due to
fat/water chemical shift, using a background ROI for noise
measurements potentially mixes deterministic and stochastic
effects, and this has been shown to likely bias SNR compari-
sons of this nature [23]. Unfortunately, spending the time to
acquire a separate noise scan was not feasible in this study
population. Moreover, the maximum cone angle, o, was not
optimized in this work and differed slightly between phan-
tom and patient studies. While the values of o, were chosen
here empirically as reasonable tradeoffs between improved
SNRficiency and orthogonal oversampling, we anticipate that
different yet similar choices for o, will make a negligible dif-
ference. Additionally, given the nature of the neonatal imag-
ing conditions, the potential influence of bulk motion cannot
be ignored. Motion of this nature leads to increased blurring,
but typically not to gross artifacts. However, the effect on
SNR and normalized tissue density estimates could be vari-
able and contribute to physiological noise. While we would
not expect a bias toward a specific acquisition scheme, this
is hard to validate. However, the differences in scan dura-
tion may influence the degree to which motion is present,
and if present, the degree to which it influenced image qual-
ity. For example, a shorter scan may be less likely to be
corrupted by episodic motion overall, but short durations
of motion which sometimes occur in non-sedated neonates
might affect a larger proportion of the scan. A precise evalu-
ation of this effect requires a controlled experiment, which
is not possible in this population and is beyond the scope of
this experiment. Imaging was also performed using a single
channel receive coil, which may not be representative of
typical modern imaging platforms. The use of multi-channel
receiver coils should not influence the SNR relationships
between the two trajectories in theory. However, more prac-
tically, FLORET UTE could benefit from even further scan
time reduction given that our current protocol oversamples
(in the Nyquist sense) significantly. Thus, the number of
views acquired could be further reduced without introducing
aliasing or loss of effective resolution assuming the multiple
receive channels can sufficiently improve the SNR in gen-
eral. Finally, there is potential for systematic bias due to the
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non-randomized assignment of patients to either 1- or 3-hub
FLORET. For example, changes in scanner performance or
patient handling may change over time, affecting one cohort
more or less than another.

To conclude, we have demonstrated the potential of FLO-
RET UTE for neonatal pulmonary imaging in the NICU.
These images are of quality comparable to radial UTE, the
current state of the art, and have a much greater time-SNR
efficiency which has enormous benefit in this sensitive popu-
lation. Although we observed certain deviations in perfor-
mance from theoretical predictions that require further atten-
tion, this technique paves the way for shorter exam times that
are likely to make pulmonary UTE-based acquisitions more
accessible and successful in neonatal patients.
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