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Purpose: To determine R, and R/, transverse relaxation rates in healthy lung
parenchyma at 0.55 T. This is important in that it informs the design and
optimization of new imaging methods for 0.55T lung MRI.

Methods: Experiments were performed in 3 healthy adult volunteers
on a prototype whole-body 0.55T MRI, using a custom free-breathing
electrocardiogram-triggered, single-slice echo-shifted multi-echo spin echo
(ES-MCSE) pulse sequence with respiratory navigation. Transverse relaxation
rates R, and R/, and off-resonance Af were jointly estimated using nonlinear
least-squares estimation. These measurements were compared against R, esti-
mates from T,-prepared balanced SSFP (T,-Prep bSSFP) and R} estimates from
multi-echo gradient echo, which are used widely but prone to error due to
different subvoxel weighting.

Results: The mean R, and R), values of lung parenchyma obtained from
ES-MCSE were 17.3+0.7 Hz and 127.5+16.4 Hz (T, = 61.6+1.7 ms;
T, =9.5ms + 1.6 ms), respectively. The off-resonance estimates ranged from —60
to 30 Hz. The R, from T,-Prep bSSFP was 15.7 + 1.7 Hz (T, = 68.6 + 8.6 ms) and
R’ from multi-echo gradient echo was 131.2 + 30.4 Hz (T, = 8.0 £ 2.5 ms). Paired
t-test indicated that there is a significant difference between the proposed and
reference methods (p < 0.05). The mean R, estimate from T,-Prep bSSFP was
slightly smaller than that from ES-MCSE, whereas the mean R’ and R; estimates
from ES-MCSE and multi-echo gradient echo were similar to each other across
all subjects.

Conclusions: Joint estimation of transverse relaxation rates and off-resonance
is feasible at 0.55 T with a free-breathing electrocardiogram-gated and
navigator-gated ES-MCSE sequence. At 0.55 T, the mean R, of 17.3 Hz is similar
to the reported mean R, of 16.7 Hz at 1.5 T, but the mean R’2 of 127.5 Hz is about
5-10 times smaller than that reported at 1.5 T.
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1 | INTRODUCTION 2 | METHODS
Contemporary 0.55T MRI has provided the opportunityto 2.1 | Acquisition

evaluate lung anatomy and function with excellent image
quality, largely due to reduced magnetic susceptibility,'
smaller R,, and R§.3 The small T}, for example, opens
exciting new opportunities such as long-readout (5-10 R)
stack-of-spiral data sampling.* Additionally, at conven-
tional field strengths such as 3 T, it has been shown that the
effective transverse relaxation rate R’ is valuable in char-
acterizing smoking-related chronic obstructive pulmonary
disease,’ and variations in R, may provide different patho-
logical states of interstitial lung disease.® Therefore, mea-
surements of transverse relaxation rates are beneficial for
MR pulse-sequence design, optimizing sequence parame-
ters, and may have diagnostic value.

The irreversible transverse rate R, is typically esti-
mated from spin-echo pulse sequences or a T,-prepared
balanced SSFP (T,-Prep bSSFP)’ pulse sequence, while
the effective transverse relaxation rate R} is typically esti-
mated from multi-echo gradient-echo (ME-GRE) pulse
sequences.®’ Initial measurements of lung parenchyma
R, and R} at 0.55 T were reported.’ The reversible trans-
verse relaxation rate R/, can be calculated from separately
estimated R, and R} using two different pulse sequences.
However, the resultant R’2 estimate could be biased
because (1) signal generating mechanisms are inher-
ently different in two pulse sequences'®!!; for example,
a spin-echo pulse sequence inherently suppresses flow-
ing blood known as “washout” effect'?; (2) assumptions
made for deriving an analytic signal model for each R,
and R; mapping may not be identical; and (3) variance
in each parameter estimate can be different due to the
difference in signal-to-noise ratio (SNR) of R, and R;
mapping.

In this work, we perform concurrent measurements
of the irreversible (thermodynamics) and reversible (field
inhomogeneity) transverse relaxation rates'* (R, and R))
of lung parenchyma using a free-breathing electrocar-
diogram (ECG)-gated and navigator-gated single-slice
echo-shifted multi-echo spin-echo (ES-MCSE) sequence.
Using a single pulse sequence for estimating several
parameters of interest is beneficial, as only one imaging
parameter relevant to a signal model can be changed at a
time (e.g., echo time shift), with the rest of imaging param-
eters fixed throughout the scan. Physiological noise due to
cardiac and respiratory motion can be consistent; hence,
noise levels of all scans can be identical. Direct R} estima-
tion from the single ES-MCSE sequence could avoid bias
resulting from the effects mentioned previously in sepa-
rate R, and RS mapping. Our results indicate that R, and
R) estimates are consistent with those from a previous
report.?

Experiments were performed using a whole-body
0.55T system (prototype MAGNETOM Aera; Siemens
Healthineers, Erlangen, Germany) equipped with high-
performance shielded gradients (45mT/m amplitude,
200T/m/s slew rate). The integrated body coil was used
for RF transmission. A six-element body coil (anterior)
and six elements from an 18-element spine coil (posterior)
were used for signal reception. The scanner’s default shim-
ming setting (tune-up mode) was used for both shimming
and center-frequency determination for all subjects. Three
healthy volunteers (2 males/1 female, ages 24-31) were
scanned under a protocol approved by our institutional
review board after providing written informed consent.
Figure 1 illustrates the proposed free-breathing,
ECG-triggered, and respiratory-gated ES-MCSE pulse
sequence. The proposed sequence performed a seg-
mented k-space acquisition for each echo shift. For a
given phase-encoding step, eight readouts were acquired
at middiastole and end-expiratory respiratory phase. Sub-
sequently, eight readouts for the next phase-encoding step
were acquired during an RR interval at end-expiratory
phase, repeating until the last echo shift. The range of
spin echo times (tsg) were 20, 40, 60, 80, 100, 120, 140, and
160 ms to capture T, decay. The readout gradient and ADC
were shifted within the given echo spacing (20 ms) (ie, the
time interval between two consecutive refocusing pulses).
The negative and positive echo shifts, tgir, captured the
rephasing and dephasing portions of signal evolution. The
range of echo shifts were —4, —2, 0, 2, and 4 ms to take full
advantage of the echo spacing while avoiding overlapping
between the ramps of a shifted readout with the plateau
of a slice-selection gradient. All five echo shifts were mea-
sured in one single scan so that spatial registration across
images was not required. Fast gradient and RF modes were
selected to maximize the time interval between refocusing
pulses and gradients. The phase-encoding direction was
selected from right to left on a coronal plane. Siemens’
navigator-triggered prospective acquisition correction'*
was used to mitigate respiratory motion, and data acqui-
sition was performed at the end-expiratory phase. Phase
oversampling was not used. The total scan time was
40 min for coronal orientation and 16 min for sagittal ori-
entation. Sagittal scans required fewer phase-encode steps
due to the smaller FOV in anterior-posterior direction.
For comparison, inline R, and R; mapping based on
product T,-Prep bSSFP and ME-GRE pulse sequences
were performed using the parameters modified based
on Campbell-Washburn et al.> The T,-Prep bSSFP and
ME-GRE were breath-hold scans at end-expiratory phase,
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FIGURE 1 Illustration of a
free-breathing electrocardiogram
(ECG)-triggered and respiratory-gated
single-slice echo-shifted multi-echo spin
echo (ES-MCSE). A diaphragm motion
curve indicates various respiratory phases.
The acceptance window of a respiratory

motion navigator is chosen at
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while ECG triggering was only used for T,-Prep bSSFP.
Note that a free-breathing ME-GRE technique’® has been
developed but we did not use this technique in our study.
Parallel imaging was not adapted in any sequence. All
scans used a FOV of 360 x 360 mm, a slice thickness of
5mm, an in-plane spatial resolution of 2.8 X 2.8 mm?, a
reconstruction matrix of 128 X 128, and a phase oversam-
pling of 15% to avoid aliasing. The imaging parameters are
listed in Supporting Table S1 and summarized here:

« ES-MCSE (ECG-triggered; free breathing at end-
expiratory phase)

. tsg = 20, 40, 60, 80, 100, 120, 140, and 160ms;

TR =250ms

. 260 Hz/pixel bandwidth

. excitation flip angle = 90°; refocusing flip
angle = 180°

- 40-min (coronal), 16-min (sagittal) acquisition time

o T,-Prep DbSSFP (ECG-triggered; breath-hold at

end-expiratory phase)

- preparation time Tyrep = 0, 5,25, and 55 ms

. TE/TR =1.09/192 ms

« 1184 Hz/pixel bandwidth
. excitation flip angle = 70°
. 9-s acquisition time

+ ME-GRE (non-ECG triggered; breath-hold at end-
expiratory phase)

. TE=1.8,4.6,7.4,and 10.2 ms; TR = 361.5 ms
+ 590 Hz/pixel bandwidth
. excitation flip angle = 15°

« 24-s acquisition time

2.2 | Relaxation-rate constant estimation
A 2D Gaussian smoothing filter (o = 1) was applied to the
complex-valued ES-MCSE images before parameter esti-
mation. Due to stimulated echo contamination in MCSE
and phase shifts of moving spins, the first spin echo
(all five echo shifts) were discarded to improve the accu-
racy of T, quantification.'®!” A total of 35 complex images
(7 spin-echo times X 5 echo shifts) were used for parame-
ter estimation. We used a three-parameter complex signal
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model based on ideal 180° refocusing pulses for simulta-
neous R,, R’Z, and Af estimation. The signal evolutions for
rephasing (fshire <0) and dephasing (fshige > 0) portions of
spin echoes, respectively, can be described as

S (7’ tshift) — Soe_([SE+tshif[)R2(7)+[shiflR;(7)e_j2”Af(7)[shifl
for tohie <0
S (7, tshift) — SOe—(fSE+ishiﬁ)Rz(7)—fshiﬁR;(7)e—j 27 Af(F)tgyise

for tghire > 0 Y]

where S (7, tahirt) € C denotes the complex-valued signal at
position ¥ acquired at tg,if; So € C denotes complex-valued
spin magnetization; R, € Rand R, € R denote real-valued
irreversible and reversible transverse relaxation rates,
respectively; and Af € R denotes static off-resonance.
Seven spin echoes and five echo shifts were used.
Parameter estimation was performed using a nonlinear
least-squares approach with nonnegative real constraints
on R; and R’, and real constraint on Af.We also replicated
the measurements of R, from T,-Prep bSSFP and R} from
ME-GRE with reasonable modification of the protocol by
Campbell-Washburn et al.’ The R, and R} maps were
obtained by fitting a mono-exponential signal model for
each pixel from T,-Prep bSSFP and ME-GRE magnitude
images:

S (., Trep) = Soe s ®)

S(#, TE) = Spe” TR (3)

where Tyrep is the preparation time for T,-Prep bSSFP, and
TE is the echo time for ME-GRE.

2.3 | Numerical simulation

To analyze the sensitivity of the chosen tgg and tg,;s to the
range of R, and R), in lung, we performed numerical sim-
ulations for the anticipated ranges of R, (14-20Hz), R
(60-110 Hz), and Af (—30 to 30 Hz). An EC-MCSE signal
with a perfect refocusing pulse as described in Equation (1)
was used to generate a noiseless signal evolution. A total
of 35 samples excluding the first TE (7 spin echo times x 5
echo shifts) was simulated using the same echo shifts and
spin echo times as the in vivo scan. We measured realistic
SNR in lung from an in vivo image (tsg = 40 ms) with the
following equation:

SNR = s
c

)

where S is the mean value of signal intensity over a region
of interest (ROI) in lung and o is the SD over an ROI

. . o o 1525
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in image background.’® An SNR of 18 was simulated by
adding independent and identically distributed complex
Gaussian noise!® to the noiseless ES-MCSE signal. For a
given set of R,, R’2 and Af, estimated R, R’z, and Af were
computed for each of 10000 noise realizations. The bias
and SD of estimated R,, R’z, and Af were then calculated.
Simulated and in vivo data were processed identically.

2.4 | Data analysis
Lung ROIs excluding heart, spine, and external structures
were manually drawn from the anatomical images and
applied on each parameter map. A conservative mask was
generated by excluding boundaries of the lung to avoid
motion-induced blurring effects. The spatial mean and
spatial SD within the lung ROIs were reported for each
subject. A paired t-test was performed to determine the
statistical difference among different mapping methods.
The within-ROI SD for the ith subject is defined as6; =
Zflzl (Yk,i —J_’i)2
K-1
Yk is the estimated parameter for the kth voxel; K; is the
number of voxels in an ROI for the subject; and y; is the
mean within an ROI for the subject.

Let BMS and WMS be the between-subject means of
squares and within-subject means-of-squares for 3 sub-
jects, defined as follows:

, where k is the index of a voxel in an ROI;

BMS =

3 (s _T\2
Zi:lKlgyl J’) @

Yy (i =)

WMS = >
2o &—-1

(5

where y is the mean of all voxels from all 3 subjects. Then
the between-subject SD o, is defined as®

[ BMS - wMsS) ©
%=\ min (K., K,,K3)’

3 | RESULTS

Figure 2 shows two representative examples of a simu-
lated signal evolution and an estimated signal evolution:
(1) R,/R, = 14/60Hz and (2) R,/R), = 20/110 Hz with
Af of 0. Estimated R, and R’2 bias was < 0.03 and 0.5Hz,
respectively, across the simulated parameter ranges and
considered negligible. Figure 2C,D illustrates the aggre-
gate SD of R, and R), for each pair of ground-truth R; and
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FIGURE 2
are shown for two representative
on-resonance cases: R /R, = 14/60 Hz (A)
and 20/110 Hz (B). Standard of R, and R/,
estimates from ES-MCSE using seven spin

Estimated signal evolutions

echo times and five echo shifts. A simulated
noiseless signal evolution (blue), noisy
samples (dots in different colors), and the

aggregate SD of R, (C) and R, (D) for a pair of
R, and R’2 are calculated from 10 000 noise

realizations across all Af from —30 to 30 Hz
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R) across all Af from —30 to 30 Hz. Larger SD of both
parameters occurs at large R, values. Figure 3 illustrates
voxel-wise parameter estimation from a total of 35 complex
images (7 spin echo times X 5 echo shifts).

Table 1 summarizes the results from 3 volunteers
obtained with ES-MCSE and reference methods. For
the ES-MCSE method, the mean and intersubject SD
of R, estimates of lung parenchyma was 17.3 +0.7 Hz
(T, = 61.1+1.7ms), and similar to that reported at
1.5T.*! The mean and intersubject SD of R} estimates was
approximately 127.5 +16.4 Hz (T, = 9.5+ 1.6 ms), and the
calculated mean and intersubject SD of R} estimates was
approximately 144.8 +16.7 Hz (T, = 8.2 + 2.4 ms), which
is about 5-10 times smaller than that reported at 1.5
T.>?223 The mean R, estimate from ES-MCSE is slightly
smaller than that from T,-Prep bSSFP (R, = 15.7 + 1.7 Hz;

R, standard deviation ,,

18 20

T, = 68.6+8.6ms), and ES-MCSE provides a smaller
variance of R, estimates compared with T,-Prep bSSFP.
A t-test was performed on all 3 subjects, and indicates
that there is a significant difference in R, estimates from
ES-MCSE and T,-Prep bSSFP (p<0.05). A smaller R,
estimate from T,-Prep bSSFP may be due to the mixed
T,/T, contrast of bSSFP, as indicated by the previous
work about the underestimation of R,.2*%*> The ES-MCSE
technique provides a smaller variance of R} estimates
compared with that from ME-GRE (R; =131.2+30.4Hz;
T, = 8.0+ 2.5ms). The R; and R, results in Table 1 show
a discrepancy between ES-MCSE and reference methods
within a subject, whereas the values are consistent in the
whole subject group level. The within-subject discrepancy
may be due to the use of a different motion-compensating
strategy.
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FIGURE 3  Representative ES-MCSE

images of seven spin echo times and five echo
shifts. The images at the first TE (20 ms) were
discarded (not shown) due to stimulated-echo

40

contamination. A signal evolution of 35
samples was used for pixelwise parameter
estimation to yield R, and R, maps

tse [ms]
100

/

TABLE 1 4

and intersubject mean + SD in the last row)

Summary results for measured R, and R
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tohire [MS]
0

from 3 healthy volunteers (within-region-of-interest mean + SD for each subject

ES-MCSE Reference methods
Subject R, (Hz) R; (Hz) R; (Hz) R, (Hz) R; (Hz) R; (Hz)
S1 16.7 +4.4 103.9 +38.8 120.5 +£39.7 15.6 +3.2 153.9 +45.9 169.5 +47.7
S2 17.0 +3.5 139.9 +41.3 156.9 +42.1 141 +3.9 88.4 +31.8 102.5 +£32.0
S3 17.9 +4.5 130.0 +58.1 148.5 +59.5 17.5+3.5 118.2 +41.8 135.7 +43.0
All 17.3 +0.7 127.5 +16.4 144.8 +16.7 15.7 +1.7 115.5 +29.6 131.2 +30.4

Note: The first three columns show the results from ES-MCSE. The R;, from ES-MCSE is calculated by R} = R, + R). The last three columns show the results
from reference methods. The R/, from reference methods is calculated by R} = R} — R,, where R, and R; are measured from T,-prepared balanced SSFP and

multi-echo gradient echo, respectively.

Figure 4 shows the R,, R’Z, and off-resonance maps
for 3 healthy subjects. For each subject, the R, map was
more homogeneous compared with the R) map. The
regional difference between lung parenchymal resonant
frequency and the scan center frequency, simultaneously
estimated from ES-MCSE, ranged from —60 Hz to 30 Hz
after shimming and center frequency determination using
the scanner’s default (“tune-up”) preparatory calibration.
Supporting Information Figure S1 shows the histograms
of the off-resonance within ROISs for all 3 subjects.

4 | DISCUSSION

The proposed single-sequence approach was able to esti-
mate R, R}, and Af simultaneously and produced results

comparable to those reported from the previous study. The
R/, estimate from the proposed ES-MCSE method shows
less intersubject variance with higher precision than that
from the reference methods. Note that the measurements
were acquired on one single coronal slice that intersects
the center of the descending aorta, and the different slices
may result in different measurements due to gravitation
dependence of lung water distribution.?®

The ranges of R, and R; (or R}) are decreased
at low field; this allows flexibility in pulse sequence
design, including a longer readout in spiral imaging, in
multi-echo imaging, and in non-Cartesian bSSFP imag-
ing. With a smaller R} value at 0.55 T, a longer readout
time up to 10 ms could be used to further improve imag-
ing efficiency. The proposed method can potentially be
used in other applications, such as liver T, mapping
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hemorrhage quantification.?”-?
The investigation of transverse time constants on lung
disease® can potentially be used to infer different patho-
logical features. However, the accuracy of R} and R; still
needs to be further improved, overcoming the current
limitations.

and intramyocardial

First, a long acquisition time (40-45 min) of ES-MCSE
could be accelerated with parallel imaging with com-
pressed sensing® or an advanced reconstruction method
based on subspace modeling such as T, shuffling®!
and echo planar time-resolved imaging.** Second, the
assumption of perfect B;* homogeneity in the signal
model may lead to bias in quantification. Advanced signal
modeling incorporating B; * inhomogeneity could result in
improved quantification.3334

The measurements reported in this paper are vulner-
able to partial volume effects with the designed in-plane
resolution of 2.8 x 2.8 mm?. Although we seek to measure
lung parenchyma only, there is contribution from blood
in the capillaries and small blood vessels such as segmen-
tal/subsegmental arteries and veins. The bias of T, with
limited in-plane resolution have been found due to par-
tial volume effects,>® and the apparent R, may be smaller
in lung parenchyma, which is contaminated from smaller
blood R,. Additionally, because pulmonary arterial blood
is deoxygenated and venous blood is oxygenated, they may
exert different effects on the measurement of R; and R}, in

FIGURE 4 Invivo parameter
maps estimated from ES-MCSE. The R,,
R}, and Af maps within region of
interests for 3 healthy subjects were
estimated from EC-MCSE. Images were
acquired at middiastole and
end-expiratory phase, and of a coronal
slice that intersects the descending aorta

the one voxel, depending on the distribution of these blood
vessels.

5 | CONCLUSIONS

We demonstrate the feasibility of ES-MCSE to jointly esti-
mate R, R’z, and off-resonance at 0.55 T. The results
shows that the mean R, estimate of 17.3 Hz is sim-
ilar to that at 1.5 T,2! and the mean R’2 estimate of
127.5Hz (mean R’ estimate of 144.8 Hz) is 5-10 times
smaller than those at 1.5 T.23¢ Additionally, off-resonance
in lung parenchyma ranges from —60 to 30Hz at

0.55T.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Histograms of off-resonance in lung
parenchyma for 3 subjects, estimated using the proposed
echo-shifted multi-echo spin echo (ES-MCSE) sequence.
All frequency values are relative to the scanner center
frequency after default shimming (tune-up mode). The
interquartile range (25th to 75th percentile) is colored
orange.

Table S1. The ES-MCSE, T,-prepared balanced SSFP, and
multi-echo gradient-echo sequence parameters

Video S1. Scrolling through all 35 images (7 spin echo
times x5 echo shifts) for the S1 subjects. Notice the
adequate spatial registration of all images, which were
obtained in a single 40-min, free-breathing, electrocardio-
gram (ECG)-gated scan

Video S2. Scrolling through all 35 images (7 spin echo
times x5 echo shifts) for the S2 subjects. Notice the
adequate spatial registration of all images, which were
obtained in a single 40-min, free-breathing, ECG-gated
scan

Video S3. Scrolling through all 35 images (7 spin echo
times x5 echo shifts) for the S3 subjects. Notice the
adequate spatial registration of all images, which were
obtained in a single 40-min, free-breathing, ECG-gated
scan
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