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Abstract

Background and aims

Non-invasive assessment of portal hypertension is an area of unmet need. This proof of
concept study aimed to evaluate the diagnostic accuracy of a multi-parametric magnetic res-
onance technique in the assessment of portal hypertension. Comparison to other non-inva-
sive technologies was a secondary aim.

Methods

T4 and To>* maps through the liver and spleen were acquired prior to trans-jugular liver
biopsy and hepatic vein pressure gradient (HVPG) measurement. T; measurements reflect
changes in tissue water content, but this relationship is confounded by the presence of iron,
which in turn can be quantified accurately from T,* maps. Data were analysed using Liver-
MultiScan (Perspectum Diagnostics, Oxford, UK) which applies an algorithm to remove the
confounding effect of iron, yielding the “iron corrected T4” (cT4). Sensitivity, specificity, diag-
nostic values and area under the curve were derived for spleen cTy, liver cT4, transient elas-
tography, and serum fibrosis scores. HVPG was the reference standard.

Results

Nineteen patients (15 men) with median age 57 years were included. Liver disease aetiologies
included non-alcoholic fatty liver disease (n = 9; 47%) and viral hepatitis (n = 4; 21%). There
was strong correlation between spleen cT1 and HVPG (r = 0.69; p = 0.001). Other non-inva-
sive biomarkers did not correlate with HVPG. Spleen cT had excellent diagnostic accuracy
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for portal hypertension (HVPG >5 mmHg) and clinically significant portal hypertension (HVPG
>10 mmHg) with an area under the receiver operating characteristic curve of 0.92 for both.

Conclusion

Spleen cT, is a promising biomarker of portal pressure that outperforms other non-invasive
scores and should be explored further.

Introduction

Portal hypertension is the major contributor to liver disease complications including bleeding
from oesophageal varices, ascites and hepatic encephalopathy. Direct portal pressure measure-
ment is difficult as there is no direct connection between the portal and systemic circulations.
In practice, the best surrogate for the true portal pressure is the hepatic vein pressure gradient
(HVPG), which is considered the reference standard[1]. HVPG can risk stratify patients for
the development of clinical outcomes[2-5], and is a Food and Drug Association (FDA)
accepted surrogate end-point[6].

Portal hypertension is defined as portal venous pressure >5 mmHg. Clinically significant
portal hypertension is defined as HVPG >10 mmHg and this incurs a risk of developing com-
plications[4]. A HVPG >12 mmHg confers increased risk of oesophageal variceal bleeding|[7].
HVPG measurement is also valuable in monitoring treatment effectiveness with non-selective
beta-blockers[7]. Despite such important prognostic information being provided by HVPG, it
is rarely measured in clinical practice, due to its invasiveness, cost and expertise required[8].
Non-invasive markers of portal pressure are therefore needed.

One of the most studied markers of portal hypertension is liver stiffness measured by tran-
sient elastography. This had an area under the receiving operator curve (AUROC) of 0.93 with
90% sensitivity and 79% specificity for diagnosing clinically significant portal hypertension in
a meta-analysis of 18 studies[9], but its correlation with HVPG deteriorates above 12 mmHg
[10]. Transient elastography has been recommended to risk stratify for clinically significant
portal hypertension when HVPG is not available[11]. Transient elastography, however, is asso-
ciated with high failure rates in overweight/obese patients[12] and patients with ascites, com-
monly observed in patients with portal hypertension. Other candidate markers to show
associations with HVPG include blood-based parameters[13, 14] and spleen stiffness[15-17],
but no non-invasive marker of portal hypertension has yet been supported by sufficient evi-
dence to replace HVPG[11].

We have developed a non-invasive multi-parametric magnetic resonance (MR) technique
that can be used to measure the “iron corrected T, relaxation time” (cT;)[18]. When applied
to the liver, this technology had excellent diagnostic accuracy for the assessment of liver fibro-
sis and inflammation compared with biopsy[19, 20] and could predict the development of clin-
ical outcomes|[21].

Portal hypertension results in spleen congestion and increased splenic water content, and if
chronic, may cause splenic fibrosis[22, 23]. We hypothesised that these pathophysiological
changes would result in increased spleen cT; which can be measured using our multi-paramet-
ric MR technique.

This proof of concept study aimed to evaluate the diagnostic accuracy of spleen cT as a bio-
marker of portal hypertension using HVPG as the reference standard. Liver cT;, liver transient
elastography and serum based biomarkers were also evaluated.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221066  August 20, 2019

2/16


https://doi.org/10.1371/journal.pone.0221066
https://oxfordbrc.nihr.ac.uk/
https://oxfordbrc.nihr.ac.uk/
https://www.ouh.nhs.uk/researchers/grants/default.aspx
https://www.ouh.nhs.uk/researchers/grants/default.aspx
https://mrc.ukri.org

@ PLOS|ONE

Spleen MRI for portal pressure assessment

Patients and methods
Study design and patient population

This was a prospective, proof of concept study. Patients were recruited consecutively from the
John Radcliffe Hospital (Oxford, UK) between August 2013 and April 2015. Eligible patients
were aged 16 years or over who were referred for liver biopsy for suspected cirrhosis with/
without portal pressure measurement. All patients consented to portal pressure measurement,
so clinical referrals for percutaneous liver biopsy were changed to trans-jugular biopsy after
the patient’s informed consent. Patients were excluded if they had contraindications to MR
scanning, or if the HVPG could not be computed from the available pressure measurements.
See S1 Text for more details about the recruitment strategy.

Patients attended a single study visit for MR scanning and liver transient elastography
using Fibroscan (Echosens, France). Participants attended having fasted for >4 hours and
could take their usual medications. Blood was drawn for laboratory tests to compute serum
based indices of liver fibrosis (AST/ALT ratio[24], APRI[25], FIB-4[26]). MR scans and other
non-invasive scores were analysed blinded from the liver biopsy and HVPG results.

The study was conducted according to the principles of the 1975 Declaration of Helsinki
and ethical approval was granted from the UK National Research Ethics Service (13/SC/0243).
All patients gave written informed consent.

Transient elastography

TE was performed using Fibroscan (Echosens, France), with the patient lying supine and with
the right arm fully extended. The medium (M) probe was used first and if unsuccessful or
unreliable results were obtained then the extra-large (XL) probe was tried. Ten measurements
per patient were needed for a successful scan and the manufacturer’s recommendations were
used to assess the validity of each examination (10 measurements in each patient, with a rate of
successful measurements greater that 60% and where the interquartile range was not greater
than 0.3 of the median).

HVPG measurement and trans-jugular liver biopsy

The procedures were performed under fluoroscopic guidance by experienced interventional
radiologists, who were blinded to the MR and other non-invasive assessments results. Partici-
pants attended after an overnight fast and had the procedures performed under local anaes-
thetic and conscious sedation. Portal pressure measurements were done according to local
routine practice using a straight tipped catheter connected to a digital pressure recording
device (Datex Ohmeda S/5, GE Healthcare, Kentucky, USA) through a pressure transducer
(Namic, Navilyst Medical, Massachusetts, USA). Pressure readings were allowed to stabilise
for 30-40 seconds before being recorded. Free hepatic vein pressures (FHVP) were measured
2-4 cm from the confluence of the hepatic vein with the inferior vena cava, and wedged
hepatic vein pressures (WHVG) were obtained by advancing the catheter until a wedged posi-
tion was achieved. HVPG was calculated as the difference between these measures

(HVPG = WHVP-FHVP). Liver biopsies were taken using a 19G trans-jugular biopsy needle
after the pressure measurements.

Liver biopsy reporting

Liver biopsies were analysed for Ishak fibrosis stage (0-6) according to the local clinical rou-
tine. This involves consensus reporting by two experienced pathologists and discussion in a
clinico-pathological meeting before the final report is issued. The pathologists were blinded to
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the MR and HVPG results. Ishak stage >F5 defined cirrhosis. The aetiology of liver disease
was defined according to standard clinical criteria using histology, clinical information and
laboratory results.

MR data acquisition

The multi-parametric MR protocol and its application to measure liver ¢T, has been previ-
ously described[19, 21]. The same methodology was used here to acquire T; and T,* maps in
the same axial upper abdominal slices through the liver and spleen. The acquisition of T; and
T,* maps can be achieved in as little as three 10-second breath holds (one breath hold to
acquire localiser images, and one each for the T, and T,* maps). Proton MR spectroscopy was
performed for liver fat quantification, acquired in 15 minutes. All scans were performed on a
3-Tesla MRI scanner (Tim Trio, Siemen’s Healthcare, Germany).

T, correction for iron

Changes in tissue free water content lead to respective changes in T relaxation time, which
can be measured accurately using MR. Tissue iron accumulation, however, has an opposing
effect. Our method, which was developed specifically for the liver, applies a correction algo-
rithm to remove this confounding effect, yielding the iron corrected T; (cT}). In this algo-
rithm, iron is quantified using T,* maps acquired through the same transverse slice as the T,
maps. The algorithm was applied verbatim to the spleen in this work.

MR data analysis

LiverMultiScan software (Perspectum Diagnostics, Oxford, UK) was used to analyse the MR
data. The software uses T; and T,* data to produce a quantitative ¢T; map. Regions of interest
(ROI) >1cm? were drawn within the liver and spleen away from vessels, biliary structures and
organ boundaries to determine mean cT} values. Fig 1 demonstrates image analysis for spleen
cT;. ROIs were acceptable only if R? (co-efficient of determination) was > 97% in both the T,
and T, maps. For liver data, two ROIs were drawn, one in each lobe and the mean of the two
used in the analysis. The MR analysis was performed blinded from liver biopsy and HVPG
results. MR spectroscopy data were analysed using AMARES in the jJMRUI package. Liver fat
content was expressed as the proportion of the total signal.

Statistical analysis

The primary variable of interest was spleen cT. Liver cT}, liver stiffness and simple serum
based fibrosis panels (AST/ALT, APRI, FIB-4) were secondary variables of interest. HVPG was
the primary reference standard. Full data sets were available for the primary variable of interest
and reference standard. Missing data for variables of secondary interest were handled by pair-
wise deletion (available case analysis). Spleen and liver cT; were tested for the diagnosis of (a)
any degree of portal hypertension (HVPG >5 mmHg) and (b) clinically significant portal
hypertension (HVPG >10 mmHg). A comparison was carried out against liver histology for
the diagnosis of liver cirrhosis.

Descriptive statistics were used to summarise subject characteristics. The Mann-Whitney
and chi-squared tests were used for differences between patients with and without clinically
significant portal hypertension or cirrhosis. Normality was tested using Shapiro-Wilk analysis.
Associations between continuous variables were tested using the Pearson’s correlation coeffi-
cient for parametric variables and Spearman’s rank correlation coefficient for non-parametric
variables. Receiver operating curve analysis was used for the assessment of diagnostic accuracy.
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SpleencT,:1471 ms
HVPG: 14 mmHg

T cT1

SpleencT,: 1173 ms
HVPG: 4 mmHg
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Fig 1. Measurement of spleen cT, using LiverMultiScan. Representative images from a patient with (top panel) and without (bottom panel)
portal hypertension. Red circles on the T; and T,* maps represent the region of interest where the measurements were taken. Abbreviations:
HVPG: Hepatic vein pressure gradient, cTy, iron corrected T;.

https://doi.org/10.1371/journal.pone.0221066.g001
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Cut-off values to maximise sensitivity and specificity were recorded. Univariate linear and
logistic regression analyses were carried out for prediction of HVPG and CSPH respectively.
Non-invasive parameters with p<0.1 were added to multivariate models. The level of statistical
significance was set at p>>0.05. Statistical analyses were performed using Graph Pad Prism
(v6.04) and SPSS (v22, Armonk NY, IBM Corp).

Results

Twenty-five patients were recruited and nineteen were included in the final analysis. The
median (IQR) interval between the study visit and the HVPG measurement was 5 days (1-15).
Six participants were excluded from analysis due to incomplete study assessments (Fig 2). Of
the excluded patients, one was hospitalised with severe alcoholic hepatitis following MR assess-
ment and so missed their planned outpatient biopsy and HVPG assessment. HVPG could not
be computed from the available pressure measurements in the other five patients. One patient
had non-cirrhotic portal hypertension and was included in the main analysis of spleen cT} vs
HVPG, but not in any of the analysis comparing HVPG to the other biomarkers. This patient
was identified correctly by MR assessment as having non-cirrhotic portal hypertension (low
liver cT; of 767 ms; Ishak 1/6; high spleen cT; of 1414 ms; HVPG 10 mmHg).

Transient elastography was performed in 18/19 patients, and results were reliable in 13
(76%). In those with unreliable results, the median/interquartile range ratio was unacceptably
high (>0.3) in four patients and we failed to obtain 10 valid readings in one patient due to obe-
sity, despite using the XL probe.

Cohort characteristics

The majority of the patients were male (n = 15, 79%), and the main liver disease aetiologies
were non-alcoholic fatty liver disease (n = 9, 47%), alcohol-related liver disease (n = 5; 26%)
and viral hepatitis (n = 4, 21%). The median age was 57 and median BMI was 30.0 kg/m?

Consented to participate
(n=25) Did not undergo HVPG

assessment (n=1)

Insufficient data for HVPG

Paired MR and HVPG data computation (n=>5)
available (n=19)

CSPH (n=9)
No CSPH (n=10)

Fig 2. Study flow diagram. Abbreviations: MR: magnetic resonance, HVPG: hepatic vein pressure gradient, CSPH: clinically
significant portal hypertension.

https://doi.org/10.1371/journal.pone.0221066.9002
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Table 1. Baseline characteristics and non-invasive scores in the presence or absence of clinically significant portal hypertension (HVPG >10 mmHg).

All HVPG <10 mmHg (n = 10) HVPG >10 mmHg (n=9) P value
(n=19)

Age (years) 57 (47-68) 64 (50-74) 57 (45-63) 0.211
Male (%) 15 (79%) 9 (90%) 6 (67%) 0.213
BMI (kg/mz) 30.0 (24.2-32.3) 29.0 (23.9-33.4) 30.0 (24.6-32.2) 0.968
Cirrhosis (%) 10 (53%) 3(30%) 7 (78%) 0.037
Ishak stage (0-6) 5(1-6) 1(1-2) 6 (5-6) 0.028
Aetiology 0.151*

NAELD (%) 9 (47%) 4 (40%) 4 (44%)

ASH (%) 5(26%) 1(10%) 3 (33%)

Viral hepatitis (%) 4 (21%) 1(10%) 2 (22%)

Other (%) 2 (11%) 4 (40%) 2 (22%)
Bilirubin (umol/l) 12 (10-22) 12 (8-19) 13 (11-31) 0.447
ALT (IU/1) 44 (22-71) 42 (23-92) 49 (20-68) 0.604
ALP (IU/1) 188 (147-236) 175 (113-247) 205 (152-275) 0.447
Albumin (g/1) 41 (37-46) 43 (38-46) 40 (33-44) 0.315
AST (1U/1) 39 (32-76) 35 (26-70) 57 (37-78) 0.200
GGT (1U/1) 93 (40-277) 57 (25-226) 170 (60-279) 0.370
Platelets (x10°/1) 133 (112-216) 135 (121-242) 113 (98-202) 0.211
PT (s) 14.4 (13.1-16.6) 13.5 (12.1-15.1) 14.9 (14.4-17.3) 0.035
Liver stiffness (kPa) 21.3 (8.7-36.4) 11.9 (8.3-37.3) 35.1 (33.0-36.6) 0.148
AST/ALT ratio 1.09 (0.84-1.65) 0.88 (0.68-1.07) 1.39 (1.12-2.08) 0.021
APRI 0.72 (0.53-1.21 0.64 (0.52-0.75) 1.02 (0.71-1.57) 0.114
FIB-4 3.17 (1.84-4.01) 2.21(1.37-3.51) 3.65 (2.41-5.46) 0.167
Child Pugh A 15 (79%) 8 (80%) 7 (78%) ns
Child Pugh B 4 (21%) 2 (20%) 2 (22%)
Child Pugh C 0 0 0
Ascites present 2(11%) 1(10%) 1(11%) ns
MR data
Spleen cT, (ms) 1319 (1181-1414) 1212 (1169-1318) 1414 (1376-1448) 0.001
Liver cT, (ms) 942 (867-1122) 874 (837-996) 1104 (938-1227) 0.027
Liver fat (%) 4.9(1.3-13.7) 5.1(1.3-13.4) 2.3(1.4-15.4) 0.667

All data given as median (IQR) or frequency (%).

Abbreviations: HVPG, hepatic vein pressure gradient; BMI, body mass index; NAFLD, non-alcohol-related fatty liver disease; ASH, alcoholic steatohepatitis; ALT,

alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate aminotransferase; GGT, gamma glutamyl transferase; PT, prothrombin time; APRI, AST to platelet

ratio index; FIB-4, Fibrosis 4; ns, not significant

*Chi-squared test p value for the overall difference in liver disease aetiologies between groups

https://doi.org/10.1371/journal.pone.0221066.t001

(Table 1). No patients were on non-selective beta-blockers or had comorbidities that affect the
spleen (S1 Table). The median (IQR) HVPG was 9 mmHg (4-14). Ten patients were diagnosed
with cirrhosis (Ishak 5-6). Liver biopsy samples had a median (IQR) length of 14 mm (9-22)

and 7 (6-10) portal tracts. There were no adverse events related to the study procedures.

Clinically significant portal hypertension

Eleven patients (57%) had portal hypertension (HVPG >5 mmHg) and nine (47%) had clini-
cally significant portal hypertension (HVPG >10 mmHg). Patients with clinically significant
portal hypertension had higher spleen cT; (1414 vs 1212 ms; p = 0.001), liver c¢T; (1104 vs 874
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Table 2. Non-invasive scores in the presence or absence of cirrhosis.

All Cirrhosis No cirrhosis P value

(n=19) (n=10) (n=9)
HVPG (mmHg) 9.0 (4.0-14.0) 12.8 (8.3-16.3) 4.0 (2.0-7.0) 0.005
Spleen cT, (ms) 1319 (1181-1414) 1378 (1319-1443) 1192 (1166-1311) 0.007
Liver ¢T; (ms) 942 (867-1122) 1022 (876-1202) 876 (829-1001) 0.146
Liver stiffness (kPa) 21.3 (8.7-36.4) 32.5(12.0-35.8) 10.5 (8.3-58.7) 0.731
AST/ALT ratio 1.09 (0.84-1.65) 1.10 (0.82-1.99) 0.97 (0.82-1.44) 0.606
APRI 0.72 (0.53-1.21) 1.48 (0.89-2.08) 0.68 (0.39-1.031) 0.423
FIB-4 3.17 (1.84-4.01) 3.36 (1.94-5.06) 2.41 (1.70-3.64) 0.481

All data given as median (IQR). p-values for the comparison between patients with and without cirrhosis (Mann Whitney test).

Abbreviations: HVPG, hepatic vein pressure gradie
ratio index; FIB-4, Fibrosis 4.

https://doi.org/10.1371/journal.pone.0221066.t002

nt; ¢T1, iron corrected T1, AST, aspartate aminotransferase; ALT, alanine aminotransferase; APRI, AST to platelet

ms; p = 0.027), Ishak stage (6 vs 1; p = 0.028), prothrombin time (14.9 vs 13.5 s, p = 0.035) and
AST/ALT ratio (1.39 vs 0.88; p = 0.021) than those without clinically significant portal hyper-
tension (Table 1).

Liver cirrhosis

Patients with cirrhosis had higher HVPG (12.8 vs 4.0 mmHg; p = 0.005) and spleen cT (1378
vs 1192 ms; p = 0.007) than those without cirrhosis (Table 2). Liver c¢T; was numerically higher
in patients with than without cirrhosis (1022 vs 876 ms; p = 0.146). No other non-invasive
indices of fibrosis could differentiate between the two groups (Table 2).

Associations with HVPG

Spleen T, was the only non-invasive biomarker tested to have a significant correlation with
HVPG (r = 0.69; p = 0.001) (Fig 3, Table 3). There was a trend in the association of liver cT1
and HVPG (r = 0.40; p = 0.101; S1 Fig).

1500+
e o
o

1400- e
’g @ (1] [ J
= o ® r=0.69
o 1300+ p=0.001
© [
c °
e 1200+ °
[}
= & °® o o
(7]

1100+
-5 0 5 10 15 20

HVPG (mmHg)

Fig 3. Spleen iron corrected T; (cT;) correlation with the hepatic vein pressure gradient. There was a strong
association between spleen cT; and portal pressure as measured by the hepatic vein pressure gradient (HVPG, r = 0.69;
p =0.001). *Data from an outlying patient whose HVPG measurement was out of keeping with the rest of the clinical
data raising the possibility of an inaccurate HVPG measurement.

https://doi.org/10.1371/journal.pone.0221066.g003
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Table 3. Non-invasive scores and their correlation with HVPG.

Median value (IQR) Correlation with HVPG (r) P value

n=19
Spleen cT; (ms) 1319 (1181-1414) 0.69 0.001
Liver cT, (ms) 942 (867-1122) 0.40 0.105
Liver stiffness (kPa) 21.3 (8.7-36.4) 0.35 0.244
PT (s) 14.4 (13.1-16.6) 0.36 0.127
AST/ALT ratio 1.09 (0.84-1.65) 0.47 0.058
APRI 0.72 (0.53-1.21) 0.26 0.309
FIB-4 3.17 (1.84-4.01) 0.27 0.295

Abbreviations: HVPG, hepatic vein pressure gradient; cT, iron corrected Ty, PT, prothrombin time; AST, aspartate

aminotransferase; ALT, alanine aminotransferase; APRI, AST to platelet ratio index; FIB-4, Fibrosis 4.

https://doi.org/10.1371/journal.pone.0221066.t003

Linear regression

Spleen cT, (p = 0.002), liver ¢T; (p = 0.065), Ishak stage (p = 0.005) and AST/ALT ratio

(p = 0.058) were all predictors of HVPG with p<0.1 on univariate analysis (S2 Table). Of the
non-invasive variables, only spleen cT; was identified as an independent predictor of HVPG
(p = 0.03).

Logistic regression

Spleen cT; (p = 0.014), liver cT; (p = 0.032), Ishak stage (p = 0.038) and AST/ALT ratio

(p = 0.064) and prothrombin time (p = 0.065) were all predictors of clinically significant portal
hypertension with p<0.1. On multivariate analysis, spleen cT; (p = 0.069) was the only param-
eter to improve the model with p<0.1. (S3 Table).

Diagnostic accuracy for portal hypertension

Spleen cT; had excellent accuracy for the diagnosis of any degree of portal hypertension and
clinically significant portal hypertension with area under the receiver operating curve
(AUROC) 0.92 (p = 0.002) for both (Fig 4, Table 4). Liver cT; showed significant accuracy for
the diagnosis of clinically significant portal hypertension with AUROC 0.81 (p = 0.026). Liver
stiffness did not yield statistically significant results (p = 0.123). For the diagnosis of clinically
significant portal hypertension, a spleen cT, threshold of 1376 ms had 89% sensitivity, 100%
specificity, 100% positive predictive value (PPV) and 91% negative predictive value (NPV),
and a liver cT; threshold of 909 ms had 88% sensitivity and 70% specificity, 73% PPV and 88%
NPV (Table 4).

Outlying data

There was one outlying dataset marked with an asterisk on Fig 3. The results from this patient
were included in the analysis, however, their HVPG measurement of 17.5 mmHg was out of
keeping with the rest of their clinical data. Cirrhosis was suspected based on a high liver stift-
ness of 23.6 kPa (IQR 5.4, success 91%), however, measurement as part of the study was low
and unreliable (median/IQR >0.3; median 4.1 kPa; IQR 1.6). The biopsy showed only mild
fibrosis (Ishak 2) and there were no radiological features of cirrhosis or portal hypertension.
Furthermore, liver synthetic function (albumin 40 g/l, prothrombin time 14.4 s) and platelet
count (216 x10°/1) were normal. It is possible that the HVPG measurement in this case was
inaccurate. Exclusion of this data point from the analysis would have improved diagnostic
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(a) Any degree of portal hypertension (b) Clinically significant portal hypertension
(HVPG>5mmHg) (HVPG>10mmHg)
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— Spleen cT; — Spleen cT;
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100% - Specificity% 100% - Specificity%

Fig 4. Diagnostic accuracy of spleen and liver iron corrected T, (cT,) for portal hypertension severity assessment. (A) Receiver operating curves (ROC) of spleen
and liver T, for the diagnosis of any degree of portal hypertension. There was a significant diagnostic accuracy for spleen cT; with an area under the ROC (AUROC) of
0.92 (p = 0.002). Liver cT; had an AUROC of 0.73 with a trend towards significance (p = 0.110).(B) ROC curves of spleen and liver cT1 for the diagnosis of clinically
significant portal hypertension. Both variables had significant diagnostic accuracy with AUROC of 0.92 (p = 0.002) for spleen c¢T1 and 0.81 (p = 0.026) for liver cT1.

https://doi.org/10.1371/journal.pone.0221066.9004
accuracy for clinically significant portal hypertension for spleen ¢T; (r = 0.87, p<0.001;

AUROC 1, p<0.001) and liver cT; (r = 0.54, p = 0.027; AUROC 0.89, p = 0.008).

Discussion

This is the first study to describe spleen cT, as a non-invasive and accurate biomarker of portal
hypertension. Even though this was a small proof of principle study, spleen cT; was found to

Table 4. Accuracy of spleen and liver cT1 for the diagnosis of HVPG severity categories.

AUROC P value Cut-off Sensitivity Specificity PPV NPV
(95%CI) (%) (%) (%) (%)

Spleen cT;

HVPG >5 mmHg 0.92 0.002 1282 ms 91 88 91 88
(0.79-1.00)

HVPG >10 mmHg 0.92 0.002 1376 ms 89 100 100 91
(0.77-1.00)

Liver cT,

HVPG >5 mmHg 0.73 0.110 909 ms 70 63 70 63
(0.49-0.96)

HVPG >10 mmHg 0.81 0.026 909 ms 88 70 73 88
(0.61-1.00)

Liver stiffness

HVPG >5 mmHg 0.71 0.668 12.0 kPa 100 71 75 100
(0.38-1.00)

HVPG >10 mmHg 0.78 0.123 26.9 kPa 100 78 67 100
(0.51-1.00)

Abbreviations: AUROC, area under the receiver operating characteristic curve; 95% CI, 95% confidence interval; PPV, positive predictive value; NPV, negative

predictive value; HVPG, hepatic vein pressure gradient

https://doi.org/10.1371/journal.pone.0221066.t004
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have a strong correlation with HVPG (r = 0.69, p = 0.001), be an independent predictor of
HVPG and have a high diagnostic accuracy for any degree of portal hypertension and clinically
significant portal hypertension (AUROC 0.92 for both). A spleen T threshold of 1376 ms at
3T was able to diagnose clinically significant portal hypertension with 89% sensitivity and
100% specificity. Furthermore, spleen cT; performed better than other non-invasive markers
both for the assessment of portal hypertension and for the diagnosis of cirrhosis.

Portal hypertension develops due to increased hepatic resistance and portal flow. The physi-
cal effects of liver fibrosis and dynamic effects of increased vascular tone within the hepatic
venous sinusoids cause hepatic resistance, whilst angiogenesis and systemic vasodilatation
increase portal blood flow[27].

The performance of spleen cT, was superior to that of liver biomarkers (liver cT) liver stiff-
ness, AST/ALT ratio, APRI and FIB-4) probably because liver fibrosis reflects just one element
of portal hypertension pathophysiology, whereas spleen cT; directly reflects the consequence
of portal hypertension as a whole.

Spleen parameters are used routinely to assess for portal hypertension. Clinical examination
and imaging can assess for splenomegaly, but both these approaches are subjective and hence
lack sensitivity[28]. Thrombocytopaenia resulting from portal hypertension-related hypers-
plenism is also assessed routinely in clinical practice and maybe useful particularly when incor-
porated into prediction indices with other non-invasive tests[15, 25]. In this study however,
platelet count was not predictive of HVPG in univariate analysis and did not differentiate
patients with and without clinically significant portal hypertension (113x10°/1vs 135x10°/1,
p=0.21).

Spleen stiffness has also been assessed alongside liver stiffness as a biomarker of portal
hypertension, with greater accuracy in viral hepatitis than other liver disease aetiologies. In a
seminal study using transient elastography in patients with chronic hepatitis C, HVPG was
closely associated with spleen stiffness (R* = 0.78, p<0.001) and liver stiffness (R* = 0.70,
p<0.001)[29]. In another large study where 76% of the patients had viral hepatitis, liver stiff-
ness had an AUROC of 0.88 for the diagnosis of clinically significant portal hypertension[15].
Applications of these techniques to mixed patient cohorts, however, have produced less
impressive results. In one study, where only 30% of the patients had viral hepatitis, spleen stift-
ness had only a modest association with HVPG (r = 0.433, p = 0.001) while liver stiffness did
not correlate at all (r = 0.178, p = 0.2)[30].

Shear wave elastography is a technique that could also be useful in patients with ascites and
obesity. The equipment to perform shear wave elastography is usually incorporated into stan-
dard ultrasound machines. Unlike transient elastography, the measurements are taken at the
time of ultrasound examinations for anatomical assessment and therefore require a separate
appointment. The diagnostic accuracy for clinically significant portal hypertension was modest
for liver and spleen stiffness with respective AUROC of 0.79 and 0.72 using shear wave elasto-
graphy, compared with AUROC of 0.78 and 0.63 using transient elastography[31]. At meta-
analysis, shear wave elastography was found to have good accuracy for the diagnosis of CSPH
with an AUROC of 0.88[32].

MR elastography (MRE) has also been used to study spleen and liver stiffness for the assess-
ment of portal hypertension, with excellent pre-clinical results[17, 33]. In a patient study, how-
ever, MRE resulted only in modest association between HVPG and spleen (r = 0.53, p = 0.004)
and liver (r = 0.44, p = 0.05) visco-elastic parameters[34]. Another MR study examined multi-
ple parameters including liver and spleen T}, splanchnic and portal vein flow measurements
and described a linear regression model including liver T; and splenic artery velocity that cor-
related closely with HVPG[35]. The long data acquisition with this protocol (1 hour), however,
limits its clinical applicability.
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The results from our study compare favourably with these other markers, particularly con-
sidering the mixed aetiologies in our patient cohort. In addition, unlike MRE, our multi-
parametric MR techniques do not require additional hardware and unlike transient elastogra-
phy, our measures can be obtained independent of body habitus. Furthermore, our multi-
parametric MR protocol is completely non-invasive, highly reproducible and scans can be per-
formed and analysed quickly [19].

The current Baveno consensus guidelines[36] recommend that diagnosis of compensated
advanced chronic liver disease (cACLD) can be made based on liver stiffness measurements by
transient elastography. Invasive tests can be used where there is diagnostic doubt or for confir-
mation. Liver stiffness and platelet cut-offs are also recommended for diagnosis of CSPH in
patients with viral aetiologies and for safely avoiding screening endoscopy for oesophageal var-
ices. In patients with cACLD of all aetologies, imaging showing presence of collateral vessels is
sufficient to diagnose CSPH, which is particularly relevant to our imaging biomarkers that
could complement anatomical assessment.

We envision portal hypertension assessment by spleen cT; to complement the existing abil-
ities of multi-parametric MR to quantify liver inflammation, fibrosis, fat and iron [19] and risk
stratify for clinical outcomes [21]. Such multifactorial assessment was demonstrated in one
patient with non-cirrhotic portal hypertension, where liver cT; (767 ms) was able to rule out
cirrhosis, and spleen cT; (1414 ms) detected clinically significant portal hypertension cor-
rectly. The ability to assess multiple parameters in one simple test makes this technology very
attractive to explore further. In clinical practice, the information provided by this technology
may reduce the need for liver biopsies and HVPG measurements, which are invasive and
costly (see S4 Table for comparison of MR features with alternative tests). In the context of
clinical trials, this technology may help to accelerate drug development as spleen cT; correlated
strongly with HVPG, an FDA recognised end-point. Recruitment and retention of participants
to trials may improve, as utilisation of this technology would avoid the need for invasive proce-
dures like biopsy and HVPG measurement, which are unattractive to patients.

Study limitations

The small sample size limits the interpretation of the study as proof of concept only. Unlike
most HVPG studies, patients in our cohort were recruited based on the suspicion of cirrhosis,
which was confirmed in 53%. Consequently, 43% of patients had no portal hypertension and
the highest HVPG was 18 mmHg. Larger studies specifically in cirrhotic patients are needed,
ideally including HVPGs up to 40 mmHg [37]. Furthermore, measurement of T, is dependent
on magnet field strength and the specific method used for its estimation. LiverMultiScan
allows standardisation across magnet vendors and field strengths, which will have to be tested
in larger multi-site studies.

The accuracy of ¢T| measurements to reflect water content could be biased by other physio-
logical parameters [38], but when applied to the spleen this parameter was the only indepen-
dent predictor of HVPG. Furthermore, the iron correction algorithm used here was developed
for correction of liver data, without any further modifications to reflect spleen physiology.
Closer examination of factors that can affect T; measurement in the liver and spleen and the
creation of organ specific correction mechanisms should be the focus of further studies.

Conclusions

This study showed that spleen cT correlates strongly with HVPG and therefore, could be a
useful biomarker of portal hypertension. Formal recommendations about clinical application
should be made based on larger studies to explore the relationship of spleen cT, splenic
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volume and other MR biomarkers with a wider range of portal pressures. Future studies
should also focus on the ability of spleen cT to predict the presence of oesophageal varices
and other clinical outcomes.

Supporting information

S1 Checklist. STARD checklist.
(DOCX)

S1 Dataset.
(XLSX)

S1 Text. Details of recruitment strategy.
(DOCX)

S1 Fig. Liver iron corrected T1 correlation with the hepatic vein pressure gradient.
(PDF)

S1 Table. Extrahepatic comorbidities and medications of patients included in the final
analysis.
(DOCX)

S2 Table. Linear regression analyses for the prediction of hepatic vein pressure gradient.
(DOCX)

S3 Table. Logistic regression analysis for the diagnosis of clinically significant portal
hypertension.
(DOCX)

S4 Table. Comparison of MR features with alternative approaches.
(DOCX)

Author Contributions

Conceptualization: Michael Pavlides.

Data curation: Christina Levick, Lai Mun Wang, Michael Pavlides.

Formal analysis: Christina Levick, Michael Pavlides.

Funding acquisition: Michael Pavlides.

Investigation: Christina Levick, Jane Phillips-Hughes, Stefan K. Piechnik, Eleanor Barnes.

Methodology: Jane Phillips-Hughes, Stefan K. Piechnik, Matthew D. Robson, Stefan
Neubauer.

Project administration: Christina Levick, Michael Pavlides.

Resources: Jane Collier, Rajarshi Banerjee, Jeremy F. Cobbold, Lai Mun Wang, Stefan
Neubauer.

Supervision: Matthew D. Robson, Stefan Neubauer, Eleanor Barnes, Michael Pavlides.
Writing - original draft: Michael Pavlides.

Writing - review & editing: Jane Phillips-Hughes, Jane Collier, Rajarshi Banerjee, Jeremy F.
Cobbold, Lai Mun Wang, Stefan K. Piechnik, Matthew D. Robson, Stefan Neubauer, Elea-
nor Barnes, Michael Pavlides.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221066  August 20, 2019 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221066.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221066.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221066.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221066.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221066.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221066.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221066.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221066.s008
https://doi.org/10.1371/journal.pone.0221066

@ PLOS|ONE

Spleen MRI for portal pressure assessment

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Thalheimer U, Leandro G, Samonakis DN, Triantos CK, Patch D, Burroughs AK. Assessment of the
agreement between wedge hepatic vein pressure and portal vein pressure in cirrhotic patients. Diges-
tive and liver disease: official journal of the Italian Society of Gastroenterology and the Italian Associa-
tion for the Study of the Liver. 2005; 37(8):601-8. Epub 2005/05/24. https://doi.org/10.1016/j.dId.2005.
02.009 PMID: 15908290.

Vorobioff J, Groszmann RJ, Picabea E, Gamen M, Villavicencio R, Bordato J, et al. Prognostic value of
hepatic venous pressure gradient measurements in alcoholic cirrhosis: a 10-year prospective study.
Gastroenterology. 1996; 111(3):701-9. https://doi.org/10.1053/gast.1996.v111.pm8780575 PMID:
8780575.

Patch D, Armonis A, Sabin C, Christopoulou K, Greenslade L, McCormick A, et al. Single portal pres-
sure measurement predicts survival in cirrhotic patients with recent bleeding. Gut. 1999; 44(2):264-9.
Epub 1999/01/23. https://doi.org/10.1136/gut.44.2.264 PMID: 9895388.

Ripoll C, Groszmann R, Garcia-Tsao G, Grace N, Burroughs A, Planas R, et al. Hepatic venous pres-
sure gradient predicts clinical decompensation in patients with compensated cirrhosis. Gastroenterol-
ogy. 2007; 133(2):481-8. https://doi.org/10.1053/j.gastro.2007.05.024 PMID: 17681169.

Merkel C, Bolognesi M, Bellon S, Zuin R, Noventa F, Finucci G, et al. Prognostic usefulness of hepatic
vein catheterization in patients with cirrhosis and esophageal varices. Gastroenterology. 1992; 102
(3):973-9. https://doi.org/10.1016/0016-5085(92)90185-2 PMID: 1537533.

Sanyal AJ, Friedman SL, McCullough AJ, Dimick-Santos L, American Association for the Study of Liver
D, United States F, et al. Challenges and opportunities in drug and biomarker development for nonalco-
holic steatohepatitis: findings and recommendations from an American Association for the Study of
Liver Diseases-U.S. Food and Drug Administration Joint Workshop. Hepatology (Baltimore, Md). 2015;
61(4):1392—405. https://doi.org/10.1002/hep.27678 PMID: 25557690.

Groszmann RJ, Bosch J, Grace ND, Conn HO, Garcia-Tsao G, Navasa M, et al. Hemodynamic events
in a prospective randomized trial of propranolol versus placebo in the prevention of a first variceal hem-
orrhage. Gastroenterology. 1990; 99(5):1401-7. https://doi.org/10.1016/0016-5085(90)91168-6 PMID:
2210246.

Thalheimer U, Bellis L, Puoti C, Burroughs AK. Should we routinely measure portal pressure in patients
with cirrhosis, using hepatic venous pressure gradient (HVPG) as a guide for prophylaxis and therapy of
bleeding and rebleeding? No. Eur J Intern Med. 2011; 22(1):5-7. https://doi.org/10.1016/j.jim.2010.12.
006 PMID: 21238884.

ShiKQ, Fan YC, Pan ZZ, Lin XF, Liu WY, Chen YP, et al. Transient elastography: a meta-analysis of
diagnostic accuracy in evaluation of portal hypertension in chronic liver disease. Liver Int. 2013; 33
(1):62—71. https://doi.org/10.1111/liv.12003 PMID: 22973991.

Vizzutti F, Arena U, Romanelli RG, Rega L, Foschi M, Colagrande S, et al. Liver stiffness measurement
predicts severe portal hypertension in patients with HCV-related cirrhosis. Hepatology. 2007; 45
(5):1290-7. https://doi.org/10.1002/hep.21665 PMID: 17464971.

European Association for Study of L, Asociacion Latinoamericana para el Estudio del H. EASL-ALEH
Clinical Practice Guidelines: Non-invasive tests for evaluation of liver disease severity and prognosis. J
Hepatol. 2015; 63(1):237-64. https://doi.org/10.1016/j.jhep.2015.04.006 PMID: 25911335.

Castera L, Foucher J, Bernard PH, Carvalho F, Allaix D, Merrouche W, et al. Pitfalls of liver stiffness
measurement: a 5-year prospective study of 13,369 examinations. Hepatology (Baltimore, Md). 2010;
51(3):828-35. Epub 2010/01/12. https://doi.org/10.1002/hep.23425 PMID: 20063276.

Thabut D, Imbert-Bismut F, Cazals-Hatem D, Messous D, Muntenau M, Valla DC, et al. Relationship
between the Fibrotest and portal hypertension in patients with liver disease. Aliment Pharmacol Ther.
2007; 26(3):359-68. https://doi.org/10.1111/j.1365-2036.2007.03378.x PMID: 17635370.

Jansen C, Leeming DJ, Mandorfer M, Byrjalsen |, Schierwagen R, Schwabl P, et al. PRO-C3-levels in
patients with HIV/HCV-Co-infection reflect fibrosis stage and degree of portal hypertension. PLoS One.
2014; 9(9):e108544. https://doi.org/10.1371/journal.pone.0108544 PMID: 25265505; PubMed Central
PMCID: PMC4180447.

Berzigotti A, Seijo S, Arena U, Abraldes JG, Vizzutti F, Garcia—Pagan JC, et al. Elastography, Spleen
Size, and Platelet Count Identify Portal Hypertension in Patients With Compensated Cirrhosis. Gastro-
enterology. 2013; 144(1):102—11.e1. https://doi.org/10.1053/j.gastro.2012.10.001 PMID: 23058320

Colecchia A, Montrone L, Scaioli E, Bacchi-Reggiani ML, Colli A, Casazza G, et al. Measurement of
Spleen Stiffness to Evaluate Portal Hypertension and the Presence of Esophageal Varices in Patients
With HCV-Related Cirrhosis. Gastroenterology. 2012; 143(3):646-54. https://doi.org/10.1053/j.gastro.
2012.05.035 PMID: 22643348

Nedredal Gl, Yin M, McKenzie T, Lillegard J, Luebke-Wheeler J, Talwalkar J, et al. Portal hypertension
correlates with splenic stiffness as measured with MR elastography. Journal of magnetic resonance

PLOS ONE | https://doi.org/10.1371/journal.pone.0221066  August 20, 2019 14/16


https://doi.org/10.1016/j.dld.2005.02.009
https://doi.org/10.1016/j.dld.2005.02.009
http://www.ncbi.nlm.nih.gov/pubmed/15908290
https://doi.org/10.1053/gast.1996.v111.pm8780575
http://www.ncbi.nlm.nih.gov/pubmed/8780575
https://doi.org/10.1136/gut.44.2.264
http://www.ncbi.nlm.nih.gov/pubmed/9895388
https://doi.org/10.1053/j.gastro.2007.05.024
http://www.ncbi.nlm.nih.gov/pubmed/17681169
https://doi.org/10.1016/0016-5085(92)90185-2
http://www.ncbi.nlm.nih.gov/pubmed/1537533
https://doi.org/10.1002/hep.27678
http://www.ncbi.nlm.nih.gov/pubmed/25557690
https://doi.org/10.1016/0016-5085(90)91168-6
http://www.ncbi.nlm.nih.gov/pubmed/2210246
https://doi.org/10.1016/j.ejim.2010.12.006
https://doi.org/10.1016/j.ejim.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21238884
https://doi.org/10.1111/liv.12003
http://www.ncbi.nlm.nih.gov/pubmed/22973991
https://doi.org/10.1002/hep.21665
http://www.ncbi.nlm.nih.gov/pubmed/17464971
https://doi.org/10.1016/j.jhep.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/25911335
https://doi.org/10.1002/hep.23425
http://www.ncbi.nlm.nih.gov/pubmed/20063276
https://doi.org/10.1111/j.1365-2036.2007.03378.x
http://www.ncbi.nlm.nih.gov/pubmed/17635370
https://doi.org/10.1371/journal.pone.0108544
http://www.ncbi.nlm.nih.gov/pubmed/25265505
https://doi.org/10.1053/j.gastro.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23058320
https://doi.org/10.1053/j.gastro.2012.05.035
https://doi.org/10.1053/j.gastro.2012.05.035
http://www.ncbi.nlm.nih.gov/pubmed/22643348
https://doi.org/10.1371/journal.pone.0221066

@ PLOS|ONE

Spleen MRI for portal pressure assessment

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

imaging: JMRI. 2011; 34(1):79-87. https://doi.org/10.1002/jmri.22610 PMID: 21608066; PubMed Cen-
tral PMCID: PMC3121904.

Tunnicliffe EM, Banerjee R, Pavlides M, Neubauer S, Robson MD. A model for hepatic fibrosis: the
competing effects of cell loss and iron on shortened modified Look-Locker inversion recovery T1
(shMOLLI-T1) in the liver. Journal of magnetic resonance imaging: JMRI. 2017; 45(2):450-62. https://
doi.org/10.1002/jmri.25392 PMID: 27448630.

Banerjee R, Pavlides M, Tunnicliffe EM, Piechnik SK, Sarania N, Philips R, et al. Multiparametric mag-
netic resonance for the non-invasive diagnosis of liver disease. J Hepatol. 2014; 60(1):69-77. Epub
2013/09/17. https://doi.org/10.1016/j.jhep.2013.09.002 PMID: 24036007; PubMed Central PMCID:
PMC3865797.

Pavlides M, Banerjee R, Tunnicliffe EM, Kelly C, Collier J, Wang LM, et al. Multiparametric magnetic
resonance imaging for the assessment of non-alcoholic fatty liver disease severity. Liver international:
official journal of the International Association for the Study of the Liver. 2017; 37(7):1065-73. Epub
2016/10/26. https://doi.org/10.1111/liv.13284 PMID: 27778429; PubMed Central PMCID:
PMC5518289.

Pavlides M, Banerjee R, Sellwood J, Kelly CJ, Robson MD, Booth JC, et al. Multi-parametric magnetic
resonance imaging predicts clinical outcomes in patients with chronic liver disease. J Hepatol. 2015.
https://doi.org/10.1016/j.jhep.2015.10.009 PMID: 26471505.

Manenti A, Botticelli A, Gibertini G, Botticelli L. Experimental congestive splenomegaly: histological
observations in the rat. Pathologica. 1993; 85(1100):721-4. PMID: 8170720.

Terayama N, Makimoto KP, Kobayashi S, Nakanuma Y, Sasaki M, Saito K, et al. Pathology of the
spleen in primary biliary cirrhosis: an autopsy study. Pathol Int. 1994; 44(10-11):753-8. PMID:
7834076.

Williams AL, Hoofnagle JH. Ratio of serum aspartate to alanine aminotransferase in chronic hepatitis.
Relationship to cirrhosis. Gastroenterology. 1988; 95(3):734-9. Epub 1988/09/01. https://doi.org/10.
1016/s0016-5085(88)80022-2 PMID: 3135226.

Wai CT, Greenson JK, Fontana RJ, Kalbfleisch JD, Marrero JA, Conjeevaram HS, et al. A simple nonin-
vasive index can predict both significant fibrosis and cirrhosis in patients with chronic hepatitis C. Hepa-
tology (Baltimore, Md). 2003; 38(2):518-26. Epub 2003/07/29. https://doi.org/10.1053/jhep.2003.50346
PMID: 12883497.

Vallet-Pichard A, Mallet V, Nalpas B, Verkarre V, Nalpas A, Dhalluin-Venier V, et al. FIB-4: an inexpen-
sive and accurate marker of fibrosis in HCV infection. comparison with liver biopsy and fibrotest. Hepa-
tology (Baltimore, Md). 2007; 46(1):32—6. Epub 2007/06/15. https://doi.org/10.1002/hep.21669 PMID:
17567829.

Bosch J, Groszmann RJ, Shah VH. Evolution in the understanding of the pathophysiological basis of
portal hypertension: How changes in paradigm are leading to successful new treatments. J Hepatol.
2015; 62(1 Suppl):S121-30. https://doi.org/10.1016/j.jhep.2015.01.003 PMID: 2592008 1; PubMed
Central PMCID: PMC4519833.

Gibson PR, Gibson RN, Ditchfield MR, Donlan JD. Splenomegaly—an insensitive sign of portal hyper-
tension. Australian and New Zealand Journal of Medicine. 1990; 20(6):771—4. https://doi.org/10.1111/.
1445-5994.1990.tb00421.x PMID: 2291725

Colecchia A, Montrone L, Scaioli E, Bacchi-Reggiani ML, Colli A, Casazza G, et al. Measurement of
Spleen Stiffness to Evaluate Portal Hypertension and the Presence of Esophageal Varices in Patients
With HCV-Related Cirrhosis. Gastroenterology. 2012; 143(3):646-54. S0016-5085(12)00800-1 [pii]
https://doi.org/10.1053/j.gastro.2012.05.035 PMID: 22643348.

Sharma P, Kirnake V, Tyagi P, Bansal N, Singla V, Kumar A, et al. Spleen Stiffness in Patients With Cir-
rhosis in Predicting Esophageal Varices. The American journal of gastroenterology. 2013; 108
(7):1101=7. https://doi.org/10.1038/ajg.2013.119 PMID: 23629600

Elkrief L, Rautou PE, Ronot M, Lambert S, Dioguardi Burgio M, Francoz C, et al. Prospective compari-
son of spleen and liver stiffness by using shear-wave and transient elastography for detection of portal
hypertension in cirrhosis. Radiology. 2015; 275(2):589-98. Epub 2014/12/04. https://doi.org/10.1148/
radiol.14141210 PMID: 25469784.

Suh CH, Kim KW, Park SH, Lee SS, Kim HS, Tirumani SH, et al. Shear Wave Elastography as a Quanti-
tative Biomarker of Clinically Significant Portal Hypertension: A Systematic Review and Meta-Analysis.
American Journal of Roentgenology. 2018; 210(5):W185-W95. https://doi.org/10.2214/AJR.17.18367
PMID: 29570374

Huang SY, Abdelsalam ME, Harmoush S, Ensor JE, Chetta JA, Hwang KP, et al. Evaluation of liver
fibrosis and hepatic venous pressure gradient with MR elastography in a novel swine model of cirrhosis.
Journal of magnetic resonance imaging: JMRI. 2014; 39(3):590-7. https://doi.org/10.1002/jmri.24189
PMID: 24532376.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221066  August 20, 2019 15/16


https://doi.org/10.1002/jmri.22610
http://www.ncbi.nlm.nih.gov/pubmed/21608066
https://doi.org/10.1002/jmri.25392
https://doi.org/10.1002/jmri.25392
http://www.ncbi.nlm.nih.gov/pubmed/27448630
https://doi.org/10.1016/j.jhep.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24036007
https://doi.org/10.1111/liv.13284
http://www.ncbi.nlm.nih.gov/pubmed/27778429
https://doi.org/10.1016/j.jhep.2015.10.009
http://www.ncbi.nlm.nih.gov/pubmed/26471505
http://www.ncbi.nlm.nih.gov/pubmed/8170720
http://www.ncbi.nlm.nih.gov/pubmed/7834076
https://doi.org/10.1016/s0016-5085(88)80022-2
https://doi.org/10.1016/s0016-5085(88)80022-2
http://www.ncbi.nlm.nih.gov/pubmed/3135226
https://doi.org/10.1053/jhep.2003.50346
http://www.ncbi.nlm.nih.gov/pubmed/12883497
https://doi.org/10.1002/hep.21669
http://www.ncbi.nlm.nih.gov/pubmed/17567829
https://doi.org/10.1016/j.jhep.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25920081
https://doi.org/10.1111/j.1445-5994.1990.tb00421.x
https://doi.org/10.1111/j.1445-5994.1990.tb00421.x
http://www.ncbi.nlm.nih.gov/pubmed/2291725
https://doi.org/10.1053/j.gastro.2012.05.035
http://www.ncbi.nlm.nih.gov/pubmed/22643348
https://doi.org/10.1038/ajg.2013.119
http://www.ncbi.nlm.nih.gov/pubmed/23629600
https://doi.org/10.1148/radiol.14141210
https://doi.org/10.1148/radiol.14141210
http://www.ncbi.nlm.nih.gov/pubmed/25469784
https://doi.org/10.2214/AJR.17.18367
http://www.ncbi.nlm.nih.gov/pubmed/29570374
https://doi.org/10.1002/jmri.24189
http://www.ncbi.nlm.nih.gov/pubmed/24532376
https://doi.org/10.1371/journal.pone.0221066

@ PLOS|ONE

Spleen MRI for portal pressure assessment

34.

35.

36.

37.

38.

Ronot M, Lambert S, Elkrief L, Doblas S, Rautou PE, Castera L, et al. Assessment of portal hyperten-
sion and high-risk oesophageal varices with liver and spleen three-dimensional multifrequency MR elas-
tography in liver cirrhosis. Eur Radiol. 2014; 24(6):1394—402. https://doi.org/10.1007/s00330-014-
3124-y PMID: 24626745.

Palaniyappan N, Cox E, Bradley C, Scott R, Austin A, O’Neill R, et al. Non-invasive assessment of por-
tal hypertension using quantitative magnetic resonance imaging. J Hepatol. 2016; 65(6):1131-9. Epub
2016/08/01. https://doi.org/10.1016/j.jhep.2016.07.021 PMID: 27475617; PubMed Central PMCID:
PMC5123896.

de Franchis R, Baveno VIF. Expanding consensus in portal hypertension: Report of the Baveno VI Con-
sensus Workshop: Stratifying risk and individualizing care for portal hypertension. J Hepatol. 2015; 63
(8):743-52. https://doi.org/10.1016/j.jhep.2015.05.022 PMID: 26047908.

Bosch J, Abraldes JG, Berzigotti A, Garcia-Pagan JC. The clinical use of HVPG measurements in
chronic liver disease. Nat Rev Gastroenterol Hepatol. 2009; 6(10):573-82. https://doi.org/10.1038/
nrgastro.2009.149 PMID: 19724251.

Mozes FE, Tunnicliffe EM, Pavlides M, Robson MD. Influence of fat on liver T measurements using
modified Look-Locker inversion recovery (MOLLI) methods at 3T. Journal of magnetic resonance imag-
ing: JMRI. 2016. https://doi.org/10.1002/jmri.25146 PMID: 26762615.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221066  August 20, 2019 16/16


https://doi.org/10.1007/s00330-014-3124-y
https://doi.org/10.1007/s00330-014-3124-y
http://www.ncbi.nlm.nih.gov/pubmed/24626745
https://doi.org/10.1016/j.jhep.2016.07.021
http://www.ncbi.nlm.nih.gov/pubmed/27475617
https://doi.org/10.1016/j.jhep.2015.05.022
http://www.ncbi.nlm.nih.gov/pubmed/26047908
https://doi.org/10.1038/nrgastro.2009.149
https://doi.org/10.1038/nrgastro.2009.149
http://www.ncbi.nlm.nih.gov/pubmed/19724251
https://doi.org/10.1002/jmri.25146
http://www.ncbi.nlm.nih.gov/pubmed/26762615
https://doi.org/10.1371/journal.pone.0221066

