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Single Breath-Hold 3-Dimensional Magnetic Resonance
Elastography Depicts Liver Fibrosis and Inflammation in

Obese Patients

Omar Isam Darwish, MPhil,*†‡ Ahmed M. Gharib, MD,§ Sami Jeljeli, PG DIP,* Nader S. Metwalli, PhD,§
Jenna Feeley, BS,§ Yaron Rotman, MD, MSc,§ Rebecca J. Brown, MD, MHSc,§ Ronald Ouwerkerk, PhD,§

David E. Kleiner, MD, PhD,|| Daniel Stäb, PhD,¶ Peter Speier, PhD,#
Ralph Sinkus, PhD,*† and Radhouene Neji, PhD*‡
Objectives: Three-dimensional (3D) magnetic resonance elastography (MRE)
measures liver fibrosis and inflammation but requires several breath-holds that
hamper clinical acceptance. The aim of this study was to evaluate the technical
and clinical feasibility of a single breath-hold 3D MRE sequence as a means of
measuring liver fibrosis and inflammation in obese patients.
Methods: From November 2020 to December 2021, subjects were prospectively
enrolled and divided into 2 groups. Group 1 included healthy volunteers (n = 10)
who served as controls to compare the single breath-hold 3DMRE sequencewith
a multiple–breath-hold 3D MRE sequence. Group 2 included liver patients
(n = 10) who served as participants to evaluate the clinical feasibility of the single
breath-hold 3D MRE sequence in measuring liver fibrosis and inflammation.
Controls and participants were scanned at 60 Hz mechanical excitation with the
single breath-hold 3D MRE sequence to retrieve the magnitude of the
complex-valued shear modulus (|G*| [kPa]), the shear wave speed (Cs [m/s]),
and the loss modulus (G" [kPa]). The controls were also scanned with a
multiple–breath-hold 3D MRE sequence for comparison, and the participants
had histopathology (Ishak scores) for correlation with Cs and G".
Results: For the 10 controls, 5 were female, and the mean age and bodymass index
were 33.1 ± 9.5 years and 23.0 ± 2.1 kg/m2, respectively. For the 10 participants, 8
were female, and the mean age and body mass index were 45.1 ± 16.5 years and
33.1 ± 4.0 kg/m2 (obese range), respectively. All participantswere suspected of hav-
ing nonalcoholic fatty liver disease. Bland-Altman analysis of the comparison in
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controls shows there are nonsignificant differences in |G*|, Cs, and G" below
6.5%, suggesting good consensus between the 2 sequences. For the participants,
Cs and G" correlated significantly with Ishak fibrosis and inflammation grades, re-
spectively (ρ = 0.95, P < 0.001, and ρ = 0.84, P = 0.002).
Conclusion: The single breath-hold 3DMRE sequence may be effective in mea-
suring liver fibrosis and inflammation in obese patients.

Key Words: 3-dimensional magnetic resonance elastography, single breath-hold,
simultaneous multislice, liver, fibrosis, inflammation, nonalcoholic fatty liver
disease, shear wave speed, loss modulus

(Invest Radiol 2023;58: 413–419)

H epatic 2-dimensional (2D) magnetic resonance elastography (MRE)
is widely used in quantifying liver fibrosis for its noninvasiveness.

Two-dimensional MRE measures the magnitude of the complex shear
modulus (|G*| [kPa]) that increases with liver fibrosis.1 By comparison,
hepatic 3D MRE has demonstrated promises using viscoelastic parame-
ters derived from the 3D displacement field to quantify liver fibrosis and
inflammation simultaneously.2–4 3DMRE allows for measuring the shear
wave speed (Cs [m/s]) for fibrosis and the loss modulus (G" [kPa])
for inflammation.2

However, current 3D MRE sequences usually necessitate 4 to 6
multiple consecutive breath-holds.3,5,6 Various approaches have been
proposed to reduce the total acquisition time, including fractional mo-
tion encoding,7 more flexible timing concepts,5,6,8 and simultaneous
multislice (SMS) excitation.9 Despite the achieved acceleration for each
method, they all still require multiple breath-holds, which hampers clin-
ical acceptance and reduces the precision of the viscoelastic parameters
owing to imperfect geometric alignment of the different breath-holds,
especially in obese patients. Thus, a pivotal aspect to successfully
deploying hepatic 3D MRE within the clinic is to reduce acquisition
time, preferably to 1 single breath-hold that can be easily tolerated
and reproduced by obese patients.

The present study aims to demonstrate the technical development
and feasibility of a single breath-hold 3DMRE sequence that covers mul-
tiple slices, wave offsets, and motion encodings. Another purpose is to
evaluate the clinical utility of this single breath-hold 3D MRE sequence
in obese patients with nonalcoholic fatty liver disease (NAFLD) to quan-
tify liver fibrosis and inflammation simultaneously. Patients with
NAFLD are challenging owing to high body mass index (BMI) preclud-
ing adequate penetration of the mechanical waves and the expected mag-
netic resonance (MR) signal drop in the liver due to fat infiltration. In ad-
dition, NAFLD is a health crisis across the globe, and evaluating NAFLD
in a time-efficient fashion is becoming of high importance in medicine.10

MATERIALS AND METHODS

Study Subjects
This prospective study was conducted from November 2020 to

December 2021 and was approved by the local institutional review board.
www.investigativeradiology.com 413
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Two groups of subjects were enrolled after signing informed consent.
Enrollees in group 1 (technical feasibility group) were healthy volun-
teers (n = 10) who served as controls to compare the single breath-hold
3D MRE sequence with a multiple–breath-hold 3D MRE sequence5

and to validate the repeatability of the single breath-hold 3D MRE se-
quence. Individuals in group 2 (clinical feasibility group) were patients
with NAFLD (n = 10). Stages and grades of liver fibrosis and inflamma-
tion of group 2 were assigned using Ishak scoring,11 with a maximum fi-
brosis stage and inflammation grade of 6 and 18, respectively. In addition,
hepatic fat fractions of group 2 were measured using a T2 corrected
multiecho STEAM-based MR spectroscopy sequence termed HISTO.12

MRE Acquisition and Processing
Controls were scanned on a 3 T system (BiographmMR, Siemens

Healthcare, Erlangen, Germany) with a 6-channel body coil and a
24-channel spine coil, and participants were scanned on a 1.5 T system
(MAGNETOM Aera, Siemens Healthcare) with an 18-channel body
coil and a 32-channel spine coil. Both controls and participants were
scanned in supine position.

MRE Acquisition
Both groups were scanned at 60 Hz mechanical excitation using

the gravitational transducer13 with the single breath-hold 3D MRE se-
quence. The gravitational transducer generates the mechanical excitation
using a rotational eccentric mass placed on the abdomen of the subject
driven by a 4-Nm stepper motor placed outside of the MR examination
FIGURE 1. Comparison of the different MRE acquisitions with respect to their
eXpresso (A), a previously published multiple–breath-hold 3D MRE sequence
Intenso (C), where each square depicts a fractional GRE-MRE imaging shot acq
The red blocks indicate time delays to shift from 1 wave offset, ϕi, to another w
that is, k = i + 1. For Ristretto, the shift is determined viaNd, that is, k = i +Nd. T
conditions, that is,Nd = 1 andNw = 2. (D)Overview of the in-planeGRAPPA SM
oversampling (2), standard in-plane acceleration scheme (3), and FOV-splitting
(E) The proposed single breath-hold 3DMRE sequence Intenso consists of a sp
(blue) and a Hadamard scheme for motion encoding (red).

414 www.investigativeradiology.com
room through a 6-m flexible plastic rotating axis. The set-up time for
the positioning of the gravitational transducer per subject was approxi-
mately 10 minutes. In addition, identical gravitational transducers were
used at 1.5 and 3 T. The single breath-hold 3D MRE sequence concate-
nates 4 different motion encoding measurements, required to encode the
3D displacement field, and 4 mechanical wave offsets of 8 slices in 1 sin-
gle breath-hold. The single breath-hold is achieved by these 3 following
steps: (1) optimizing a previously developed multishot spoiled gradient
echo (GRE) MRE sequence6 that utilizes 2 integer parameters (Nd, Nw)
to allow for an acquisition that is phase-locked to the mechanical vibra-
tion. Nw is an integer multiple of the mechanical wave period where all
imaging shots for the same mechanical wave offset, k-space phase
encoding line, and motion encoding measurement are acquired. Nd is
an integer factor that extends the sequence delay to enable the acquisi-
tion of interleaved mechanical wave offsets. Here, we set Nd to 1 and
optimized Nw to its smallest possible value (see Text, Supplemental
Digital Content, http://links.lww.com/RLI/A799, which explains calculat-
ing optimal Nw) given a certain shot duration imposed by the chosen echo
time (Figs. 1A–C). (2) Utilizing an in-plane generalized autocalibrating
partially parallel acquisition (GRAPPA)–based SMS formulation15 that
provides a simple separation of the simultaneously excited slices NSMS

by oversampling the field of view (FOV) in the phase-encoding direction
by a factor NSMS and shifting the simultaneously excited slices in the
oversampling region. The use of phase oversampling results in a
nonaccelerated acquisition; however, the single breath-hold 3D MRE
sequence acceleration is realized through the total in-plane GRAPPA
timing: a previously published multiple–breath-hold 3D MRE sequence
Ristretto (B), and the proposed single breath-hold 3D MRE sequence
uiring 1 (single-band excitation) or 2 (SMS excitation) slices, respectively.
ave offset, ϕk. In case of eXpresso, successive wave offsets are acquired,
he proposed single breath-hold 3DMRE sequence Intenso is using optimal
S formulation.14Multiband radiofrequency (RF) excitation (1), withNsms
for slice separation (4). In our implementation, R = 5,Nsms = 2, and Ri = 2.5.
oiled GRE sequence (black) with dual-band RF pulses for SMS excitation

http://links.lww.com/RLI/A799
www.investigativeradiology.com


TABLE 1. Demographics of Patients With Nonalcoholic Fatty Liver
Disease

Mean ± SD or Median
(25th–75th Percentile)

Demographic information
Age, y 45.1 ± 16.5
BMI, kg/m2 33.1 ± 4.0

Blood chemistry (normal range)
Alkaline phosphatase (40–150), U/L 62 ± 16
Alanine aminotransferase (<55), U/L 56 ± 82
Aspartate aminotransferase (5–34), U/L 38 ± 38
γ-Glutamyl transferase (F 9–36 andM12–64),U/L 59 ± 46
Bilirubin, total (0.2–1.2), mg/dL 0.99 ± 0.65
Bilirubin, direct (<0.5), mg/dL 0.38 ± 0.20
Albumin (3.5–5.2), g/dL 4.0 ± 0.3
Cholesterol (<200), mg/dL 177 ± 44
Triglycerides (<150), mg/dL 211 ± 189
HDL cholesterol (≥60), mg/dL 37 ± 10
LDL cholesterol (<100), mg/dL 103 ± 32
Glucose (70–99), mg/dL 119 ± 46

MR findings
Magnitude of the complex-valued shear
modulus, kPa

3.10 ± 1.38

Shear wave speed, m/s 1.79 ± 0.41
Loss modulus, kPa 1.14 ± 0.25
Hepatic fat fraction, % 12.6 ± 7.1

Histology (lower limit–upper limit)
Ishak inflammation (0–18) 3 (2–8)
Ishak fibrosis (0–6) 2 (0–3)

BMI indicates body mass index; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; MR, magnetic resonance.
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undersampling (Fig. 1D). A single GRAPPA operator is used for through
and in-plane dealiasing, and simple FOV splitting is performed to sepa-
rate the simultaneously acquired slices.15 (3) Using a Hadamard motion
encoding scheme14 as shown in Figure 1E, where unique combinations
of the motion encoding gradients are applied on all the gradient axes
(slice, readout and phase encoding) simultaneously for 4 different mo-
tion encoding measurements to encode the 3D displacement field. The
Hadamard motion encoding scheme increases the sensitivity to motion,
thereby mitigating the increased g-factor signal-to-noise ratio (SNR)
penalty resulting from the low number of thin slices without gap and
the SMS acquisition.16,17

The single breath-hold 3D MRE sequence imaging parameters
were as follows: 8 slices, 4mm isotropic resolution, a 96� 66 acquisition
matrix, NSMS = 2, flip angle = 25 degrees, total GRAPPA acceleration
factor of 5 (including in-plane and SMS acceleration) resulting in an
FOV of 386 � 264 � 32 mm3, repetition time = 9.38 milliseconds,
and echo time = 7.38 milliseconds (3 T)/6.2 milliseconds (1.5 T). The
motion encoding gradients of the single breath-hold 3DMRE sequence
followed a Hadamard motion encoding scheme14 and had a duration of
6.86 milliseconds (3 T)/5.68 milliseconds (1.5 T), an amplitude of 20
mT/m, and an encoding efficiency of 18.5 rad/mm (3 T) and
12.8 rad/mm (1.5 T). The final total acquisition time was 17 seconds,
which could be performed in a single breath-hold by the controls and
the participants.

The controls were also scanned with a previously published
multiple–breath-hold 3DMRE sequence5 for comparison. The imaging
parameters of themultiple–breath-hold 3DMRE sequencewere as follows:
8 slices, 4 mm isotropic resolution, a 96 � 66 acquisition matrix, flip
angle = 25 degrees, in-plane GRAPPA acceleration factor of 2 resulting
in an FOVof 386� 264� 32 mm3, repetition time = 16.67 milliseconds,
and echo time = 7.38milliseconds (3 T). Themotion encoding gradients of
the multiple–breath-hold 3D MRE sequence followed an unbalanced
4-point motion encoding scheme14 and had a duration of 6.5 milliseconds,
an amplitude of 20mT/m, and an encoding efficiency of 17.7 rad/mm. The
final acquisition time was 84 seconds preformed in 4 breath-holds of
21 seconds each. In addition, 6 of the 10 controls were taken out of
the scanner then completed a secondMRE examination to assess the re-
peatability of the single breath-hold 3D MRE sequence.18

MRE Processing
All image processing was performed by a blinded operator with

5 years of MRE experience. Hadamard decoding was performed for
each coil channel before coil combination. Afterward, the MRE phase
images were unwrapped using a method based on minimum cost flow
analysis.19 Next, pixel-wise temporal Fourier transformation of the data
was carried out to extract the 3D displacement field, which was then fil-
tered using a 3D Gaussian filter of width σ = 1 pixel with 3�3 � 3
pixels support. Subsequently, all viscoelastic parameters were recon-
structed by applying the curl-operator method20 and solving for the
complex k vector of the wave propagation.2 The viscoelastic maps were
calculated by averaging the 4 innermost slices, and the reported mean
values of |G*|, Cs, and G" in the liver were estimated from regions of
interest defined away from large vessels and organ edges using Kir soft-
ware20 (v2021, King's College London). The aforementioned MRE im-
age processing pipeline required 120 seconds per 3D MRE dataset to
generate the required viscoelastic maps. Furthermore, generic power
and linear regression models were fitted to the viscoelastic parameters
to establish functional dependency on the Ishak scores2 and on the he-
patic fat fraction (see Text, Supplemental Digital Content, http://links.
lww.com/RLI/A799, which shows the power and linear regressionmodels
of |G*|, Cs, and G" as functions of Ishak fibrosis score, Ishak inflamma-
tion grade, and hepatic fat fraction). Finally, SNRwas estimated for single
and multiple–breath-hold 3D MRE sequences in the controls (see Text,
Supplemental Digital Content, http://links.lww.com/RLI/A799, which
estimates the SNRdecrease in the single breath-hold 3DMRE sequence).
Data Statistical Analysis
To evaluate the repeatability of the single breath-hold 3D MRE

sequence and its agreement with the multiple–breath-hold 3DMRE se-
quence in controls, the Bland-Altman method was used to study mean
differences and 95% limits of agreement. The repeatability was further
assessed using the intraclass correlation coefficient (ICC). Intraclass
correlation coefficients and 95% confident intervals were calculated
based on a 2-way mixed effects model. To assess the correlation of
the viscoelastic parameters (Cs, and G") with the Ishak scores of the
participants, Spearman rank correlation coefficient (ρ) and its P value
were used to measure the strength of association.

All statistical analyseswere performed usingMATLAB software
(version R2021b, Mathworks).

RESULTS
All 20 subjects underwent successful MR imaging. Of the 10

controls (group 1), 5 were female, and the mean age and BMI were
33.1 ± 9.5 years and 23.0 ± 2.1 kg/m2, respectively. For the 10 partici-
pants (group 2), 8 were female, the mean agewas 45.1 ± 16.5 years, and
themean BMIwas 33.1 ± 4.0 kg/m2, which falls within the obese range.
All participants were suspected of having NAFLD, and their mean he-
patic fat fraction was 12.6% ± 7.1% (Table 1).

The mean values of the measurements of |G*|, Cs, and G" in the
liver of the controls (n = 10) were 1.85 ± 0.30 kPa, 1.39 ± 0.11 m/s, and
0.69 ± 0.10 kPa (G"), respectively, for the single breath-hold 3DMRE se-
quence and 1.81 ± 0.28 kPa, 1.38 ± 0.11 m/s, and 0.75 ± 0.14 kPa, respec-
tively, for the multiple–breath-hold 3D MRE sequence. Bland-Altman
www.investigativeradiology.com 415

http://links.lww.com/RLI/A799
http://links.lww.com/RLI/A799
http://links.lww.com/RLI/A799
www.investigativeradiology.com


FIGURE 2. Bland-Altman plots for the comparison of the proposed single breath-hold 3DMRE sequence (Intenso) with themultiple–breath-hold 3DMRE
sequence (eXpresso) for the derived viscoelastic parameters (A–C), and repeatability analysis of the single breath-hold 3DMRE sequence (Intenso) (D–F).
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plots of the agreement between the single breath-hold 3D MRE se-
quence and the multiple–breath-hold 3D MRE sequence for the mea-
surement of |G*|, Cs and G" in the controls (n = 10) are shown in
Figures 2A–C. Bland-Altman analysis shows mean differences of
0.035 kPa for |G*| (95% limits of agreement: −0.51, 0.58), 0.008 m/s
for Cs (95% limits of agreement: −0.22, 0.24), and −0.052 kPa for
G" (95% limits of agreement: −0.42, 0.31), suggesting good agreement
between the 2 sequences. The SNR analysis (see Text, Supplemental
Digital Content, http://links.lww.com/RLI/A799, which estimates the SNR
decrease in the single breath-hold 3DMRE sequence) showed a 2.3-fold
decrease in the SNR of the single breath-hold 3D MRE sequence in
comparison with the multiple–breath-hold 3D MRE sequence (mean
relative SNR, 0.43 ± 0.07), and this decrease was statistically signifi-
cant (t18 = 3.76, P = 0.001).

Bland-Altman analysis of the repeatability of |G*|, Cs, and G" in
the controls (n = 6) using the single breath-hold 3D MRE sequence
(Figs. 2D–F) shows mean differences of 0.019 kPa for |G*| (95% limits
of agreement: −0.19, 0.23), 0.01 m/s for Cs (95% limits of agreement:
−0.08, 0.1), and 0.014 kPa for G" (95% limits of agreement: −0.13, 0.16).
The ICCs were 0.94 (95% confidence interval, 0.63–0.99) for |G*|, 0.93
(95% confidence interval, 0.61–0.99) for Cs, and 0.79 (95% confidence
interval, 0.08–0.97) for G". The Bland-Altman analysis and the ICCs in-
dicate good repeatability of the single breath-hold 3D MRE sequence.

The MRE images obtained from a representative control using
the multiple–breath-hold 3DMRE sequence and the single breath-hold
3D MRE sequence are shown in Figure 3. Visual comparison of the
MRE images reflects a good agreement between the 2 sequences.

Power regression models were used to report the functional de-
pendency of Cs and G" on Ishak fibrosis score and Ishak inflammation
grade, respectively, as power regression models are inclusive of linear
models. In addition, no relationship was found between any of the vis-
coelastic parameters |G*|, Cs, G", and hepatic fat fraction (see Text,
416 www.investigativeradiology.com
Supplemental Digital Content, http://links.lww.com/RLI/A799, which shows
the power and linear regression models of |G*|, Cs, and G" as functions of
Ishak fibrosis score, Ishak inflammation grade, and hepatic fat fraction).

A clear differentiation between the different Ishak fibrosis scores
in the participants is visible using Cs (Fig. 4A), in particular for the
challenging lower scores of fibrosis, that is, scores 0 and 1. Fitting a ge-
neric power-law model to Cs shows that its functional dependence on
fibrosis is almost linear, that is, Cs(F) ∝ Fδ, with δ = 0.87 ± 0.11
(R2 = 0.96,P < 0.001). The association of Cs with Ishak fibrosis score
is statistically significant, with a Spearman rank correlation coefficient
(ρ) of 0.95 (P < 0.001).

We also note that G" increases with the Ishak inflammation
grades (Fig. 4B). Fitting a generic power-law to G" shows that its func-
tional dependency on inflammation is nonlinear, that is, G"(I)∝ Iδ, with
δ = 0.20 ± 0.07 (R2 = 0.96, P < 0.001). The correlation between G" and
Ishak inflammation grade is statistically significant, with a Spearman
rank correlation coefficient (ρ) of 0.84 (P = 0.002).

The MRE results obtained from a participant with advanced fi-
brosis and intermediate inflammation are shown in Figure 5. Histopa-
thology yielded an Ishak fibrosis score of 6 and an inflammation grade
of 3. Efficient penetration of the mechanical waves at 60 Hz within the
liver can be observed. Elevated values for |G*| and Cs (6.38 ± 0.41 kPa
and 2.57 ± 0.08 m/s, respectively) in comparison with the mean values
of |G*| and Cs in the controls (1.85 ± 0.30 kPa and 1.39 ± 0.11 m/s,
respectively) indicate advanced fibrosis (P < 0.001). Elevated G"
(1.20 ± 0.3 kPa) in comparison with the mean value in controls
(0.69 ± 0.10 kPa) represents inflammation (P = 0.006).
DISCUSSION
We evaluated the feasibility of single breath-hold 3DMRE to si-

multaneously quantify fibrosis and inflammation in obese patients with

http://links.lww.com/RLI/A799
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FIGURE 3. MRE for a representative control using a multiple–breath-hold 3D MRE sequence (top row) and the single breath-hold 3D MRE sequence
(bottom row). The outlines of the liver and spleen are highlighted in purple and blue, respectively. (A) Magnitude images, (B) the magnitude of the
complex shear modulus |G*| (kPa), (C) the shear wave speed Cs (m/s), and (D) the loss modulus G" (kPa). All maps show average values over the 4
innermost slices. The magnitude image of the multiple–breath-hold 3DMRE sequence (top row) is the magnitude of the fourth acquisition step where
no motion encoding gradients are applied. On the other hand, the magnitude image of the single breath-hold 3D MRE sequence (bottom row) is the
average of the magnitude images of the 4 motion encoding steps as the Hadamard motion encoding scheme applies motion encoding gradients
during all 4 acquisition steps. However, visual inspection of themagnitude images shows very similar anatomical features in both sequences. Mean values
of |G*|, Cs, and G" in the liver were 1.30 ± 0.35 kPa, 1.17 ± 0.15m/s, and 0.56 ± 0.24 kPa, respectively, for themultiple–breath-hold 3DMRE sequence
and 1.46 ± 0.52 kPa, 1.24 ± 0.2 m/s, and 0.61 ± 0.35 kPa, respectively, for the single breath-hold 3D MRE sequence, reflecting a good agreement
between the 2 sequences.
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NAFLD. The single breath-hold 3DMRE sequence provided shear wave
speed and loss modulus values that correlated significantly with the Ishak
fibrosis scores (ρ = 0.95, P < 0.001) and the Ishak inflammation grades
(ρ = 0.84, P = 0.002), respectively. We also compared the single breath-
hold 3DMRE sequencewith a multiple–breath-hold 3DMRE sequence5

in controls (n = 10), showing good agreement between the 2methods and
demonstrating high repeatability in a subset of the controls (n = 6).

The current clinical standard for MRE is a single breath-hold 2D
sequence that quantifies fibrosis using the magnitude of the complex
shear modulus.21 We proposed a single breath-hold 3DMRE sequence
that has the advantage of quantifying inflammation in addition to fibro-
sis while 2D MRE cannot differentiate between fibrosis and inflamma-
tion.4 Inflammation accompanies fibrosis in most chronic liver disease
cases; however, unlike fibrosis, the inflammatory process is not as dif-
ficult to reverse and hence early detection impacts patient manage-
ment.22,23 As a proof of concept, this single breath-hold 3D MRE se-
quence was evaluated in a relatively low number of participants
(n = 10); however, they had a high BMI within the obese range
(33.1 ± 4.0 kg/m2). Furthermore, the proposed sequence uses an echo
time that does not match an in-phase condition, which leads to signal
loss because of chemical shift–induced cancellation but still provided
good viscoelastic maps in participants with a high hepatic fat frac-
tion (12.6% ± 7.1%).

We achieved a 17-second breath-hold through sequence timing
optimization6 and in-plane GRAPPA-based SMS acquisition.15
Our experiments on the controls showed that although the SMS excitation
leads to a g-factor SNR penalty,16,17 the expected decrease in the phase-
to-noise ratio of the single breath-hold 3DMRE sequence in comparison
with the multiple–breath-hold 3D MRE sequence5 was compensated by
the inherent averaging of the Hadamard motion encoding scheme14

(see Text, Supplemental Digital Content, http://links.lww.com/RLI/A799,
which estimates the SNR decrease in the single breath-hold 3D MRE
sequence). The expected phase-to-noise ratio penalty did not affect
the image quality and thereby maintained a statistically significant cor-
relation with biopsy grades of fibrosis and inflammation in obese pa-
tients where fatty infiltration traditionally hampers image quality. It is
worth noting that the multiple–breath-hold 3DMRE sequence can also
benefit from using the Hadamard motion encoding scheme to increase
its sensitivity to motion in comparison with the unbalanced 4-point mo-
tion encoding scheme that is currently implemented in the multiple–
breath-hold 3D MRE sequence.14

Simultaneous multislice excitation has been previously proposed to
accelerate MRE sequences.9 However, the 2-dimensional MRE approach
proposed in Majeed et al9 acquired 1 component of the 3D displacement
field in 4 slices in a 17-second breath-hold; in comparison, the pro-
posed sequence acquired the entire 3D displacement field in 8 slices
in a single breath-hold of 17 seconds. The acquisition of the entire 3D dis-
placement field allows for a more precise solution of the complex shear
modulus because of the complex nature of the wave propagation. An ac-
curate solution of the complex shear modulus may allow for, in addition
www.investigativeradiology.com 417
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FIGURE 4. Dependence of the viscoelastic parametersmeasured with the
single breath-hold 3D MRE sequence (Intenso) on the Ishak scores of
the participants. (A) Dependence of the shear wave speed Cs (m/s) on
Ishak liver fibrosis score. (B) Dependence of the loss modulus G" (kPa)
on Ishak liver inflammation grade.

FIGURE 5. Single breath-hold 3D MRE (Intenso) for a patient with advanced
image (curl), demonstrating efficient wave penetration within the liver, (C, D,
averaged in the 4 innermost slices and the reported mean values are measure
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to fibrosis quantification, a better quantification of inflammation than the
approximate solution of 2-dimensional MRE.2–4 Moreover, free-breathing
MRE techniques using either a motion-robust radial trajectory,24 or respira-
tory triggering based on bellows,25 or navigator echoes26 have been pro-
posed. However, these techniques lead to prolonged acquisition times for
2-dimensional MRE measurements, and their extension to acquire the full
3D displacement field would result in a considerably long acquisition time.
Respiratory triggering is also known to be sensitive to drifts and variations
in the breathing pattern, which may lead to blurring and ghosting arti-
facts.27 Furthermore, spin-echo echo-planar imaging (EPI) sequences have
been proposed for MRE and have been shown to be more robust to signal
decay due to iron overload in the liver in comparison with GRE MRE
sequences.28–30 Nevertheless, spin-echo EPI MRE sequences suffer from
geometrical distortions owing to the longEPI readout31 and require optimal
fat suppression to avoid off-resonance artifacts,28 whereas the sequence
proposed in this study alleviates T2*-related signal decay by using a rela-
tively short echo time for a GRE MRE sequence.

Simultaneous assessment of liver fibrosis and inflammation
using multiple–breath-hold 3D MRE has been previously investigated
through either a combination of the damping ratio with the magnitude
of the complex shear modulus (|G*|) at a single3 or multiple4 me-
chanical excitation frequencies or through Cs and G".2 Multiple
breath-holds lengthen the total acquisition time and might be acquired
in different respiratory positions, leading to geometric misalignment
and, in turn, inaccurate spatial derivatives in the reconstruction of the
viscoelastic parameters. Our single breath-hold technique provided a
power-law fitting of Cs and G" to their functional dependencies on fi-
brosis and inflammation that agrees with the results obtained in previ-
ous 3D MRE studies.2

A limitation of this study is that the control group consisted only
of healthy volunteers with an average BMI that does not fall within the
obese range (23.0 ± 2.1 kg/m2). Ideally, obese patients with nonchronic
liver disease should have served as controls. In addition, experiments in
fibrosis and intermediate inflammation: (A) magnitude image, (B) wave
E) reconstructed images of |G*|, Cs, and G". All viscoelastic maps are
d in the magenta-colored ROI to avoid large vessels and liver edges.

www.investigativeradiology.com
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controls were evaluated only on a 3 T system but should have also been
evaluated on a 1.5 T system. Moreover, the study could have included
phantom experiments to validate the measured viscoelastic values.32

Another limitation of this study is the relatively small number of pa-
tients with NAFLD. However, the study was intended as a technical de-
velopment study in healthy volunteers and proof of concept in a limited
number of patients with NAFLD. Furthermore, all patients with
NAFLD had liver biopsies that correlated significantly with the MRE
viscoelastic parameters, namely, Cs and G". The study demonstrated
potential clinical application even in patients with NAFLDwho are diffi-
cult to assess because of high BMI and fatty liver infiltration. Certainly, a
larger clinical study is warranted to evaluate diagnostic accuracy and per-
formance. Furthermore, the 17-second breath-hold of the proposed se-
quence can be long for chronic liver disease patients in the clinic, al-
though all patients with NAFLD in this study tolerated it. Thus, further
acceleration might be required to achieve a shorter breath-hold duration.
The potential for the single breath-hold 3D MRE sequence in multifre-
quency MRE of the abdomen33,34 and its application to other organs35,36

are of high interest and will be addressed in future work. The single
breath-hold 3D MRE sequence may benefit from the mechanical wave
penetration provided by the multidriver transducer37 currently used in
multifrequency MRE to generate higher quality viscoelastic maps in
the abdomen.

In conclusion, the single breath-hold 3DMRE sequence is tech-
nically feasible. It has the potential clinical value to simultaneously de-
tect liver fibrosis and inflammation in obese patients with NAFLD. The
proposed technique paves theway for the deployment of 3DMRE in the
clinic since obese patients can better tolerate a single breath-hold
of 17 seconds.
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