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Abstract
Purpose  (1) Assess the diagnostic performance of liver 3D magnetic resonance elastography (MRE) parameters (includ-
ing stiffness, storage/loss modulus and damping ratio) compared to liver stiffness measured with 2D MRE for noninvasive 
detection of advanced liver fibrosis (F3-F4) and cirrhosis (F4) in patients with chronic liver disease. (2) Assess the value of 
serum markers (FIB-4) in detecting advanced liver fibrosis and cirrhosis in the same patients.
Methods  This was a single center, prospective IRB-approved cross-sectional study that included 49 patients (M/F: 23/26, 
mean age 50.8 y) with chronic liver disease and concomitant liver biopsy. MRE was acquired at 1.5T using a spin echo-EPI 
sequence. The following parameters were measured: liver stiffness using 2D MRE (LS-2D) and 3D MRE parameters (LS-
3D, liver storage, loss modulus and damping ratio). The Mann-Whitney U test, ROC curve analysis, Spearman correlation 
and logistic regression were performed to evaluate diagnostic performance of MRE parameters and FIB-4.
Results  LS-2D and LS-3D had similar diagnostic performance for diagnosis of F3-F4, with AUCs of 0.87 and 0.88, sen-
sitivity of 0.71 and 0.81, specificity of 0.89 for both. For diagnosis of F4, LS-2D and LS-3D had similar performance with 
AUCs of 0.81 for both, sensitivity of 0.75 and 0.83, and specificity of 0.84 and 0.73, respectively. Additional 3D parameters 
(storage modulus, loss modulus, damping ratio) had variable performance, with AUC range of 0.59-0.78 for F3-F4; and 
0.52-0.70 for F4. FIB-4 had lower diagnostic performance, with AUCs of 0.66 for F3-F4, and 0.68 for F4.
Conclusion  Our study shows no added value of 3D MRE compared to 2D MRE for detection of advanced fibrosis and cir-
rhosis, while FIB-4 had lower diagnostic performance.
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Introduction

Noninvasive staging of liver fibrosis in patients with 
chronic liver disease (CLD) is essential for patient man-
agement and for assessment of prognosis, and has largely 
replaced liver biopsy in clinical practice [1]. Patients with 
cirrhosis require assessment of risk of portal hypertension 
and screening for hepatocellular carcinoma (HCC) [2]. 
Various noninvasive methods to detect liver fibrosis have 
been developed over the past two decades. These include 
blood tests, ultrasound elastography (including transient 
elastography and shear wave elastography), and magnetic 
resonance elastography (MRE). Ultrasound elastography 
and shear wave elastography can fail or provide unreliable 
measurements in patients who are overweight or obese 
[3] MRE is considered an accurate and reliable method 
for predicting liver fibrosis stage based on liver stiffness 
measurement, however, is limited by cost and availability 
[4–9]. MRE involves processing the transverse compo-
nent of the wave field (shear wave) data using generally 
a 2D-inversion algorithm to generate quantitative images 
of liver stiffness, also known as elastograms. Earlier ver-
sions of 2D MRE were acquired using gradient recalled 
echo (GRE) sequences [10], whuch has shown excellent 
diagnostic performance in staging liver fibrosis [11–14]. 
Recently, there has been increased use of spin echo echo-
planar imaging (SE-EPI) for MRE acquisition, particularly 
at 3T, to reduce the risk of technical failure (for example 
caused by iron deposition) [5, 15–22]. The more recent 
technique, 3D MRE, quantifies stiffness in 3 directions of 
wave propagation instead of only one direction perpen-
dicular to the imaging slices. 3D MRE typically uses a 
multislice SE-EPI sequence, with a study suggesting better 
image quality and larger volume coverage compared to 
2D MRE [23]. One of the advantages of 3D MRE is the 
extended multislice coverage (26 slices) of the liver com-
pared to 2D-MRE (10 slices), and the provision of addi-
tional tissue markers, such as the individual components 
of the complex shear modulus, which may add value to 
liver stiffness [24]. However, different MRE methods may 
produce different liver stiffness values [25]. Previous stud-
ies comparing 2D and 3D MRE did not find added value 
of 3D MRE for liver fibrosis detection [8, 13, 15, 25–31]. 
A study in patients with HBV and HCV showed that liver 
damping ratio and shear stiffness were able to identify 
necroinflammation in the early stages of the disease to dif-
ferentiate it from fibrosis. However, none of these previous 
studies assessed liver storage and loss modulus from 3D 
MRE separately for fibrosis staging.

Our study objectives are to: (1) Assess the diagnostic 
performance of liver 3D MRE parameters (including stiff-
ness, storage/loss modulus and damping ratio) compared 

to liver stiffness measured with 2D MRE for noninva-
sive detection of advanced liver fibrosis and cirrhosis in 
patients with CLD. (2) Assess the value of serum markers 
(FIB-4) in detecting advanced liver fibrosis and cirrhosis 
in the same patients.

Materials and methods

This is an IRB-approved single-center prospective study 
involving patients with CLD and suspected portal hyper-
tension who underwent a clinically indicated hepatic 
venous pressure gradient measurement with a transjugular 
liver biopsy, and a research MRI. All patients provided 
signed informed consent. Forty patients were included in 
a previously published study, in which assessing fibrosis 
detection was not the main objective [3].

Inclusion and exclusion criteria

Inclusion criteria were: patients with CLD (including all 
etiologies of liver disease), age ≥ 18 y, clinically indi-
cated transjugular liver biopsy within 3 months of the MRI 
study.

Exclusion criteria were: previous liver transplant and 
contra-indications to MRI. The study involved 55 patients, 
of whom 6 were excluded (see patient flowchart in Fig. 1). 
The patients’ characteristics are listed in Table 1.

MRE acquisition

All patients underwent 2D and 3D SE-EPI MRE examina-
tions during the same MRI study, as part of a multipara-
metric liver MRI protocol that also included T1 mapping, 
4D flow imaging and dynamic contrast-enhanced MRI. The 
results from the other MRI sequences are not reported in this 
study. All MRE examinations were conducted using a 1.5T 
system (Magnetom Aera, Siemens Healthineers, Erlangen, 

Fig. 1   Patient flowchart
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Germany) with an 8-channel, phased-array, torso coil. A 
passive pneumatic drum was placed on the right side and 
left side over the spleen for dual actuation using mechanical 
vibrations at 60Hz [32]. Two MRE protocols were used: the 
2D SE-EPI MRE protocol acquired 10 axial slices in a single 
breath-hold, whereas the 3D SE-EPI MRE protocol acquired 
32 axial slices in 3 breath-holds. Only the liver related MRE 
results are presented in this study. The sequence parameters 
of the 2D and 3D MRE exams are summarized in Table 2.

Image analysis

Two observers (observer 1, XX and observer 2, XX, both 
medical physicists, with 8 and 5 years of experience, respec-
tively) drew regions of interest (ROIs) on MRE magnitude, 
wave, and elastogram images overlaid with confidence maps 
on the right hepatic lobe, using Fiji (ImageJ). The dataset 
was equally divided between observers. Four consecutive 
central slices spanning the widest part of the liver were 
selected from the 10 slices acquired in 2D MRE, while 
4 slices were selected from the 32-transverse sections of 
the 3D MRE examination to match the 2D MRE selected 
slices. On magnitude images, the observers drew ROIs on 
the largest possible area of the liver parenchyma where 
coherent shear waves were visible and major blood vessels 

were excluded. Areas of incoherent waves were avoided and 
regions immediately under the passive driver and areas close 
to the liver boundary were excluded, so that the final ROI 
selection contained a minimum of 500 pixels per slice [33, 
34]. After drawing ROIs, the observers recorded the mean 
liver stiffness in 2D (LS-2D) and 3D MRE (LS-3D), as well 
as storage and loss modulus in 3D MRE of each section 
and computed and weighed the mean value of all sections 
by ROI size. The damping ratio was calculated as the ratio 
of the loss modulus to two times the storage modulus [29, 
31, 35].

Histopathologic assessment

All patients underwent a transjugular liver biopsy within 
33 ± 21 days of MRI that was evaluated retrospectively 
by an experienced liver pathologist who was blinded to 
the patients’ laboratory and imaging data. Liver fibrosis 
was scored on a five-point scale using the METAVIR [36, 
37] scoring system for all etiologies except for NASH, 
where the NASH-CRN score was used [38]. The fibrosis 
stage was assigned using an ordinal scale from 0 to 4: F0: 
no fibrosis, F1: mild fibrosis, F2: moderate fibrosis, F3: 
advanced fibrosis, F4: cirrhosis. In addition, quantification 
of liver collagen proportionate areas (CPA) was performed 

Table 1   Study cohort 
characteristics (n = 49)

*Other: mastocytosis, cryptogenic liver disease, hemochromatosis, non-specific reactive hepatitis, granu-
lomatous hepatitis.
SD standard deviation

Demographics
  Sex (M/F) 23/26
  Age (years), mean ± SD (range) 50.8 ± 15.6 (19–78)

Etiology
  Nonalcoholic steatohepatitis (NASH) 13
  Alcohol intoxication 9
  Primary sclerosing cholangitis (PSC) 5
  Autoimmune hepatitis 5
  Drug induced liver injury 4
  Obliterative portal venopathy 3
  Primary biliary cholangitis 1
  Other* 9

Blood tests
  FIB-4, mean ± SD (range) 3.0 ± 2.6 (0.2–11.6)

Fibrosis stage
  F0/F1/F2/F3/F4 10/10/9/8/12
  Collagen proportionate area (CPA), mean ± SD (range) 0.22 ± 0.16 (0.02-0.61)
  Interval between MRE and biopsy, mean ± SD (range) days 33.2 ± 21.4 (1.0-102.0)
  Interval between MRE and FIB-4, mean ± SD (range) days 31.9 ± 26.7 (0-111.0)
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using picrosirius red staining to measure collagen con-
tent in the biopsy samples [39] and correlate it with liver 
parameters measured by 2D and 3D MRE.

Study endpoints

The endpoints were detection of advanced fibrosis (F3-F4) 
and cirrhosis (F4).

Statistical analysis

The Mann-Whitney U-test was used to analyze the dif-
ferences in LS measured with 2D and 3D MRE, stor-
age modulus, loss modulus and damping ratio between 
patients stratified as F0-F2 vs F3-F4 and F0-F3 vs F4. 
We assessed the correlation between MRE parameters 
and CPA, and the diagnostic performance of 2D MRE, 
3D MRE and FIB-4 for detecting F3-F4 and F4 using 
ROC curve analyses. We also performed binary logistic 
regression combining the statistically significant param-
eters. The statistical analyses were performed using SPSS 
(version 26, IBM) and MATLAB 2020 (MATLAB Nau-
tick). A p-value less than 0.05 was considered statistically 
significant.

Results

The final population included 49 patients, of which 20 had 
stage F3-F4 (advanced fibrosis) and 12 had F4 (cirrhosis). 
Table 1 summarizes the cohort information.

Performance of 2D MRE, 3D MRE, and FIB‑4

The LS values obtained with 2D and 3D MRE scans were 
strongly correlated with each other (r = 0.82, p <0.001), 
though 3D (mean ± SD: 2.9 ± 1.1 kPa for F3-F4 and 3.6 
± 2.0 kPa for F4) values were generally lower (p < 0.001) 
than 2D values (mean ± SD: 3.4 ± 1.1 kPa for F3-F4 and 
4.1 ± 2.1 kPa for F4) (Tables 3 and 4). The distribution 
of LS values showed a separation of F0-F2 from F3-F4, 
and from F0-F3 from F4, while there was more overlap 
between groups for storage modulus, loss modulus and 
damping ratio (Figs. 2, 3 and 4). ROC analysis for diag-
nosing F3-F4 (Table 3) and F4 (Table 4) showed very 
good performance of LS-2D (AUCs of 0.87 [confidence 
intervals: 0.77–0.97] and 0.81 [0.68–0.95]) and LS-3D 
(AUCs 0.88 [0.77–0.98] and 0.81 [0.67–0.95]). Storage, 
loss modulus and damping ratio had variable performance, 
with storage modulus having the best performance, with 

Table 2   2D and 3D MRE 
acquisition parameters

TE echo time, TR repetition time, FOV field of view, 2D two-dimensional, 3D three-dimensional, EPI 
echo-planar imaging, MRE magnetic resonance elastography

Parameters 2D MRE 3D MRE

Sequence Spin echo-EPI Spin echo-EPI
Acquisition matrix 100–100 100–100
Standard shear-wave frequency 60 Hz 60 Hz
TE (ms) 41 40
TR (ms) 1500 3200
Flip angle (degree) 90 90
EPI-shots 1 1
No. of breath holds × breath hold time (s) 1–15 3–17
FOV (mm) 380–400 380–440
No. of slices × slice thickness (mm) 10–5 26–3.5
Gap between slices (mm) 4.5 3.5
Parallel imaging acceleration factor 2 2
Phase offsets 4 4
Receiver bandwidth 500 kHz 500 kHz
% FOV in phase-encoding direction 65–100 100
Superior-inferior spatial pre-saturation bands Yes Yes
Flow compensation Yes Yes
Motion sensitivity (μm/radian) 7.86 7.86
Motion encoding directions ±Z ±X, Y, Z
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AUCs of 0.78 [0.64–0.92] for F3-F4 and 0.70 [0.49–0.92] 
for F4. FIB-4 had lower performance, with AUC of 
0.66 [0.51–0.82] for F3-F4 and 0.68 [0.52–0.85] for F4 
(Tables 3 and 4). The combination of multiple signifi-
cant parameters using binary logistic regression did not 
improve performance over LS alone (maximum AUCs of 
0.88 [0.77–0.98] and 0.81 [0.67–0.95] for F3-F4 and F4, 
respectively).

Correlation with CPA

The Spearman correlations between MRE parameters and 
CPA are summarized in Table 5. LS-2D (r = 0.30, p = 
0.039), LS-3D (r = 0.45, p = 0.002) and loss modulus (r 
= 0.50, p = 0.001) showed significant weak to moderate 
positive correlations with CPA.

Table 3   Diagnostic performance of MRE parameters and FIB-4 for detection of advanced liver fibrosis and cirrhosis (F3-F4)

AUC​ area under the curve, CI confidence intervals, LS-2D 2D liver stiffness, LS-3D 3D liver stiffness
p*: Mann-Whitney test, p**: for AUC​

Parameter F0–F2 (n = 28) F3–F4 (n = 21) p* AUC [95% CI] p** Sensitivity Specificity Cutoff value

LS-2D (kPa) 3.47 ± 1.16 6.70 ± 3.44 <0.001 0.87 [0.77–0.97] <0.001 0.71 0.89 4.23
LS-3D (kPa) 2.96 ± 1.10 6.08 ± 2.87 <0.001 0.88 [0.77–0.98] <0.001 0.81 0.89 3.82
Storage modulus (kPa) 3.15 ± 1.17 5.77 ± 3.85 0.001 0.78 [0.64–0.92] 0.001 0.75 0.81 3.70
Loss modulus (kPa) 1.42 ± 0.71 1.52 ± 0.55 0.298 0.59 [0.42–0.76] 0.298 0.90 0.38 0.85
Damping ratio 0.24 ± 0.14 0.18 ± 0.13 0.138 0.63 [0.46–0.80] 0.138 0.77 0.55 0.12
FIB-4 2.63 ± 2.67 3.70 ± 2.52 0.057 0.66 [0.51–0.82] 0.057 0.85 0.46 1.61

Table 4   Diagnostic performance of MRE parameters and FIB-4 for detection of cirrhosis (F4)

AUC​ area under the curve, CI confidence intervals, LS-2D 2D liver stiffness, LS-3D 3D liver stiffness
p*: Mann-Whitney test, p**: for AUC​

Parameters F0–F3 (n = 37) F4 (n = 12) p* AUC [95% CI] p** Sensitivity Specificity Cutoff value

LS-2D (kPa) 4.1 ± 2.1 7.0 ± 3.7 0.001 0.81 [0.68–0.95] 0.001 0.75 0.84 5.2
LS-3D (kPa) 3.6 ± 2.0 6.2 ± 2.9 0.001 0.81 [0.67–0.95] 0.001 0.83 0.73 3.8
Storage modulus (kPa) 3.7 ± 2.2 6.0 ± 4.1 0.043 0.70 [0.49–0.92] 0.043 0.73 0.83 4.4
Loss modulus (kPa) 1.46 ± 0.6 1.48 ± 0.45 0.879 0.52 [0.34–0.70] 0.867 0.91 0.37 1.0
Damping ratio 0.23 ± 0.14 0.18 ± 0.16 0.261 0.62 [0.41–0.82] 0.252 0.71 0.64 0.12
FIB-4 2.7 ± 2.6 3.9 ± 2.4 0.061 0.68 [0.52–0.85] 0.061 0.65 0.35 1.4

Fig. 2   Top row: 39-year-old male with obliterative portal venopathy 
and stage F1 (mild fibrosis). Liver stiffness values with 2D, 3D MRE, 
storage, loss modulus and damping ratio were 2.71 kPa, 2.46 kPa, 
2.39 kPa, 2.11 kPa and 0.44, respectively. Bottom row: 48-year-old 

male with alcohol-related liver disease and stage F3 (advanced fibro-
sis). Liver stiffness values with 2D, 3D MRE, storage, loss modulus 
and damping ratio were 5.82 kPa, 5.85 kPa, 5.68 kPa, 2.18 kPa and 
0.19, respectively
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Discussion

Noninvasive detection of liver fibrosis in patients with 
CLD is an important clinical question, with elastog-
raphy methods having largely replaced liver biopsy for 
liver fibrosis staging in the clinic. While LS-3D allows 
for improved assessment of spatial patterns of liver fibro-
sis, LS-2D is simpler to implement as shear wave is uni-
directional. Though 3D MRE can evaluate a larger liver 
volume [25, 26], our study demonstrated that LS-2D and 
LS-3D performed equally well in diagnosing advanced 
fibrosis (F3-F4) and cirrhosis (F4), while FIB-4 had lower 
performance.

Our results indicate that, despite theoretical advantages, 
such as the potential for improved measurement accuracy, 
LS-3D did not outperform LS-2D in staging liver fibrosis. 
Both techniques showed very good performance (AUC = 
0.81 − 0.88) in diagnosing advanced fibrosis/ cirrhosis 
or cirrhosis; consistent with previous studies [12, 25, 26, 
32–34]. However, the performance in our study was in the 
lower end of performance based on what has been reported 
previously (AUC range for F3-F4 = 0.83 − 0.95 and F4 = 
0.89 − 0.97) [40], which could be due to the mixed etiology 
of CLD. In our study, MRE outperformed FIB-4, consistent 
with a previous publication [41].

The (relative) wide availability and fast acquisition of 
the LS-2D technique justify its use in clinical practice for 
liver fibrosis staging. Similar to our findings, previous 
studies reported higher cutoff values for LS-2D vs LS-3D 
for staging advanced fibrosis and cirrhosis [25, 42]. This 
could be explained by the limited spatial coverage of 2D 
MRE, as it only captures mechanical wave images in a 
single slice of the liver. This can lead to sampling error 
and reduced accuracy in cases where there is significant 
heterogeneity in the liver's mechanical properties across 
different regions. In other words, 3D MRE offers several 
advantages over 2D MRE, reduced sampling error [10, 43, 
44] and reduced susceptibility to motion artifact, although 
this was not evaluated in our study. However, LS meas-
ured with 3D MRE did not have added diagnostic value, 
as suggested in previous studies [8, 25, 27–29, 31]. It is 
possible to perform 3D MRE in lower frequency and at a 
lower shear wave frequency of 40 Hz which may provide 
improved diagnostic performance [25]. This could be the 
subject of additional studies.

CPA positively correlated with LS-2D and with LS-3D, 
whereas it positively correlated with liver loss modulus. 
Besides LS, the parameters derived from 3D MRE (liver 
storage, loss modulus and damping ratio) had lower diagnos-
tic performance for advanced fibrosis (AUC = 0.59 − 0.78) 

Fig. 3   Distribution of MRE parameters and FIB-4 values in patients 
stratified as F0-F2 vs F3-F4: a 2D liver stiffness, b 3D liver stiffness, 
c liver storage modulus, d liver loss modulus, e damping ratio, and f 

FIB-4. Red line on the box plot represents median and the error bar 
represents 1.5x inter quartile range (IQR)
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and cirrhosis (AUC = 0.52 − 0.70), and thus did not have 
added value for fibrosis staging.

The storage modulus measures the liver tissue's elasticity 
and its ability to store energy when it is deformed, while the 
loss modulus measures tissue viscosity and the ability to 
dissipate energy when deformed. As fibrosis progresses in 
the liver, the tissue's viscosity decreases while its stiffness 
increases. This leads to alterations in both the storage and 
loss moduli. To capture these changes, the absolute value 
of the complex shear modulus is used, which is represented 
through elastograms. Elastogram incorporates information 
obtained from storage and loss moduli combined, instead 
of focusing on one parameter alone (either storage or loss) 

causing the moduli parameters to have lower AUCs than the 
stiffness parameter.

Our study has a few limitations: (1) the sample size was 
limited due to strict inclusion/exclusion criteria, (2) we 
included a population with varied etiologies, which may 
have introduced bias. To validate our current results, stud-
ies enrolling patients with single etiology CLD should be 
performed.

In conclusion, our study showed no added value of 3D 
MRE parameters compared to 2D MRE for the detection 
of advanced fibrosis and cirrhosis, with LS measured with 
both techniques having similar and very good performance, 
superior to FIB-4 for liver fibrosis staging.

Fig. 4   Distribution of MRE parameters and FIB-4 values in patients 
stratified as F0-F3 vs F4: a 2D liver stiffness, b 3D liver stiffness, c 
liver storage modulus, d liver loss modulus, e damping ratio, and f 

FIB-4. Red line on the box plot represents median and the error bar 
represents 1.5x inter quartile range (IQR)

Table 5   Spearman correlation results between MRE parameters and CPA

CPA collagen proportionate areas, LS-2D 2D liver stiffness, LS-3D 3D liver stiffness.
r = Spearman rank correlation coefficient

Parameters LS-2D LS-3D Storage modulus Loss modulus Damping ratio

CPA r (p) 0.301 (0.039) 0.450 (0.002) 0.224 (0.144) 0.498 (0.001) 0.235 (0.124)
LS-2D r (p) 0.825 (< 0.001) 0.649 (< 0.001) − 0.061 (0.689) − 0.505 (<0.001)
LS-3D r (p) 0.772 (<0.001) 0.191 (0.204) − 0.367 (0.012)
Storage modulus r (p) 0.160 (0.288) − 0.563 (<0.001)
Loss modulus r (p) 0.669 (<0.001)
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