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Abstract
Objective To assess the value of the liver and spleen visco-
elastic parameters at multifrequency MR elastography to de-
termine the degree of portal hypertension and presence of
high-risk oesophageal varices in patients with cirrhosis.
Methods From January to September 2012, 36 consecutive
patients with cirrhosis evaluated for transplantation were
prospectively included. All patients underwent hepatic ve-
nous pressure gradient (HVPG) measurements and endos-
copy to assess oesophageal varices. Multifrequency MR
elastography was performed within the liver and spleen.
The shear, storage and loss moduli were calculated and
compared to the HVPG with Spearman coefficients and
multiple regressions. Patients with and without severe
portal hypertension and high-risk varices were compared
with Mann–Whitney tests, logistic regression and ROC
analysis.
Results The liver storage and loss moduli and the spleen shear,
storage and loss moduli correlated with the HVPG. At multiple

regression, only the liver and the spleen loss modulus corre-
lated with the HVPG (r = 0.44, p = 0.017, and r = 0.57, p =
0.002, respectively). The spleen loss modulus was the best
parameter for identifying patients with severe portal hyperten-
sion (p = 0.019, AUROC = 0.81) or high-risk varices (p =
0.042, AUROC = 0.93).
Conclusions The spleen loss modulus appears to be the best
parameter for identifying patients with severe portal hyperten-
sion or high-risk varices.
Key points
1. Noninvasive HVPG assessment can be performed with liver
and spleen MR elastography

2. The spleen loss modulus enables the detection of high-risk
oesophageal varices

3. The spleen loss modulus enables the detection of severe
portal hypertension
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Abbreviations
MR magnetic resonance
HVPG hepatic venous pressure gradient
G* complex shear modulus
Gd storage modulus
Gl loss modulus
ROC receiver-operating characteristics
INR international normalised ratio
GGT gamma-glutamyl transpeptidase
AP alkaline phosphatase
AST aspartate aminotransferase
ALT alanine aminotransferase
AUROC area under the ROC curve
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Introduction

Portal hypertension is a frequent complication of cirrhosis,
contributing to the development of ascites, oesophageal varices
and hepatic encephalopathy. The reference method for
assessing portal hypertension is the measurement of the hepatic
venous pressure gradient (HVPG) through invasive hepatic
vein catheterisation [1]. HVPG ≥ 12 mmHg defines severe
portal hypertension and predicts the occurrence of rupture of
oesophageal varices, but also of ascites and encephalopathy [2,
3]. HVPG measurement is minimally invasive but carries pa-
tient discomfort, increases the burden for medical teams and the
cost of medical care. Furthermore, this measurement is limited
to highly specialised centres and requires extensive expertise
[4]. The risk of variceal bleeding can also be assessed with
oesophageal endoscopy. The risk of bleeding not only concerns
patients with medium and large size varices, but also patients
with small varices and red wale marks or Child C class [3].
Guidelines recommend yearly screening endoscopy in these
patients with high-risk varices [3]. Noninvasive methods for
diagnosing severe portal hypertension are thus needed.

Several methods have been described for this purpose,
including the assessment of platelet count [5–7], spleen size
[8] or their combination (platelet to spleen ratio) [9], presence
of collateral veins and portal vein dilatation on ultrasound [10,
11], several serum markers [12, 13] and increase in Child-
Pugh score [6, 7, 14]. However, none of these methods has
been shown to be accurate enough for use in clinical practice
and to replace HVPG measurement or endoscopy screening.

More recently, measurements of liver and spleen stiffness
with ultrasound using either transient elastography or acoustic
radiation force impulse imaging have shown promising results
in detecting portal hypertension and estimating the presence of
oesophageal varices [15–19]. Both techniques are subjected to
biases mainly caused by lack of operator training and tissue
heterogeneity [20].

Relative to the current ultrasound elastographic methods,
MR elastography has advantages that may improve the diag-
nostic performance [21]. Very few studies assessing its value
in portal hypertension have been performed and tissue stiff-
ness has been the only viscoelastic parameter assessed.
Nedredal et al. showed in a canine model of cholestatic
chronic liver disease that there was a correlation between
spleen stiffness and the HVPG [22]. Recently, Yin et al.
reinforced those results by reporting a significant spleen stiff-
ness increase in pigs with acute portal hypertension [23]. In
humans, Talwalkar et al. reported the feasibility of the spleen
stiffness measurements with MR elastography in healthy vol-
unteers and patients with various degrees of liver fibrosis [24],
and Yin et al. described postprandial hepatic stiffness aug-
mentation in patients with chronic liver disease [25]. No study
thus far has focused on the diagnostic value of more detailed
viscoelastic parameters accessible with three-dimensional

multifrequency MR elastography in patients with portal hy-
pertension. Therefore, the aim of our study was to prospec-
tively assess the value of the liver and spleen viscoelastic
parameters at three-dimensional multifrequency MR
elastography for determining the degree of portal hyperten-
sion and presence of high-risk varices in a consecutive series
of patients with cirrhosis having HPVG measurements.

Patients and methods

Patient selection and design of the study

This prospective monocentric study was conducted between
January and September 2012 in the radiology department of
our tertiary university hospital. Informed consent was obtain-
ed from each patient included in the study. Its protocol con-
forms to the ethical guidelines of the 1975 Declaration of
Helsinki and the study was approved by our local ethics
committee.

Forty-five patients with histologically proven hepatic cir-
rhosis (F4 in the METAVIR classification) and evaluated for
liver transplantation were prospectively included. Clinical and
laboratory data including presence and severity of ascites
(mild or severe), platelet count, bodymass index, international
normalised ratio, serum levels of gamma-glutamyl
transpeptidase (GGT), alkaline phosphatase (AP), aspartate
aminotransferase (AST), alanine aminotransferase (ALT), al-
bumin and bilirubin were recorded. Patients were classified
according to the Child-Pugh score [27].MELDwas calculated
according to the United Network for Organ Sharing [28].

HVPG and three-dimensional multifrequency MR
elastography for measuring the liver and spleen viscoelastic
parameters were performed within 1 week. Upper tract endos-
copy was performed within 6 months ofMR elastography. All
operators worked independently and were not aware of the
results of the other investigations.

Out of the 45 initial patients, 3 (7 %) did not have HVPG
measurements and were excluded. Six other patients (14 %)
did not complete the MR elastography examinations because
of movements, claustrophobia or inability to maintain apnoea
and were also excluded. The final population consisted of 36
patients (Fig. 1).

The number of patients reached the minimum required to
allow at least 90 % power for detecting an increase in HVPG of
1 mmHg using spleen stiffness measurement, with a two-sided
5 % significance level. According to the results from the power
analysis, a total of 35 patients had to be included in the study.

Measurements of HVPG

After overnight fasting, the patients were transferred to the
hepatic haemodynamic laboratory. All patients underwent
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measurement of their HVPG under local anaesthesia by one of
our experienced hepatologists. An 8 F venous introducer was
placed into the right internal jugular using the Seldinger
technique. Under fluoroscopic control and continuous elec-
trocardiographic and arterial pressure monitoring, a 7 F cath-
eter (Torcon NB Advantage, Cook Medical, Cook,
Bloomington, IN) was placed into the right hepatic vein.
The HVPG was calculated as the difference between wedged
and free hepatic venous pressures. Patients were considered as
having severe portal hypertension if HVPG was ≥12 mmHg.
All measurements were performed in three different sites, and
permanent tracings were recorded.

Upper gastrointestinal endoscopy

Endoscopy was performed by one of our endoscopy operators
with expertise in the assessment of patients with cirrhosis.
According to international expert recommendations, endoscopic
findings were graded as follows: grade I, varices flattened by
insufflation; grade II, nonconfluent varices protruding in the
lumen despite insufflation; grade III, confluent varices not flat-
tened by insufflation [29]. The presence of red signs was also
recorded. High-risk oesophageal varices were defined according
to the Baveno V criteria as grade II to III varices or grade I
varices with red colour signs or Child-Pugh class C [3, 19].

MR elastography

After overnight fasting, the MR elastography examinations
were performed on a 1.5-T clinical MR system (Intera, Philips
Healthcare, Best, The Netherlands) equipped with a four-
element surface coil array. Waves were generated with two
electromagnetic mechanical transducers (Philips Healthcare,
Hamburg, Germany) driven by a function generator with

amplified output. The two transducers were placed against
the right and left hypochondria to explore both the liver and
spleen, respectively.

T2-weighted MR imaging of the liver and spleen was
performed first for proper positioning of the MR elastography
slices. A gradient echo MR elastography sequence with frac-
tional encoding was applied in the three spatial directions of
motion to obtain volumetric images of the propagating me-
chanical waves inside the body. The imaging parameters
included field of view 40 × 40 cm, nine slices, slice thickness
of 4 mm (overlap = 0), in-plane resolution: 5 × 3 mm, 8 phase
offsets, TR/TE: 111/9 ms, encoding fraction q = 0.23, 0.47,
0.7, and acquisition time of 4 × 16 s with breathholding. The
MR elastography acquisitions were obtained with three dif-
ferent mechanical excitation frequencies of 28, 56 and 84 Hz
applied simultaneously [30].

The complex-valued shear, storage and loss moduli [G*,
Gd and Gl respectively (kPa)] were calculated by fitting a
polynomial function to the displacement values and inversion
of the local time-harmonic wave equation, as previously de-
scribed [26].

On the T2-weighted images, one large region of interest
(ROI) was positioned on the central section of the liver and
one on the central section of the spleen. The ROIs were
propagated to the other slices. Care was taken to exclude large
vessels and hilum and to include only the organ parenchyma.
The ROIs were then copied on the parametric maps at all
frequencies to obtain measurements of G*, Gd and Gl in the
liver and the spleen. The viscoelastic parameters were calcu-
lated as the mean of the values obtained in the ROIs of the
three contiguous central slices. Moreover, the relation be-
tween the viscoelastic parameters and the excitation frequency
was fitted on a power law and the exponent of the law (γ) was
extracted [26].

Fig. 1 Flow chart of the study
population. Forty-five consecu-
tive patients with cirrhosis were
evaluated and 36 formed the final
study population
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The post-processing of the MR elastography images was
performed by a radiologist with 7-year experience in abdom-
inal radiology. The reproducibility of the liver Gd measure-
ments has been reported previously [21].

Statistical analysis

Values are expressed as median and range, or percentage, as
appropriate. The viscoelastic parameters of the liver and
spleen were correlated with the measurements of the HVPG
using non-parametric Spearman correlation coefficients and
multiple regressions. Differences between patients without/
with severe portal hypertension and high-grade varices were
assessed using nonparametric two-sided Mann–Whitney tests
and logistic regressions.

The discriminative ability of the different viscoelastic pa-
rameters for the identification of patients with severe portal
hypertension and high-risk oesophageal varices was assessed
with receiver-operating characteristic (ROC) curve analysis and
expressed as areas under the ROC curve (AUROC). The
AUROCs were considered significant when they differed sig-
nificantly from the non-discrimination line (AUROC of 0.50).
Comparisons between AUROCs were performed with the
DeLong test. Sensitivities and specificities for optimal cutoff
values were calculated by maximising the Youden index. P-
values ≤ 0.05 were considered significant. All analyses were
performed with the Statistical Package for the Social Sciences
software (version 20.0, SPSS Inc., Chicago, IL).

Results

Patient characteristics

The clinical and laboratory features of the 36 patients are
summarised in Table 1. Briefly, the population had a median
age of 56 years (31–69 years) and consisted mostly of men (n
= 28, 78 % of the patients). Cirrhosis was mainly related to
alcohol consumption (n = 16, 44 %) and hepatitis C virus
infection (n = 9, 25 %). The Child score was A (n = 7, 19 %),
B (n = 13, 36 %) and C (n = 16, 45 %). The median MELD
score was 15 (range: 6–33).

The patients had a median HVPG of 16 mmHg (range: 6–
36 mmHg). Thirty (83 %) and 25 (69 %) patients had HVPG
≥10 and ≥12 mmHg, respectively. Ascites were detected in 25
patients (69 %). Twenty-seven patients had oesophageal var-
ices (75%) and 26 (72%) had oesophageal varices at high risk
of bleeding.

Liver and spleen viscoelastic parameters

Table 2 details the distribution of the different viscoelastic
parameters for the whole study population. The values of G*,

Gd and Gl increased with increasing frequency and were
higher in the spleen than in the liver.

Regarding the liver viscoelastic parameters, significant
correlations were observed between Gd, Gl and HVPG, but
only at 84 Hz (r = 0.41, p = 0.025; and r = 0.37, p = 0.047,
respectively). No correlation was found between G* or γ and
HVPG (Table 2). At multiple regression, only Gl at 84 Hz
correlated with HVPG (r = 0.44, p = 0.017).

Regarding the spleen measurements, there were significant
correlations between G*, Gd and Gl on the one hand and
HVPG on the other at both 56 and 84 Hz, but not at 28 Hz (r =
0.42, p = 0.028; r = 0.44, p = 0.022; and r = 0.53, p = 0.0041,
respectively, at 56 Hz; and r = 0.43, p = 0.024; r = 0.41, p =
0.034; and r = 0.47, p = 0.014 at 84Hz) (Table 2). Again, there

Table 1 Main clinical and biological features of the patient population
(n=36)

Age median (range) 56 (31–69)

Sex male:female (n/%) 28:8 (78:22)

Aetiology of cirrhosis (n/%)

Excessive alcohol consumption
HCV
HBV
NASH
Other

16 (44)
9 (25)
6 (17)
4 (11)
1 (3)

Body mass index (kg/m2) 26 (17–40)

MELD score median (range) 15 (6–33)

Child-Pugh score (n/%)

A
B
C

7 (19)
13 (36)
16 (45)

HVPG (mmHg) median (range) 16 (6–36)

Ascites at ultrasound (n/%)

Absent
Moderate
Large

11 (31)
5 (14)
20 (55)

Oesophageal varices (n/%)

Absent
Grade I
Grade II
Grade III
High-risk varices

9 (25)
3 (8)
10 (28)
14 (39)
26 (72)

Platelet count (109 /l) median (range)
GGT (IU/l) median (range)
ALK (IU /l) median (range)
ALT (IU /l) median (range)
AST (IU /l) median (range)
Bilirubin (μmol/l), median (range)
Albumin (g/l), median (range)
International normalised ratio

84 (171296)
111 (21–820)
148 (3–380)
59 (22–267)
38 (16–352)
46 (4–760)
28 (16–42)
1.44 (0.98–2.45)

ALK alkaline phosphatase, ALT alanine aminotransferase, AST aspartate
aminotransferase,GGT gamma-glutamyl transpeptidase,HBV hepatitis B
virus infection, HCV hepatitis C virus infection, HVPG hepatic venous
pressure gradient,NASH non-alcoholic steatohepatitis. The upper limit of
normal for ALT was 34 IU/l in women and 45 IU/l in men. The upper
limit of normal for AST was 31 UI/l in women and 35 UI/l in men
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was no correlation between γ and HVPG. At multiple regres-
sion, only Gl at 56 Hz and 84 Hz correlated with HVPG (r =
0.57, p = 0.002, and r = 0.48, p = 0.012, respectively).

Patients with severe portal hypertension and high-risk
oesophageal varices

The liver viscoelastic parameters did not significantly
differ between patients with and without severe portal
hypertension. In contrast, the spleen G*, Gd, and Gl
were significantly higher in patients with severe portal
hypertension than in patients without it, both at 56 and
84 Hz (p < 0.04) (Table 3 and Fig. 2). At logistic
regression, only Gl at 56 Hz was found to be associated
with severe portal hypertension (p = 0.019).

Similarly, the hepatic viscoelastic parameters were not able
to differentiate between patients with and without high-risk
oesophageal varices. In the spleen, G* at 84 Hz and Gl at
56 Hz and 84 Hz were significantly higher in patients with
high-risk varices (p = 0.03, p = 0.0025 and p = 0.0003,
respectively) (Table 3, Fig. 3.). At logistic regression, only
Gl at 84 Hz was associated with high-risk oesophageal varices
(p = 0.042).

ROC analysis for severe portal hypertension

Differentiation between patients with and without severe
portal hypertension could be obtained at ROC curve
analysis of the spleen viscoelastic parameters with
AUROCs ranging from 0.73 to 0.81 and p-values rang-
ing from 0.01 to 0.0035 (Table 4). The comparison
between the AUROCs of G*, Gd and Gl showed no
significant difference between them (p-values ranging
from 0.25 to 0.75). However, Gd and Gl at 56 Hz
had the largest AUROCs: 081 ± 0.07.

For Gd and Gl at 56 Hz, cutoff values of 4.5 kPa and
2.5 kPa enabled diagnosing severe portal hypertension with
sensitivities of 65 % and 64 % and specificities of 85 and
92 %, respectively. The positive predictive values were 80 %
and 80 % and the negative predictive values 44 % and 47 %,
respectively.

ROC analysis for high-risk varices

For the diagnosis of high-risk oesophageal varices, spleen Gl
at 56 Hz, and G* and Gl at 84 Hz had significant AUROCs
ranging from 0.76 to 0.93 (p-values ranging from 0.023 to
0.001) (Table 4 and Fig. 4). Gl at 84 Hz had the largest

Table 2 Liver and spleen viscoelastic parameters and correlations with the HVPG

Liver Spleen

Mean (range) Spearman correlations Multiple regressions Mean (range) Spearman correlations Multiple regressions

r p r p r p r p

28 Hz G* 0.8
(0.4 -1.5)

0.06 0.76 1.0
(0.2-2.7)

0.27 0.18

Gd 0.6
(0.3-1.0)

0.13 0.50 0.8
(0.2-2.0)

0.28 0.15

Gl 0.3
(0.1-0.8)

0.03 0.86 0.5
(0.1-1.3)

0.27 0.18

G* 4.0
(1.1-9.6)

0.09 0.65 5.4
(1.2-11.6)

0.42 0.03

56 Hz Gd 3.1
(1.2-7.4)

0.16 0.41 4.4
(1.1-9.8)

0.44 0.02

Gl 1.6
(0.4-3.9)

0.15 0.43 2.3
(0.4-5.4)

0.53 0.004 0.57 0.002

G* 7.2
(3.5-16.6)

0.33 0.07 9.7
(3.1-16.8)

0.43 0.02

84 Hz Gd 6.1
(3–13.6)

0.41 0.02 8.3
(2.4-14.5)

0.41 0.03

Gl 2.6
(1.5-6.7)

0.44 0.05 0.44 0.02 4.0
(1.1-6.4)

0.47 0.01 0.48 0.012

G* 2.1
(1.2-2.7)

0.33 0.07 2.1
(1.2-2.9)

0.28 0.15

γ Gd 2.2
(1.3-2.8)

0.31 0.10 2.1
(1.4-2.9)

−0.005 0.98

Gl 1.8
(1.2-2.6)

0.26 0.17 2
(0.7-3.1)

−0.002 0.91

HVPG Hepatic venous pressure gradient, G*/Gd/Gl complex shear/storage/loss modulus respectively expressed in kPa, γ exponent of the frequency
power law. Statistically significant results are shown in bold
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AUROC. The difference in AUROCs between Gl and G* at
84 Hz reached statistical significance (p = 0.05). Similarly, Gl
at 56 Hz had a larger AUROC than G* and Gd at the same
frequency, without reaching the level of significance.

With a cutoff value of 4.2 kPa, Gl at 84 Hz enabled
identifying high-risk varices with sensitivity and specificity
of 54% and 100%. The corresponding positive predictive and
negative predictive values were 33 % and 79 %.

Fig. 2 Box plots of the spleen shear (G*), storage (Gd) and loss (Gl)
moduli at 56 and 84 Hz. Viscoelastic parameters are significantly higher in
patients with severe portal hypertension relative to patients without it. Line
within boxes represents median; lower and upper limits of boxes represent
25th and 75th percentiles respectively. Whiskers represent 10 and 90
percentiles and outliers are represented as individual points. Grey boxes
correspond to patients with severe portal hypertension (HVPG ≥12mmHg)

Fig. 3 Box plot of spleen shear (G*), storage (Gd) and loss (Gl) moduli
at 56 and 84 Hz. Viscoelastic parameters are significantly higher in
patients with high-risk varices (+) than in patients without them at
84 Hz, as are Gd and Gl at 56 Hz. Line within boxes represents median,
lower and upper limits of boxes represent 25th and 75th percentiles
respectively. Whiskers represent 10th and 90th percentiles. Grey boxes
correspond to patients with high-risk varices

Table 3 Comparisons between patients with and without severe portal hypertension and high-grade varices using Mann Whitney test and logistic
regression

Severe portal hypertension High-risk varices

No
N=11

Yes
N=25

p pa No
N=10

Yes
N=26

p pa

Liver

56 Hz G* 3.4 (1.6-8.1) 4.1 (1.1-9.6) 0.80 3.1 (1.1-9.6) 4.2 (1.6-8.1) 0.19

Gd 3 (1.4-6.3) 3.3 (1.2-7.4) 0.79 2.5 (1.2-7.4) 3.3 (1.4-6.3) 0.21

Gl 1.4 (0.6-3.5) 1.6 (0.4-3.9) 0.87 1.2 (0.4-3.9) 1.7 (0.6-3.5) 0.48

G* 7.1 (3.5-8.7) 7.2 (4.1-16.6) 0.30 5.6 (3.9-15.3) 7.4 (3.5-16.6) 0.13

84 Hz Gd 5.9 (3–7.1) 6.2 (3.5-13.6) 0.19 4.7 (3.3-13.6) 6.4 (3.3-10.4) 0.14

Gl 2.6 (1.5-4.2) 2.6 (1.8-6.7) 0.40 2.4 (1.7-5.2) 2.7 (1.5-6.7) 0.21

Spleen

56 Hz G* 4.4 (1.2-6.2) 6.9 (1.8-11.6) 0.037 4.4 (1.2-8) 5.8 (1.7-11.6) 0.09

Gd 3.2 (1.1-5.5) 6.2 (1.5-9.8) 0.003 3.4 (1.1-6.4) 4.7 (1.4-9.8) 0.11

Gl 1.6 (0.4-2.7) 3.4 (0.7-5.4) 0.004 0.019 1.5 (0.4-3.7) 3.2 (1.2-5.4) 0.002

G* 7.7 (3.1-12.5) 11.1 (3.4-16.8) 0.023 7.7 (3.1-12.5) 10.3 (3.3-16.8) 0.03

84 Hz Gd 7.1 (2.4-10.6) 11 (3–14.5) 0.011 7.2 (2.4-11.4) 9.3 (2.6-14.5) 0.07

Gl 3 (1.1-6.4) 4.2 (1.1-5.9) 0.023 2.1 (1.1-4.2) 4.2 (2.6-6.4) <10−3 0.042

G*/Gd/Gl complex shear/storage/loss modulus respectively, Pa : p-values at logistic regression. Statistically significant results are shown in bold
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Discussion

The results of our study in patients with cirrhosis show that
three-dimensional multifrequency MR elastography of the
spleen is a promising method for assessing severe portal
hypertension and high-risk oesophageal varices. Among the
viscoelastic parameters that were assessed, the loss modulus
Gl was the most accurate.

Most studies about elastography in portal hypertension
have been performed with ultrasound elastography. The liver
stiffness assessed at one-dimensional transient elastography
has been shown to correlate with the HVPG in several studies
[15, 31, 32]. Regarding the spleen, Colecchia et al. showed
that the spleen stiffness assessed with one-dimensional tran-
sient elastography presented a better correlation with HVPG
than the liver stiffness and could be used for the noninvasive

assessment of portal hypertension and detection of oesopha-
geal varices in patients with cirrhosis [16]. These results
correlated with those obtained with real time tissue
elastography by Hirooka et al. [33]. Takuma et al. used
ARFI, another ultrasound-based elastography method, and
reported similar results [19].

Publications about MR elastography in portal hypertension
remain scarce. The correlations we observed between the
viscoelastic parameters and HVPG are consistent with those
published in animal models by Nedredal et al. and Yin et al.
[22, 23]. In humans, the study published by Talwalkar et al.
showed the feasibility of spleen stiffness measurements with
MR elastography and reported significantly differences in
stiffness between patients harbouring varices or not [24].
Moreover, Yin et al. described a postprandial hepatic stiffness
increase in patients with chronic liver disease [25]. However,
in these studies there was no measurement of HVPG.

In our series of patients with HVPG measurements, we
showed that the viscoelastic parameters of the spleen, but not
the liver, allowed the identification of patients with severe
portal hypertension and those with high-risk varices, with ac-
ceptable performances. Those results are in line with published
data regarding ultrasound methods [19, 33]. The inferiority of
the liver parameters might be explained by the fact that the liver
viscoelastic parameters reflect not only the variations of portal
hypertension, but also the presence of extensive hepatic fibrosis
[21, 23, 24, 34]. Some histological changes in the spleen have
also been described in portal hypertension, including fibrosis,
but are usually less advanced than in the liver.

A potential advantage of three-dimensional MR
elastography over current ultrasound elastography methods
is its ability to decompose the viscoelastic parameters in
different components, namely G* reflecting the stiffness, but
also Gd reflecting the elasticity and Gl related to the viscosity.
Moreover, the multifrequency approach allows the calculation
of the exponent of the frequency power law, γ, which reflects
the architectural organisation of the tissue [26]. The spleen
loss modulus Gl was the best viscoelastic parameter for iden-
tifying patients with severe portal hypertension and high-risk
varices. This might be explained by the spleen congestion in
portal hypertension, while tissue organisation is not dramati-
cally modified. Conversely, Gd and γ are less likely to be
influenced by congestion.

New ultrasound elastographymethods, such as the recently
introduced multifrequency shear wave dispersion ultrasound
vibrometry method, allow calculating the elasticity and vis-
cosity [35] in addition to the stiffness. This means that the
better diagnostic performance that we observed in the current
study regarding spleen Gl (viscosity) relative to Gd (elasticity)
and G* (stiffness) might also be relevant to ultrasound
elastography.

Finally, we observed better results with the viscoelastic
parameters measured at 56 Hz and 82 Hz than at 28 Hz.

Table 4 AUROCs of
spleen viscoelastic pa-
rameters in differentiat-
ing patients with severe
portal hypertension and
high-risk varices

Significant AUROCs are
bold

AUROC p-value

Severe portal hypertension

G* 56 0.73±0.09 0.035

G* 84 0.75±0.09 0.022

Gd 56 0.81±0.07 0.003

Gd 84 0.77±0.08 0.010

Gl 56 0.81±0.07 0.003

Gl 84 0.75±0.09 0.022

High-risk varices

G* 56 0.69±0.10 0.09

G* 84 0.76±0.10 0.023

Gd 56 0.69±0.09 0.10

Gd 84 0.71±0.10 0.07

Gl 56 0.82±0.09 0.002

Gl 84 0.93±0.06 <10−3

Fig. 4 ROC curves of the spleen viscoelastic parameters at 56 and 84 Hz
for detection of high-grade varices. Gl at 84 Hz has the largest AUROC
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This may be explained by the long wavelength at 28 Hz,
causing some boundary effects, especially in smaller organs
such as the spleen [36].

While there are some technical issues that may hamper its
applicability, mainly the cost and the accessibility of the
method in comparison to ultrasound-based approaches,
three-dimensional MR elastography has several advantages
including the combination of volumetric assessment of the
viscoelastic parameters of whole organs (taking into consid-
erations local viscoelastic heterogeneities) and precise local
assessment (avoiding the impact of reflected shear waves
caused by the border of the organs that may induce artefacts
in stiffness values as estimated using a time-of-flight approach
[36]. Whether or not those theoretical advantages of three-
dimensional MR elastography relative to current ultrasound
elastography methods will translate into better performance
for the assessment of portal hypertension remains to be
investigated.

Our study suffers from several limitations. First, our pop-
ulation is relatively limited. However, the number of patients
was considered to be sufficient based on our statistical power
calculation. Moreover, this limitation is counterbalanced by
the prospective design of the study and the extensive evalua-
tion performed including not only endoscopic evaluation but
also HVPG measurements.

Second, the patients frequently had severe portal hy-
pertension as illustrated by the high median HVPG.
However, we were able to observe differences between
patients with and without severe portal hypertension and
between those with and without high-risk varices [32].
Regarding the latter patients, the sensitivity of Gl for
the identification of high-risk varices was not high. This
might be partially explained by the definition of such
varices, including grade I varices with red colour signs,
difficult to identify with MR elastography alone.

Third, we did not study the influence of a meal on the
viscoelastic parameters [25, 37]. All the MR elastography
procedures were performed after overnight fasting to avoid
potential confounding effects caused by eating. Fourth, we did
not include a control group composed of patients without
portal hypertension. It would have been interesting to compare
our results with those obtained in a normal population, but it
would not have been ethical to obtain HVPG in these subjects.
Finally, in our population, the liver/spleen MR elastography
analysis was incomplete or impossible in six patients. If we
exclude the three patients who did not undergo HVPG mea-
surements, this leads to a feasibility rate of 86 %. This per-
centage is lower than the reported feasibility of liver MR
elastography (95 % in the study of Huwart et al. [21]), but is
similar to that of liver/spleen ultrasound elastography (88% in
the study of Colecchia et al. [16]). Further studies comparing
the feasibility of liver/spleen MR and ultrasound elastography
in the same population should be performed.

In conclusion, the liver and the spleen viscoelastic param-
eters assessed with three-dimensional multifrequency MR
elastography were correlated with HVPG in patients with
cirrhosis, and the spleen loss modulus Gl was with the best
parameter for diagnosing severe portal hypertension and high-
risk oesophageal varices.
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