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Background: The value of magnetic resonance elastography (MRE) in portal hypertension (PH) has yet
to be determined in the context of chronic liver disease (CLD). This study examined the value of MRE for
the prediction of hepatic venous pressure gradient (HVPG) and high-risk esophageal varices (EVs) in a CLD
cohort with a generally high HVPG.

Methods: Patients with CLD who underwent both HVPG measurement and two-dimensional MRE
examination at Beijing Friendship Hospital between April 2018 and March 2022 were prospectively
included. Two-dimensional MRE was performed within the liver and spleen. Endoscopy results and
laboratory parameters were collected. Some selected published serum markers were calculated, including
fibrosis 4, aspartate aminotransferase-to-platelet ratio index, and King’s score. The efficacy of the parameters
for assessing PH was analyzed by using the Pearson correlation coefficient, linear and logistic regression, and
receiver operating characteristic curve analyses.

Results: A total of 48 patients were included. The mean HVPG was 16.8+5.8 mmHg. Among these
patients, 47 patients had PH (HVPG >5 mmHg), and 43 patients had clinically significant PH (HVPG
>10 mmHg). Among the parameters associated with HVPG, the strongest correlation was found for spleen
stiffness (SS) (R=0.638; P<0.001). In multiple regression analyses, SS was independently associated with an
elevated HVPG and high-risk EVs. The areas under the receiver operating characteristic curve of SS for
identifying patients with an HVPG >16 mmHg, HVPG >20 mmHg, and high-risk EVs were 0.790, 0.822,
and 0.886, respectively, which were higher than those of liver stiffness (LS) and serum markers but slightly
inferior to that of fibrosis 4 (area under the receiver operating characteristic curve =0.844) in identifying
an HVPG >16 mmHg. SS cutoff values of 9.5, 10.05, and 9.9 kPa were selected to rule out the presence
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of an HVPG >16 mmHg, HVPG >20 mmHg, and high-risk EVs (sensitivity: 100%, 100%, and 100%,
respectively; specificity: 45.5%, 50%, and 60%, respectively).

Conclusions: In patients with generally high HVPG, SS measured by two-dimensional MRE may be a

better predictor of HVPG values and high-risk EVs than LS and serum markers.
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Introduction

Portal hypertension (PH) is a frequent complication of
chronic liver disease (CLD) and is mainly responsible
for its serious consequences, which include variceal
hemorrhage, hepatic encephalopathy, and ascites (1). The
accurate assessment of portal venous pressure is essential
the proper treatment to reduce the mortality rate of PH-
related complications (2). The current gold standard
for assessing portal venous pressure remains the hepatic
venous pressure gradient (HVPG) (3). However, HVPG
measurement is not widely available due to its invasive
nature. The risk of variceal bleeding can also be assessed
via esophagogastroduodenoscopy (4), but it has similar
drawbacks, including invasiveness, cost, and patient
discomfort. Therefore, reliable noninvasive methods
that can potentially replace HVPG measurements and
endoscopy are being examined.

Over the past years, elastography has shown promising
results in assessing PH, and ultrasound elastography,
particularly transient elastography (TE), has been studied
extensively (5). Magnetic resonance elastography (MRE) is
another alternative means to measuring liver stiffness (LS)
and spleen stiffness (SS). This technique is theoretically
superior to ultrasound elastography since it can scan the
entire liver and spleen to obtain a larger measurement area.
Several preliminary studies have confirmed the value of
MRE in assessing PH and esophageal varices (EVs) (6-13);
however, evidence is still scarce. First, there is no clear
answer as to which organ is more useful for revealing PH
between the liver and the spleen. Some studies have shown
that SS has significant superiority (6,7,11), while others have
reported that LS is comparable or even better (10,14,15).
Second, the reported cutoff values vary considerably across
different studies and therefore need to be harmonized.
Third, a comparison of MRE with established serum

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

biomarkers is lacking. Fourth, the diagnostic value of MRE
for higher HVPG thresholds remains unclear. Previous
studies have focused mainly on the thresholds of clinically
significant portal hypertension (CSPH) (HVPG >10 mmHg)
and severe PH (HVPG >12 mmHg) (6,7,10,15). However,
the risk stratification of patients above these thresholds
remains clinically important. There is evidence that an
HVPG higher than 16 and 20 mmHg is associated with poor
prognosis (higher mortality with HVPG above 16 (16,17),
while an HVPG above 20 is associated with a higher failure
rate to control bleeding (18).

Therefore, the aim of this study was to assess the
predictive power of LS and SS for HVPG and high-risk
EVs in a cohort of patients with CLD and a generally high
HVPG and to compare them with several established serum
biomarkers. We present this article in accordance with the
STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-22-1415/rc).

Methods
Patients

In this prospective study, patients with CLD who
underwent HVPG measurement at the Department of
Hepatology, Beijing Friendship Hospital, between April
2018 and March 2022 were screened for enrolment. The
exclusion criteria for patients were as follows: a history
of transjugular intrahepatic portosystemic shunt (TIPS),
splenectomy, hepatectomy, liver transplantation or partial
splenic embolization, portal system thrombosis, previous
or ongoing nonselective beta-blocker (NSBB) treatment,
episodes of recent variceal bleeding, hepatic venous-to-
venous communications, contraindications to MRE, and
refusal to participate. The diagnosis of CLD was confirmed
on the basis of the results of liver histology or clinical,
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Figure 1 System for applying shear waves to the abdomen for MR elastography of the liver. Acoustic pressure waves (at 60 Hz) are

generated by an active audio driver, located away from the magnetic field of the MR imaging unit, and transmitted via a flexible tube to a

passive pneumatic driver placed over the anterior body wall. The diagram on the left is a coronal illustration of the location of the passive

pneumatic driver (circle) with respect to the liver. This image is from Yin ez 4. (21), and the permission for its reuse was obtained. MR,

magneﬁc resonance.

biochemical, and radiologic findings. The study was
conducted in accordance with the Declaration of Helsinki (as
revised in 2013) and approved by the Institutional Review
Board of Beijing Friendship Hospital (no. 2018-P2-142-01).

Informed consent was obtained from all patients.

HVPG measurement

All patients, after an overnight fast, underwent HVPG
measurement conducted by 2 experienced hepatologists (W.Y.
and H.E.,, with 5 and 10 years of experience with HVPG
measurement, respectively). Under local anesthesia, a 6-F
venous introducer was inserted into the right internal jugular
vein via the Seldinger technique. Under fluoroscopic control,
a balloon-tipped catheter was inserted into the right hepatic
vein to measure the wedged hepatic venous pressure (WHVP)
and free hepatic venous pressure (FHVP). The HVPG was
recorded as the difference between the WHVP and FHVP.
Permanent pressure tracings were recorded and printed.
At least three valid measurements were carried out in each
patient, with their average being taken as the final result.

Upper gastrointestinal endoscopy

We collected the endoscopy results of the patients who
were admitted for HVPG measurement. Endoscopy was
performed by experienced endoscopists. EVs were classified
into four groups as follows according to international
guidelines (19): (I) FO, lack a varicose appearance; (II) F1
straight, small-caliber varices; (III) F2 moderately enlarged,
beady varices; and (IV) F3, markedly enlarged, nodular or
tumor-shaped varices. The presence of the red color (RC)
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sign was also recorded. High-risk EVs were defined as F2 to
F3 varices or F1 varices with RC according to the Baveno

VI criteria (20).

MRE imaging and processing

Within a week before HVPG measurement (mean, 2.4 days;
range, 1-6 days), MRE examinations were performed on a
3.0-T MRI machine (750 W; GE HealthCare, Chicago, IL,
USA). After fasting for at least 6 hours, patients were scanned
in the supine position, and an elastic band was used to secure
a 19-cm-diameter passive driver against the upper abdomen
(over the right upper abdomen at the level of the xiphoid
process). The MRE scan was consistent with that described
in Yin et al’s study (21), with Figure 1 showing the schematic.
A 60-Hz vibration was generated by the active driver
(Resoundant, Inc., Rochester, MN, USA) and delivered
by the plastic hose connected to the passive driver, which
transmitted the vibrations into the liver and spleen. MRE
data were acquired using the breath-hold two-dimensional
spin echo-echo planar imaging (SE-EPI) sequence. The
MRE sequence parameters were as follows: axis position;
repetition time/echo time (TR/TE) 1,000 ms/Min Full;
matrix, 64x64; field of view (FOV), 42 ¢cm x42 cm; slice
thickness, 10 mm; slice gap, 5 mm; number of layers, 7;
excitation times, 3; bandwidth, 250 Hz; driver frequency,
60 Hz; amplitude, 70%; and time to complete the scan with
three breath-holds, 51 s.

MRE data were analyzed by an experienced radiologist
(with more than 5 years of experience in MRE) using the
Volume Viewer postprocessing software (version 13.0, GE
HealthCare) who was blinded to the HVPG and clinical
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data. An inversion algorithm (22) was used to postprocess
the wave information, generating wave, magnitude, and
elastogram images. Regions of interest (ROIs) were drawn
on the anatomical images and copied to the elastogram for
reading. The ROI needed to be drawn as large as possible
on the liver and spleen parenchyma, with large vessels,
organ edges, and areas with crosshatch (a confidence level
of less than 0.95) or with poor wave propagation in the
corresponding wave images being avoided. Measurements
were performed on the center three slices of the liver and
spleen, and the average value of the ROI for three slice
locations was used as the stiffness value.

Clinical and laboratory data collection

Demographic data, including age, sex, BMI, and cause
of CLD, were collected from all patients. Additionally,
laboratory parameters, including platelet (PLT) count,
biochemical data, and coagulation profiles, were obtained
within the week prior to MRE, upper gastrointestinal
endoscopy, and HVPG. The Child-Pugh score (23) and the
model for end stage liver disease (MELD) score (24) were
calculated.

The following published serum biomarkers were
evaluated in all patients: aspartate aminotransferase (AST)-
to-PLT ratio index (APRI), fibrosis 4, and King’s score (25).
The formulae for each were as follows:

agex AST
1

fibrosis 4= (1]

PLT x ALT?

= ASTIULN. g 2]
PLT(10°/L)

King’s score=Age x AST x INR
PLT

Statistical analysis

Depending on the normality of the data, continuous
variables are expressed as the mean = standard deviation
(SD) or as the median and interquartile range. Qualitative
variables are expressed as absolute values and relative
frequencies. The correlations between all the variables
(including LS, SS, and clinical and imaging parameters)
and HVPG were computed using the Pearson correlation
coefficient. Factors that significantly correlated with HVPG
in the univariable analyses were included in a multivariable
stepwise linear regression analysis. Binary logistic
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regression analysis was performed to determine the factors
associated with the presence of an HVPG >16 mmHg,
HVPG >20 mmHg, and high-risk EVs. Variables with a
P value less than 0.1 in univariable analysis were entered
into multivariable forward stepwise analysis. To avoid the
effect of collinearity, composite parameters, Child-Pugh
score, MELD score, fibrosis 4, APRI, and King’s score were
not included in the multivariable model either in linear or
in logistic regression analysis.

The diagnostic performance of the different noninvasive
methods for HVPG >16 mmHg, HVPG >20 mmHg, and
high-risk EVs was assessed via receiver operator characteristic
(ROC) curves analysis. The performance was compared
using the DeLong method (26). The optimal cutoff points
for identifying HVPG >16 mmHg and >20 mmHg were
determined using the highest Youden index. The cutoff for
ruling out high-risk EVs was selected by optimizing the
percentage of endoscopies spared and by keeping the risk
of high-risk EVs below the 5% threshold, as recommended
by the Baveno VI consensus (20). The sensitivity, specificity,
positive likelihood ratio (+LR), and negative likelihood ratio
(-LR) were calculated. All tests were two-sided, and the a
value was set at 0.05. Data analysis was performed with SPSS
software version 26.0 (IBM Corp., Armonk, NY, USA).

Results
Patient characteristics (Figure 2, Table 1)

A total of 49 patients with CLD underwent HVPG and
MRE. One patient was excluded due to a failure of MRE.
The process of patient enrolment is shown in Figure 2. The
clinical, biochemical, endoscopic, and MRE characteristics
of the 48 patients are presented in 7able 1. The median
age was 56.0 years, 21 (43.8%) patients were male, and the
mean HVPG was 16.8+5.8 mmHg (range, 4-28 mmHg).
Among the patients, 47 (97.9%) had PH, and 43 (87.8%)
had CSPH. Moreover, 36 of the 48 patients underwent
upper gastrointestinal endoscopy, 28 patients had EVs
(77.8%), and 24 had high-risk EVs (66.7%).

Correlations between LS, SS, and HVPG (Figure 3)

There was a weak correlation between LS and HVPG
(r=0.292; P=0.04), and a strong correlation between SS and
HVPG (r=0.638; P<0.001). In patients with CSPH at HVPG
>10 mmHg (n=43), SS was moderately linearly correlated
with HVPG (r=0.526; P<0.001), while no correlation was
found between LS and HVPG (r=0.040; P=0.80).
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Candidates for MRE
examinations (n=141)

Excluded (n=92)

¢ A history of TIPS, splenectomy, hepatectomy, liver
transplantation or partial splenic embolization (n=32)

e Portal system thrombosis (n=12)

> ¢ Previous or ongoing NSBB treatment (n=11)

¢ Episodes of recent variceal bleeding (n=8)

e Hepatic venous-to-venous communications (n=5)

e Contraindications to MRE (n=5)

e Declined to be invited (n=19)

Y

Patients who underwent
MRE and HVPG (n=49)

Excluded (n=1)
¢ MRE technical failure due to iron overload

Y

Final study population (n=48)

Figure 2 Flowchart showing the patient selection in this study.
HVPG, hepatic venous pressure gradient; NSBB, nonselective
beta-blocker; TIPS, transjugular intrahepatic portosystemic shunt;
MRE, magnetic resonance elastography. NSBB, nonselective beta-
blocker.

Factors associated with HVPG (1able 2)

In the univariable linear regression analysis, HVPG was
significantly associated with age, PLT count, international
normalized ratio (INR), MRE-LS, MRE-SS, Child-Pugh
score, fibrosis 4, APRI, and King’s score. Among all the
parameters, MRE-SS had the highest correlation coefficient
(r=0.638; P<0.001). When analyzed by multivariable
linear regression, age (B coefficient =0.295; P=0.002), INR
(B coefficient =0.375; P<0.001), and MRE-SS (B coefficients
=0.61; P<0.001) remained independently associated with
HVPG. Neither the PLT count nor MRE-LS retained
statistical significance (7able 2).

Parameters for identifying elevated HVPG and bigh-risk
EVs (Tables S1-S3)

PLT count, INR, MRE-SS, Child-Pugh score, and fibrosis
4 were associated with the presence of HVPG >16 mmHg
according to univariable logistic regression analysis (P=0.01,
0.08, 0.001, 0.02, and 0.003, respectively) (Table S1). Only
MRE-SS was selected as an independent factor in the
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Variable Data
Age, years 56.0+17.0 [20-73]
Gender, M/F 21/27
BMI, kg/m® 24.5+4.3 [16.9-36.2]
Etiology
Hepatitis B 6(12.2)
Alcohol 8 (16.3)
NAFLD 8 (16.3)
Autoimmune liver disease 7 (14.3)
Primary biliary cholangitis 11 (22.4)
Other 4(8.2)
Cryptogenic 4(8.2)
Albumin, g/L 32.4+8.8 [21.2-64.5]
Total bilirubin, pmol/L 31.9+35.3 [10.7-363.7]
AST, U/L 46.1+86.1 [18.3-547.7]
ALT, U/L 36+74 [11-377]

Prothrombin time, s
International normalized ratio
Platelet count, x10%/L
Serum creatinine, pmol/L
Child-Pugh score
Child-Pugh classification
A
B
C
MELD score
Liver stiffness, kPa
Spleen stiffness, kPa
HVPG, mmHg
HVPG =5, mmHg
HVPG =10, mmHg
Underwent Gl endoscopy
Presence of EVs

High-risk EVs

12.120 [11.2-17.5]
1.3+0.3 [0.88-2.07]
74.5+6.5 [19-303]
59.5+25.9 [32.6-103.2]
7.0+3.0 [5-12]

17 (34.7)

19 (38.8)

12 (24.5)
9.6+4.5 [0.5-18.7]
6.7+3.3 [3.4-12.2]
11.8+2.9 [6.1-18.2]

16.8+5.8 [4-28]

47 (97.9

43 (87.8

36 (75.0

28 (77.8

24 (66.7)

)
)
)
)

The total number of participants analyzed was 48. Data are
expressed the mean + standard deviation or median and IQR
with range in square brackets, or numbers of patients with
percentages in parentheses. IQR, interquartile range; BMI,
body mass index; NAFLD, nonalcoholic fatty liver disease; AST,
aspartate transaminase; ALT, alanine transaminase; MELD,
model for end-stage liver disease; HVPG, hepatic venous
pressure gradient; Gl, gastrointestinal; EVs, esophageal varices.
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Figure 3 Correlation of HVPG with liver and spleen stiffness. (A) LS; (B) SS. HVPG, hepatic venous pressure gradient; LS, liver stiffness;
SS, spleen stiffness.

Table 2 Factors associated with HVPG according to univariable and multivariable linear regression analyses

Univariable Multivariable

Variable

Correlation coefficient P B coefficient P
Age 0.314 0.03 0.295 0.002
BMI -0.037 0.80
Albumin -0.269 0.06
Total bilirubin 0.172 0.24
Serum creatinine -0.136 0.36
AST 0.183 0.21
ALT -0.085 0.57
Platelet count —-0.550 <0.001
Prothrombin time -0.074 0.62
INR 0.408 0.004 0.375 <0.001
MRE-LS 0.292 0.04
MRE-SS 0.638 <0.001 0.61 <0.001
Child-Pugh score 0.422 0.003
MELD score 0.150 0.31
Fibrosis 4 0.560 <0.001
APRI 0.327 0.02
King’s score 0.363 0.01

Bolded type indicates variables included in the multivariable analysis. BMI, body mass index; AST, aspartate transaminase; ALT,
alanine transaminase; INR, international normalized ratio; MRE-LS, magnetic resonance elastography-liver stiffness; MRE-SS,
magnetic resonance elastography-spleen stiffness; MELD, model for end-stage liver disease; APRI, aspartate aminotransferase-to-
platelet ratio index.
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HVPG =20 mmHg

High-risk EVs

Parameter HVPG =16 mmHg
MRE-LS 0.642 (0.490-0.775)
MRE-SS 0.790 (0.662-0.918)
Albumin 0.695 (0.543-0.846)
Total bilirubin -

Platelet count

Child-Pugh score

0.771 (0.632-0.910)
0.708 (0.559,0.857)

MELD score -

Fibrosis 4 0.844 (0.729-0.960)
APRI 0.745 (0.598-0.891)
King’s score 0.797 (0.656-0.899)

0.593 (0.441-0.732)
0.822 (0.707-0.938)
0.707 (0.550-0.865)
0.741 (0.594-0.888)

0.778 (0.642-0.913)
0.685 (0.533-0.837)
0.743 (0.600-0.886)

0.632 (0.455-0.786)
0.886 (0.764-1.000)
0.705 (0.522-0.887)
0.743 (0.574-0.911)
0.803 (0.650-0.956)
0.721 (0.550-0.892)

Data are AUCs with 95% confidence intervals in parentheses. AUC, area under curve; HVPG, hepatic venous pressure gradient; EVs,
esophageal varices; MRE-LS, magnetic resonance elastography-liver stiffness; MRE-SS, magnetic resonance elastography-spleen
stiffness; MELD, model for end-stage liver disease; APRI, aspartate aminotransferase-to-platelet ratio index.

multivariable logistic regression analysis (odds ratio =1.614;
95% CI: 1.202-2.166; P=0.001) ('Table S1).

Age, PLT count, INR, MRE-SS, Child-Pugh score,
fibrosis 4, and King’s score were associated with the presence
of HVPG >20 mmHg according to the univariable logistic
regression analysis (P=0.08, 0.03, 0.07, 0.001, 0.05, 0.01, and
0.10, respectively) (Table S2). MRE-SS was determined to
be an independent factor associated with HVPG >20 mmHg
after adjustment for INR and age in multivariable logistic
regression analysis (P=0.002) (Table S2).

Total bilirubin, ALT, PL'T count, MRE-SS, and MELD
score were associated with the presence of high-risk EVs
according to univariable logistic regression analysis (P=0.02,
0.09, 0.01, 0.003, and 0.04, respectively) (Table S3).
Only MRE-SS was selected as an independent factor in
multivariable logistic regression analysis (odds ratio =2.076;
95% CI: 1.282-3.362; P=0.003) (Table S3).

Areas under the curve (AUC) of LS, SS, and other
noninvasive parameters for identifying elevated HVPG
and bigh-risk EVs (Table 3, Tables S4-56)

MRE-LS was not a significant factor in the diagnosis of
HVPG >16 mmHg, HVPG >20 mmHg, or high-risk
EVs, with AUCs of 0.642, 0.593, and 0.632, respectively.
MRE-SS, albumin, PLT count, Child-Pugh score, fibrosis
4, APRI, and King’s score were significant factors for
predicting the presence of HVPG >16 mmHg. Among
these parameters, the predictive performance of the MRE-

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

SS (AUC =0.790; 95% CI: 0.662-0.918) was inferior to
that of fibrosis 4 (AUC =0.844; 95% CI: 0.729-0.960),
and King’s score (AUC =0.797; 95% CI: 0.656-0.899) but
superior to that of the other factors (Table 3).

MRE-SS, albumin, PLT count, fibrosis 4, APRI, and
King’s score were significant factors for predicting the
presence of HVPG >20 mmHg. Among these parameters,
MRE-SS was the most accurate predictive factor, as
reflected by the highest AUC of 0.822 (Table 3).

For identifying high-risk EVs, MRE-SS, albumin, total
bilirubin, PLT count, and MELD score were significant
factors. Among these parameters, the AUC of MRE-
SS (AUC =0.886; 95% CI: 0.764-1.000) was the highest.
However, the difference in AUCs between each group did
not reach statistical significance in the above three scenarios
(Tables S4-S6).

In summary, MRE-SS had the best performance for the
diagnosis of HVPG >20 mmHg and high-risk EVs but
demonstrated no advantage over fibrosis 4 in identifying
HVPG >16 mmHg (Tuble 3).

Diagnostic performance of LS and SS for identifying
elevated HVPG and bigh-risk EVs (Table 4)

The MRE-SS cutoff values of 9.5 and 10.05 kPa were
selected to predict the presence of HVPG >16 mmHg
and HVPG >20 mmHg, respectively (HVPG >16 mmHg:
sensitivity 100%, specificity 45.5%, +LR 1.83, -LR 0;
HVPG >20 mmHg: sensitivity 100%, specificity 50%, +LR
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Table 4 Cutoff values and diagnostic accuracies of LS and SS for
the identification of elevated HVPG and high-risk EVs

Cutoff value Sensitivity (%) Specificity (%) +LR  -LR

HVPG =16 mmHg

SS >9.5 kPa 100 45.5 1.83 0

SS >10.6 kPa 80.8 63.6 2.22 0.3
SS >12.5 kPa 57.7 81.8 3.17  0.52
SS >14.3 kPa 34.6 95.5 7.62 0.68
LS >5.6 kPa 88.5 45.5 162 0.25
LS >7.1 kPa 50 63.6 1.37  0.79
LS >8.7 kPa 34.6 86.4 254 0.76

HVPG =20 mmHg

SS >10.05 kPa 100 50 2 0

SS >11.0 kPa 83.3 56.7 1.92  0.29
SS >13.5 kPa 55.6 86.7 417  0.51
SS >14.3 kPa 44.4 93.3 6.67 0.6
LS >5.6 kPa 83.3 33.3 125 05
LS >6.7 kPa 61.1 56.7 1.41  0.69
LS >8.9 kPa 33.3 86.7 2,50 0.77

High-risk EVs

SS >9.9 kPa 100 60 25 0

SS >10.6 kPa 90.5 80 452 012
SS >11.5 kPa 81.0 86.7 6.07 0.22
SS >13.3 kPa 57.1 93.3 8.57 0.46
SS >14.3 kPa 33.3 93.3 5 0.71
LS <5.6 kPa 33.3 80 1.67 0.83
LS <6.3 kPa 47.6 73.3 1.79 0.71
LS <6.8 kPa 76.2 66.7 229 0.36
LS <7.5 kPa 85.7 53.3 1.84 0.27

LS, liver stiffness; SS, spleen stiffness; HVPG, hepatic venous
pressure gradient; EVs, esophageal varices; +LR, positive result
likelihood ratio; —LR, negative likelihood ratio.

2, -LR 0) (Tuble 4).

The cutoff value of MRE-SS was set to 9.9 kPa to rule
out high-risk EVs, which could spare 9 of 15 (60%) patients
from unnecessary endoscopy, with a 0% risk of missing
high-risk EVs (0/21). The sensitivity for the identification
of patients with high-risk EVs was 100%, the specificity was
60%, the +LR was 2.5, and the -LLR was 0. Table 4 shows
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the diagnostic ability of LS and SS at different thresholds.

Discussion

The main findings of this study can be summarized as
follows: (I) SS measured by two-dimensional MRE has a
closer linear relationship with HVPG than does LS and
routinely used serum tests. (II) SS demonstrated the best
performance in predicting HVPG >20 mmHg and high-risk
EV but was less accurate than was fibrosis 4 in detecting
HVPG >16 mmHg. (III) We recommend that despite
its low specificity, SS be used to rule out the use of the
proposed thresholds owing to its excellent sensitivity.

Literature on MRE in PH using HVPG as a reference
standard are scarce. We found a total of six studies with
human participants, five of which assessed both the liver
and spleen (6,7,10,11,15) and one of which assessed only
LS (14). The correlation coefficient of hepatic viscoelastic
parameters with HVPG reported in these studies ranged
from 0.407 to 0.92, which was higher than the result of our
study (r=0.292). We attribute this discrepancy to the study
population, which in our study consisted mainly of patients
with advanced PH, who typically have higher HVPG
values. It is believed that the correlation of LS and HVPG
decreases significantly in the higher HVPG range (27-29).
Our data support and add to the evidence that LS is not a
valuable indicator of HVPG in advanced PH.

In our series of patients with HVPG measurements, we
found that the stiffness of the spleen is better at predicting
PH severity than is the liver. These results are in line with
published data regarding ultrasound and MRE methods
(6,7,11,15,30,31). The superior performance of SS over LS
may be related to the pathophysiological changes in the
development of PH. As liver fibrosis progresses in CLD,
the subsequent morphological changes cause elevated
intrahepatic resistance and concomitant portal pressure
increase (32). However, as PH progresses, extrahepatic
factors such as hyperdynamic circulation begin to play a
role in maintaining elevated portal pressure (33). Increased
SS is produced by temporary upturns in hydrostatic
pressure, stemming from tissue congestion, whereas LS
reflects both the variations of PH-induced congestion
and liver fibrosis (34). This may partly explain why SS
is more directly linked to HVPG. However, this finding
was not consistently described across other studies. In
the study of Wagner er 4/. (10), no significant correlation
was observed between HVPG and SS with MRE. It is
reasonable to suspect that the diagnostic ability of liver and
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SS for PH is strongly influenced by the characteristics of
the patient population, such as etiology, stage of disease,
and distribution of HVPG. More studies are needed to
determine their respective values in different clinical
settings.

Identification of the progression of PH beyond the
threshold of CSPH has gained considerable attention
in recent years. However, evidence for a higher HVPG
thresholds is scarce. We believe this is also clinically
important because HVPG increases on a continuous scale
and retains prognostic value for further decompensation and
patient survival even if it exceeds the threshold of CSPH (35).
Only two studies have reported the noninvasive prediction
of HVPG at higher cutoff values. Gouya ez al. (36) evaluated
the hemodynamic parameters of phase contrast MRI and
demonstrated that azygos flow was a good predictor of
HVPG 216 mmHg. Frankova er 4/. (37) found that LS
assessed using two-dimensional shear-wave elastography
was a reliable predictor of HVPG above 16 and 20 mmHg.
In contrast to the SWE study, our results indicate that the
measurement of LS is of little value for these two thresholds.
We suspect that this discrepancy may be due to the varying
liver disease etiology. Unfortunately, Frankova et al. (37)
did not assess SS, which was proven to be a better predictor
in our study. Notably, although our results indicated SS
to have good diagnostic value overall, it should only be
used to rule out elevated HVPG and high-risk EVs at the
proposed thresholds. In addition, we found that fibrosis 4,
an inexpensive and widely used indicator of liver fibrosis,
may be a useful tool for HVPG prediction, and it even
outperformed SS in detecting the presence or absence of
HVPG >16 mmHg. If our results are corroborated by future
studies, fibrosis 4 could potentially be used as an alternative
to more advanced methods.

Although there are some technical concerns that may
hinder the applicability of MRE, mainly the cost and the
accessibility compared to ultrasound-based methods, MRE
has several advantages, including enabling the viscoelastic
assessment of whole organs and a higher technical success
rate. Patients with CLD often require contrast-enhanced
MRI examinations for liver cancer screening. Therefore,
we believe that MRE can be integrated into a conventional
liver MRI examination without increasing patient cost.

Our study has some limitations. First, the sample size
was relatively small because, in addition to the limited
number of HVPG measurements, the exclusion criteria of
this study were quite restrictive. For example, we excluded
patients with hepatic venous-to-venous communications, a
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condition that could lead to an underestimation of portal
venous pressure by the HVPG value (38), which has been
overlooked in most previous studies. We believe that the
narrow selection of patients may yield stronger scientific
data. Nevertheless, the performance of our criteria for SS
by MRE in larger cohorts and other settings remains to be
confirmed. The second limitation is that not all included
patients underwent endoscopy; however, we do not believe
this introduced bias, as the only reason for not performing
endoscopy in some patients was that the time was too close
to their last examination and was thus driven entirely by
random chance. Third, in this study, we performed two-
dimensional MRE scans and therefore assessed only the
stiffness or elasticity characteristics of the organs. The
introduction of three-dimensional MRE will allow us
to fully assess the role of viscoelastic characteristics in a
future study.

Conclusions

In this prospective study, we found that SS measured by
two-dimensional MRE may be superior to LS and serum
tests in revealing PH in patients with generally high
HVPG values. However, when used alone, SS used with
the recommended thresholds is more suitable for ruling out
elevated HVPG and high-risk EVs.
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Supplementary

Table S1 Univariable and multivariable logistic regression analysis of parameters for patients with HVPG 216 mmHg

Univariable Multivariable

Variable

Odds ratio 95% ClI P Odds ratio 95% Cl P
Age 1.039 0.989-1.092 0.13
Male sex 0.625 0.198-1.974 0.42
BMI 1.038 0.906-1.188 0.59
Albumin 0.935 0.861-1.016 0.11
Total bilirubin 1.016 0.995-1.038 0.13
Serum creatinine 0.975 0.939-1.012 0.18
AST 1.001 0.996-1.007 0.67
ALT 0.997 0.991-1.003 0.36
Platelet count 0.978 0.961-0.995 0.01
Prothrombin time 0.941 0.627-1.410 0.77
INR 13.118 0.716-240.506 0.08
MRE-LS 1.209 0.925-1.580 0.17
MRE-SS 1.614 1.202-2.166 0.001 1.614 1.202-2.166 0.001
Child-Pugh score 1.516 1.072-2.142 0.02
MELD score 1.049 0.923-1.192 0.46
Fibrosis 4 1.314 1.096-1.577 0.003
APRI 1.112 0.958-1.290 0.16
King’s score 1.004 0.998-1.010 0.15

Bolded type indicates variables included in the multivariable analysis. HVPG, hepatic venous pressure gradient; Cl, confidence interval;
BMI, body mass index; AST, aspartate transaminase; ALT, alanine transaminase; INR, international normalized ratio; MRE-LS, magnetic
resonance elastography-liver stiffness; MRE-SS, magnetic resonance elastography-spleen stiffness; MELD, model for end-stage liver
disease; APRI, aspartate aminotransferase-to-platelet ratio index.

Table S2 Univariable and multivariable logistic regression analysis of parameters for patients with HVPG =20 mmHg

Univariable Multivariable
Variable
Odds ratio 95% ClI P Odds ratio 95% CI P

Age 1.053 0.994-1.117 0.08 1.108 1.010-1.216 0.03
Male sex 0.727 0.222-2.387 0.60

BMI 1.003 0.874-1.151 0.96

Albumin 0.934 0.852-1.025 0.15

Total bilirubin 0.999 0.988-1.009 0.79

Serum creatinine 0.985 0.948-1.023 0.43

AST 1.002 0.997-1.007 0.51

ALT 0.997 0.991-1.004 0.41

Platelet count 0.980 0.962-0.998 0.03

Prothrombin time 0.768 0.470-1.254 0.29

INR 14.318 0.836-245.294 0.07 206.962 2.309-18,547.320 0.02
MRE-LS 1.107 0.854-1.435 0.44

MRE-SS 1.685 1.232-2.304 0.001 2.096 1.318-3.333 0.002
Child-Pugh score 1.390 1.005-1.923 0.05

MELD score 1.005 0.883-1.145 0.94

Fibrosis 4 1.142 1.030-1.266 0.01

APRI 1.097 0.968-1.242 0.15

King’s score 1.004 0.999-1.009 0.10

Bolded type indicates variables included in the multivariable analysis. HVPG, hepatic venous pressure gradient; Cl, confidence interval;
BMI, body mass index; AST, aspartate transaminase; ALT, alanine transaminase; INR, international normalized ratio; MRE-LS, magnetic
resonance elastography-liver stiffness; MRE-SS, magnetic resonance elastography-spleen stiffness; MELD, model for end-stage liver
disease; APRI, aspartate aminotransferase-to-platelet ratio index.
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Table S3 Univariable and multivariable logistic regression analysis of parameters for patients with high-risk EVs

Univariable Multivariable
Variable
Odds ratio 95% ClI P Odds ratio 95% ClI P

Age 1.026 0.964-1.091 0.42

Male sex 0.656 0.173-2.488 0.54

BMI 0.965 0.819-1.137 0.67

Albumin 0.894 0.797-1.004 0.06

Total bilirubin 0.964 0.934-0.995 0.02

Serum creatinine 0.977 0.933-1.022 0.31

AST 0.993 0.984-1.002 0.14

ALT 0.991 0.981-1.001 0.09

Platelet count 0.972 0.951-0.993 0.01

Prothrombin time 0.798 0.473-1.348 0.40

INR 0.241 0.006-10.266 0.46

MRE-LS 0.814 0.603-1.097 0.18

MRE-SS 2.076 1.282-3.362 0.003 2.076 1.282-3.362 0.003
Child-Pugh score 0.977 0.718-1.332 0.89

MELD score 0.831 0.697-0.991 0.04

Fibrosis 4 1.019 0.912-1.139 0.74

APRI 0.913 0.774-1.077 0.28

King’s score 0.997 0.991-1.002 0.26

Bolded type indicates variables included in the multivariable analysis. EVs, esophageal varices; Cl, confidence interval; BMI, body
mass index; AST, aspartate transaminase; ALT, alanine transaminase; INR, international normalized ratio; MRE-LS, magnetic resonance
elastography-liver stiffness; MRE-SS, magnetic resonance elastography-spleen stiffness; MELD, model for end-stage liver disease; APRI,
aspartate aminotransferase-to-platelet ratio index.

Table S4 Difference in the AUC between noninvasive markers in the diagnosis of HVPG >16 mmHg

MRE-SS albumin PLT count Child-Pugh score Fibrosis 4 APRI
Albumin 0.095, 0.36
PLT count 0.019, 0.77 0.076, 0.46
Child-Pugh score 0.082, 0.43 0.013, 0.46 0.063, 0.52
Fibrosis 4 0.054, 0.53 0.149, 0.08 0.073, 0.30 0.136, 0.08
APRI 0.046, 0.66 0.050, 0.58 0.026, 0.76 0.037, 0.61 0.100, 0.09
King’s score 0.007, 0.95 0.102, 0.23 0.026, 0.77 0.089, 0.17 0.047, 0.32 0.052, 0.11

Data are expressed as the difference between areas, P value. Differences in the AUC between two markers were determined using the
Delong test. AUC, area under the curve; HVPG, hepatic venous pressure gradient; MRE-SS, magnetic resonance elastography-spleen
stiffness; PLT, platelet; APRI, aspartate aminotransferase-to-platelet ratio index.
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Table S5 Difference in the AUC between noninvasive markers for the diagnosis of HVPG >20 mmHg

MRE-SS Albumin PLT count Fibrosis 4 APRI
Albumin 0.115,0.28
PLT count 0.082, 0.34 0.033, 0.77
Fibrosis 4 0.044, 0.66 0.070, 0.50 0.037, 0.53
APRI 0.137, 0.21 0.022, 0.82 0.056, 0.47 0.093, 0.08
King’s score 0.080, 0.46 0.035, 0.72 0.002, 0.98 0.035, 0.36 0.057, 0.08

Data are expressed as the difference between areas, P value. Differences in AUC between two markers were determined using the
Delong test. AUC, area under the curve; HVPG, hepatic venous pressure gradient; MRE-SS, magnetic resonance elastography-spleen
stiffness; PLT, platelet; APRI, aspartate aminotransferase-to-platelet ratio index.

Table S6 Difference in the AUC between noninvasive markers for the diagnosis of high-risk EVs

MRE-SS Albumin PLT count Total bilirubin
Albumin 0.181, 0.15
PLT count 0.083, 0.36 0.098, 0.42
Total bilirubin 0.143, 0.23 0.038, 0.81 0.060, 0.66
MELD score 0.016, 0.92 0.083, 0.54 0.022, 0.74

Data are expressed as the difference between areas, P value. Differences in the AUC between the two markers were determined using
the DelLong test. AUC, area under the curve; EVs, esophageal varices; MRE-SS, magnetic resonance elastography-spleen stiffness; PLT,

platelet; MELD, model for end stage liver disease.
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