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Abstract

Purpose To evaluate the correlation between liver stiffness as measured on MR elastography and T1 and T2 relaxation times
from T1 and T2 mapping with clinical parameters of liver disease, including the MELD score, MELD-Na and ALBI grade,
and endoscopically visible esophageal varices.

Materials and methods 223 patients with known or suspected liver disease underwent MRI of the liver with T1 mapping
(Look-Locker sequence) and 2D SE-EPI MR elastography (MRE) sequences. 139 of these patients also underwent T2 map-
ping with radial T2 FS sequence. Two readers measured liver stiffness, T1 relaxation times and T2 relaxation times, and
assessed qualitative features such as presence or absence of cirrhosis, ascites, spleen length, and varices on conventional
MRI images. A third reader collected the clinical data (MELD score, MELD-Na Score, ALBI grade, and results of endos-
copy in 78 patients).

Results Significant moderate correlation was found between MELD score and all three imaging techniques for both read-
ers (MRE, r=0.35 and 0.28; T1 relaxometry, »=0.30 and 0.29; T2 relaxometry, r=0.45, and 0.37 for reader 1 and reader
2 respectively). Correlation with MELD-Na score was even higher (MRE, r=0.49 and 0.40; T1, r=0.45 and 0.41; T2,
r=0.47 and 0.35 for reader 1 and reader 2 respectively). Correlations between MRE and ALBI grade was significant and
moderate for both readers: »r=0.39 and 0.37, higher than T1 relaxometry (r=0.22 and 0.20) and T2 relaxometry (r=0.17,
and r=0.24). Significant moderate correlations were found for both readers between MRE and the presence of varices on
endoscopy (r=0.28 and 0.30). MRE and T1 relaxometry were significant predictors of varices at endoscopy for both read-
ers (MRE AUC 0.923 and 0.873; T1 relaxometry AUC=0.711 and 0.675 for reader 1 and reader 2 respectively). Cirrhotic
morphology (AUC=0.654), spleen length (AUC =0.610) and presence of varices in the upper abdomen on MRI (AUC of
0.693 and 0.595) were all significant predictors of endoscopic varices. Multivariable logistic regression model identified that
spleen length and liver MRE were significant independent predictors of endoscopic varices for both readers.

Conclusion MR elastography, T1 and T2 relaxometry demonstrated moderate positive correlation with the MELD score
and MELD-Na Score. Correlation between MRE and ALBI grade was superior to T1 and T2 relaxometry methods. MRE
performed better than T1 and T2 relaxometry to predict the presence of varices at endoscopy. On multivariate analyses,
spleen length and MRE were the only two significant independent predictors of endoscopic varices.

Keywords MR elastography (MRE) - T1 mapping - T2 mapping - Portal hypertension - Liver function

P< David H. Hoffman James Babb
David.Hoffman @nyulangone.org James.Babb@nyulangone.org
Abimbola Ayoola Krishna Prasad Shanbhogue
Abimbola.Ayoola@nyulangone.org Krishna.Shanbhogue @nyulangone.org

Dominik Nickel 1
marcel.nickel @siemens-healthineers.com

Fei Han 2
fei.han @siemens-healthineers.com

Department of Radiology, NYU Langone Health, 660 First
Ave, New York, NY 10016, USA

Siemens Healthcare GmbH, Erlangen, Germany

Hersh Chandarana
Hersh.Chandarana@nyulangone.org

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00261-020-02432-7&domain=pdf

Abdominal Radiology (2020) 45:2680-2687

2681

Introduction

Liver disease is increasing in prevalence. As the nonspe-
cific response to liver injury, hepatic fibrosis progresses
through stages, culminating in the common end pathway
for continued liver insult—cirrhosis [1, 2]. Although
liver biopsy has been long considered the gold standard
for diagnosing and monitoring liver fibrosis, it is costly,
subject to sampling error and has a non-negligible com-
plication rate [3, 4]. Several laboratory-based prognos-
tic models are utilized in patients with liver disease. The
MELD score (Model for End-Stage Liver Disease) uses
total serum creatinine, total serum bilirubin and the inter-
national normalized ratio (INR) to predict short-term sur-
vival in cirrhotic patients and is used to prioritize liver
transplantation [5, 6]. More recently, the ALBI grade was
developed as a simplified measure of liver function, using
only albumin and total serum bilirubin, with prognostic
implications in patients with hepatocellular carcinoma [7,
8]. Esophageal varices are a potentially life-threatening
complication of portal hypertension, requiring monitoring,
and often treatment in cirrhotic patients [9]. Endoscopy
is routinely performed in cirrhotic patients to exclude GE
junction varices, despite low prevalence of varices at high
risk of bleeding/needing treatment. Baveno VI guidelines
recommends avoiding endoscopy in patients with transient
elastography liver stiffness measurement <20 kPa and a
platelet count > 150,000 cells/ul, given the very low inci-
dence of large varices requiring treatment in this popula-
tion [10, 11]. However, studies have shown that endoscopy
may not be necessary in a substantial number of patients
who meet the criteria (up to 40%), indicating the need for
a more robust criteria to select those in need of endoscopy
[12].

Several non-invasive MRI imaging techniques have
gained increasing recognition and utilization in recent
years for the staging and monitoring of liver disease.
MR elastography, which measures shear wave propaga-
tion through tissue, has demonstrated high accuracy and
reproducibility in staging liver fibrosis [13—15]. Stiffness
measurements from MR elastography has been found to
correlate with the hepatic venous pressure gradient, the
gold standard but invasive method of detecting and moni-
toring portal hypertension in cirrhosis [16]. MR relaxom-
etry techniques measure the T1 and T2 relaxation times of
the liver and have also shown promise in the non-invasive
staging of liver fibrosis [17-21]. MRE and T1 mapping
have both been used to predict the presence of portal
hypertension and esophageal varices [16-18, 22-26].
Recently published studies have shown that the T1 relaxa-
tion time significantly increases with higher Child-Pugh
classification [27, 28]. No published data, however, exists

on the utility of T2 mapping for these purposes. Utilization
of this sequence in clinical practice when imaging patients
with suspected or known hepatic fibrosis may represent a
feasible non-invasive alternative to diagnose and monitor
disease progression. T1 and T2 mapping sequences can
be incorporated into standard MRI protocols without the
need for an additional hardware, as in elastography. The
goal of this study is two-fold: a) To evaluate the correla-
tion between the stiffness values from MR elastography
and T1/T2 relaxation times with clinical parameters of
liver disease, including the MELD score, MELD-Na, and
ALBI grade. 2. To evaluate to the role of MR elastography,
T1 mapping and T2 mapping in predicting the presence of
endoscopically visible esophageal varices.

Methods
Study design and patient population

Between June and December 2018, all patients with known
or suspected hepatic fibrosis who underwent MR liver with
elastography at our institution had an additional T1 mapping
sequence (Look-Locker sequence) and T2 mapping sequence
obtained as part of the standard protocol. There were a total
of 226 patients, 102 of which were female and 114 were
male, with an average age of 39 years (range: 20-80 years).
Three patients were excluded from the final cohort. One
was excluded due to failure of T1 mapping. The other two
patients were status post Y-90 embolization with extensive
post radioembolization changes precluding meaningful
measurement of liver stiffness and T1/T2 relaxation times.
The final cohort included 223 patients. The underlying etiol-
ogy included non-alcoholic fatty liver disease (NAFLD) in
72 patients, hepatitis B infection in 37 patients, and hepati-
tis C infection in 30 patients. 31 patients had elevated liver
function tests without a known etiology at the time of refer-
ral for MR elastography, 20 had a history of autoimmune
hepatitis, including 1 with drug induced liver injury (DILI)
overlap, 4 with primary biliary cholangitis (PBC) overlap
and 1 with primary sclerosing cholangitis (PSC) overlap,
and 10 had a history of significant alcoholism. Additional
etiologies included primary biliary cholangitis [7], no known
underlying disease [9], workup of liver mass [4], hemochro-
matosis [4] and unexplained cirrhosis [2].

Magnetic resonance imaging and imaging analysis

Liver MRI was performed on a 3 T system (MAGNETOM
Skyra, Siemens Healthcare, Erlangen, Germany) and 1.5 T
system (MAGNETOM Aera, Siemens Healthcare, Erlan-
gen, Germany) using the standard body and spine matrix
coils. MR elastography utilized an acoustic driver system
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(Resoundant, Rochester, MN) with the passive driver placed
at the patient’s right upper quadrant inducing shear waves
at 60 Hz. A prototype 2D-SE-EPI sequence was acquired in
each patient. Four individual slices are obtained each in a
single breath hold, centered through the thickest portion of
the liver with following parameters: TR/TE 1000/45 ms, flip
angle: 90 degrees, FOV: typically 380 x 380 mm?, matrix:
100 x 100, slice thickness: 6 mm, fat saturation: SPAIR,
wave frequency: 60 Hz, MEG frequency: 60 Hz, MEG
amplitude: 36 mT/m, z-axis, GRAPPA acceleration factor:
2, acquisition time: 11 s.

Multi-echo Dixon mapping was also performed to evalu-
ate the liver fat and iron content with the following param-
eters: TE 1.09/2.3/3.57/4.84/6.11/7.38 ms, TR 9.17 ms, flip
angle: 4 degrees, FOV: 380 x 332 mm?, matrix: 160 x 111,
slice thickness: 3 mm, number of slices: 72, CAIPIRINHA
factor: 3, acquisition time: 19 s.

T1 mapping was performed using a prototype Look-
Locker sequence. For each inversion pulse data were
acquired for a single slice. Sequence parameters were as
follows: TR 3 ms, TE 1.32 ms, multiple TIs at 122, 347, 572,
797, 1022, 1247, 1472, 1697, 1922, 2147, 2372, 2597, 2822,
3047, 3272 and 3497 ms; flip angle: 8 degrees; Matrix — 192
x 80; Number of slices: 4; Acquisition time: 18 s.

T2 mapping was performed with a free-breathing, fat sup-
pressed, prototype radial TSE sequence. Sequence param-
eters were as follows: TR: 3300 ms (3T); 1850 ms (1.5T),
FOV: 350 x 350 mm, Slice thickness: 6 mm, Number of
radial views =391, Matrix: 256 X 256; Number of slices: 14;
Acquisition time: 2:15 minutes. Images with multiple TEs
were reconstructed from the radial data using echo-sharing
algorithm. T2 value were estimated from images with differ-
ent effective TE using the exponential signal decay model,
with the first echo excluded from the fitting.

Two readers (reader 1 with 9 years post-fellowship expe-
rience in abdominal imaging, and reader 2 a body MRI
fellow), blinded to the histopathology or other clinical or
laboratory findings, followed a set protocol of image review,
which included measuring the mean liver stiffness using
ROIs in the right hepatic lobe in an area devoid of large
blood vessels both on the T1 map (for T1 relaxation time)
and MRE stiffness map with 95% confidence marking (for
liver stiffness measurements). This was performed directly
on PACS. ROI was drawn in the region of liver away from
the liver edge, devoid of vessels, bile duct and focal lesions.
Wave images were also assessed to ensure coherent wave
propagation in this region. ROIs were placed in the same
location in the right lobe of the liver on MR elastography,
T1 mapping and T2 mapping sequences with minimum ROI
size of 5 cm?. To account for the influence of fat on T1
relaxation times, a dictionary using simulated signal curves
at a given fat fraction (obtained from PDFF/HISTO) and T1
value was generated (assuming the T1 of fat being 290 ms at
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3T and 230 ms at 1.5T). The corrected T1 values (corrected
for fat) were used for statistical analysis.

In addition, both the readers evaluated the following qual-
itative parameters on MR imaging: cirrhotic morphology
of the liver, spleen size, ascites, and presence of varices on
MRI including the location (GE junction, or other).

Clinical data collection

A third-independent reader collected relevant clinical data,
including serum albumin, bilirubin, sodium, INR, creati-
nine, and MELD score, if performed within 3 months of the
MRI. Endoscopy was done in 78/223 (34.9%) of patients.
The presence or absence of endoscopically visible esopha-
geal varices were recorded.

Statistical analysis

Reader agreement was assessed in terms of the intraclass
correlation coefficient (ICC) for the absolute agreement
between single measures for numeric factors and using the
linear weight kappa coefficient for the ordinal imaging-based
assessment of varices. Associations among numeric imag-
ing measures were assessed in terms of the Pearson and
Spearman rank correlation coefficients. The utility of imag-
ing measures for the detection of binary outcome measures
(e.g., advanced fibrosis at biopsy) was tested using binary
logistic regression and characterized in terms of area under
the ROC curve (AUC). ROC analyses were conducted to
identify cutoff values for liver MRE, T1 and T2 for discrimi-
nating subjects with and without endoscopic varices that
were optimal in the sense of maximizing the Youden index
or that were estimated to achieve specified target levels of
sensitivity or specificity. Since reader-specific cutoff values
would have limited clinical utility, this ROC analysis used
the data from both readers combined in order to identify
single cutoff values for each imaging feature that showed
optimal performance across both readers. All statistical tests
were conducted at the two-sided 5% significance level using
SAS 9.4 software (SAS Institute, Cary, NC).

Results

There was good reader agreement for MR elastography (ICC
estimate 0.84), and excellent agreement for liver T1 and T2
measurements (ICC estimates 0.94 and 0.96, respectively).
Agreement for the presence of varices was moderate, with a
kappa coefficient of 0.55. Table 1 provides the ICC estimates
and the lower and upper limits of a 95% confidence interval.

Correlation between imaging and prognostic laboratory
tests demonstrated varying results. Correlations between
MRE and ALBI grade was significant and moderate for
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Table 1 The estimate and the lower and upper limits of a 95% con-
fidence interval for the ICC and linear weighted kappa statistics to
assess reader agreement for the numeric and ordinal imaging meas-
ures, respectively

Measure Statistic Estimate Lower Upper
Liver MRE ICC 0.84 0.66 0.91
Liver T1 ICC 0.94 0.92 0.95
Liver T2 ICC 0.96 0.95 0.97
Spleen T2 ICC 0.96 0.95 0.97
Varices Kappa 0.55 0.43 0.67

both readers: r=0.39 (reader 1) and r=0.37 (reader 2), both
p<0.05. For T1 relaxometry, correlation with ALBI grade
was lower, with r=0.22 and 0.20, p <0.05, respectively
for both readers. Results were similar for T2 relaxometry,
with r=0.17, p=0.057 (reader 1), and r=0.24, p <0.05
(reader 2). Significant moderate correlations were found for
both readers between MRE and the presence of varices on
endoscopy: r=0.28 (reader 1) and »=0.30 (reader 2), both
p <0.05. Correlation between T1 relaxometry and endo-
scopic varices was slightly lower and not statistically signifi-
cant. Correlation between T2 relaxometry and endoscopic
varices was r=0.42, p <0.05, for reader 1, but lower and
not significant for reader 2. Significant moderate correla-
tion was found between MELD score and all three imaging
techniques for both readers. For MRE, r=0.35 (reader 1)
and v0.28 (reader 2). For T1 relaxometry, r=0.30 (reader
1) and r=0.29 (reader 2), and for T2 relaxometry, r=0.45
(reader 1) and r=0.37 (reader 2). For MELD-Na score, there
was even higher correlation with MRE, »=0.49 (reader 1)
and r=0.40 (reader 2), both p < 0.05. Correlations between

2), both p <0.001. For T1 relaxometry, the AUC was 0.711
(reader 1) and 0.675 (reader 2), both p <0.05. T2 relaxom-
etry did not demonstrate significant prediction of the pres-
ence of varices at endoscopy for either reader. AUC values
are listed in Table 3.

Several features identifiable on the MR imaging were
found to significantly predict the presence of varices identi-
fied at endoscopy. Of the 78 patients who underwent endos-
copy, 44 (56.4%) had no visible varices and 34 had varices
(43.6%). The presence of cirrhotic morphology and spleen
length were both significant predictors, with AUC of 0.654
and 0.610, respectively (p <0.05). The presence of esopha-
geal varices identifiable on MR was also a significant predic-
tor for both readers, with AUC of 0.693 (reader 1) and 0.595
(reader 2), (p <0.05). Subset analyses revealed that knowing
the specific location of varices (GE junction, versus other
portosystemic collaterals such as recanalized paraumbili-
cal vein, splenorenal shunt etc.) was not informative for the
prediction of endoscopic varices. The presence of abdominal
ascites on MR yielded an AUC of 0.545, and was not statisti-
cally significant (Table 4).

Multivariable logistic regression model identified that
spleen length and liver MRE were significant independent
predictors of endoscopic varices for both readers with the
type 3 p value of 0.007 (reader 1) and 0.009 (reader 2) for

Table 3 The p value from logistic regression and AUC to assess the
utility of liver MRE, T1 and T2 for the detection of varices at endos-

copy

Endoscopic varices

MELD-Na and both T1 and T2 relaxometry were likewise Variable Reader P Value AUC
higher: for T1, r=0.45 (reader 1) and r=0.41 (reader
2), both p <0.05 and for T2, r=0.47 (reader 1), p<0.05,  LiverMRE ! <0.001 0.923
and r=0.35 (reader 2), p > 0.05. Correlations are listed in Liver MRE 2 <0.001 0.873
Table 2. Liver T1 1 0.004 0.711
For both readers, MRE and T1 relaxometry were found to Liver T1 2 0.010 0.675
be significant predictors of identifying varices at endoscopy. Liver T2 ! 0.142 0.612
For MRE, the AUC was 0.923 (reader 1) and 0.873 (reader Ve T2 2 0494 0.524
Table2 The Spearman rank Liver MRE Liver T1 Liver T2
correlation (r) and p value for
the associations of Liver MRE, Outcome Reader r p r p r p
Liver T1 and Liver T2 with the
numeric and ordinal outcome ALBI Grade 1 0.39 <0.001 0.22 0.002 0.17 0.057
measures ALBI Grade 2 0.37 <0.001 0.20 0.006 0.24 0.005
Endoscopic varices 1 0.28 0.027 0.25 0.052 0.42 0.008
Endoscopic varices 2 0.30 0.016 0.24 0.058 0.11 0.493
MELD 1 0.35 0.011 0.30 0.033 0.45 0.012
MELD 2 0.28 0.048 0.29 0.040 0.37 0.045
MELD-Na 1 0.49 0.001 0.45 0.003 0.47 0.019
MELD-Na 2 0.40 0.008 0.41 0.007 0.35 0.090
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Table 4 The p value from logistic regression and AUC to assess the
utility of varices on MR, the presence of ascites, splenomegaly and
cirrhotic morphology for the detection of varices on endoscopy

Measure Endoscopic varices

AUC P value
Ascites 0.544 0.975
Cirrhotic morphology 0.654 0.003
Spleen length (cm) 0.610 0.014
Varices on MRI R1 0.693 0.001
Varices on MRI R2 0.595 0.024

spleen length; and 0.018 and 0.019 for MRE (AUC 0.828
for reader 1 and 0.818 for reader 2).

A cutoff of > 4.5 kPa on MRE yielded a sensitivity of
79.4% and specificity of 85.2% for the presence of varices on
endoscopy. A T1 relaxation time cutoff of >783 ms yielded a
sensitivity of 58.8% and specificity of 68.6% for the identify-
ing varices on endoscopy. A T2 relaxation cutoff of > 50 ms
gave a 22.2% sensitivity and 95.3% specificity for the pres-
ence of endoscopically detectable varices. Cutoff values
estimated to achieve specified target levels of sensitivity or
specificity and the estimated values of the specificity or sen-
sitivity that would be achieved using the respective cutoff
were calculated and are listed in Table 5.

Discussion

Using non-invasive MRI techniques to predict clinical out-
comes has the potential to transform the care of patients
living with chronic liver disease. Being able to prognosticate
and risk stratify in this patient population would increase the
high value MRI already has in diagnosing and staging liver
disease. In our study, we demonstrated a moderate positive
correlation between MRE and MELD-Na score, r=0.40
and 0.49. Slightly lower but significant was the correlation

between MRE and MELD, r=0.35 (reader 1) and r=0.28
(reader 2). These findings are similar to the previously pub-
lished study by Poterucha, et al [29] which demonstrated a
correlation of liver stiffness with MELD score of r=0.48
(p=0.002) in Fontan patients.

We found a significant moderate correlation between the
stiffness values on MRE and ALBI grade (r=0.37-0.39).
ALBI grade is comparable to Child-Pugh classification in
assessing the degree of liver dysfunction in patients with
hepatocellular carcinoma, and that patients can be stratified
into prognostic groups based this measure [7]. While MELD
is tailored to those with end-stage liver disease, the ALBI
grade can be more broadly applied to any patients with HCC.
To our knowledge, MR elastography has not been corre-
lated with the simplified ALBI grade in the literature. Our
results are not surprising given the alterations in albumin
and bilirubin frequently seen in those with advanced liver
disease, and potentially suggests that higher liver stiffness
identified on MRE may portend a worse prognosis among
those with HCC.

Low stiffness values on transient elastography (Fibro-
scan) has been shown to have a high negative predictive
value for clinically significant varices. The Baveno VI cri-
teria recommends avoiding variceal screening endoscopy
in patients with stiffness of <20 kPa on transient elastog-
raphy and platelet count of > 150,000 [11]. MR elastogra-
phy, although not routinely incorporated in the determina-
tion of which patients will need the screening endoscopy,
has been shown to be potentially beneficial in predicting
the presence of portal hypertension and esophageal varices
[16, 22-25, 30]. Our results corroborate these findings. We
show the high utility of MRE for the prediction of varices
at endoscopy, with AUC of 0.873-0.923. In addition, we
found a significant moderate correlation between elevated
stiffness at MRE and the presence of varices at endoscopy,
r=0.28-0.30. A cutoff of >4.5 kPa on MRE yielded a sen-
sitivity of 79.4% and specificity of 85.2% for the presence of
varices on endoscopy, while a cutoff of >5.76 kPa yielded

Table 5 The cutoff values

. ) . Feature Specificity at fixed sensitivity Sensitivity at fixed specificity

estimated to achieve specified

target levels of sensitivity Target sensi-  Estimated Cutoff Target speci-  Estimated Cutoff

or specificity for detection tivity (%) specificity ficity (%) sensitivity

of varices at endoscopy, and

the estimated values of the Liver MRE 80 83.9% > 4.46 80 81.7% > 4.35

specificity or sensitivity that Liver MRE 90 70.3% >3.79 90 61.2% >5.32

would be achieved using the Liver MRE 95 457% >2.94 95 53.5% >5.76

respective cutoff .
Liver T1 80 43.7% > 733.6 80 45.88 > 8214
Liver T1 90 29.07 > 685.4 90 35.29 > 858.2
Liver T1 95 22.09 > 658.4 95 20.59 > 936.9
Liver T2 80 19.37 > 4.64 80 27.78 > 47.05
Liver T2 90 12.81 > 4.16 90 24.58 >49.15
Liver T2 95 10.62 >3.98 95 22.36 > 49.95
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a 95% specificity. Only 5% of patients with MRE stiffness
values less than 3.7 kPa had varices in endoscopy, yielding
a negative predictive value of 93.7% for any varices. Matsui
et al [30] reported that a cutoff of 4.2 kPa yielded a sensi-
tivity of 90%, specificity of 71%, PPV of 39% and NPV of
97% for any varices, and NPV of 99% for high risk varices.
This cutoff, in conjunction with a platelet threshold of 18 X
10* yielded a 100% sensitivity for the presence of any and
high risk varices and 100% NPV. Our results also suggest
that a cutoff of 3.7 kPa may obviate the need for variceal
screening, which would provide both time and cost savings
and eliminate the potential risks involved with routine repeat
endoscopy. We, however, did not evaluate the negative pre-
dictive value of MRE in differentiating those with high risk
varices, which is expected to be higher.

MR relaxometry involves quantifying the T1 or T2 relax-
ation times of imaged tissue. T1 mapping is based on the
premise that fibrosis results in alteration of the extracellu-
lar matrix of liver parenchyma, which leads to an increase
in parenchymal T1 relaxation time [31]. Using the Look-
Locker sequence [32], the T1 relaxation time (in millisec-
onds) is encoded into the signal intensity of the individ-
ual pixels, which can then easily be derived by drawing a
region of interest on the image. Several prior studies have
demonstrated T1 mapping to be a beneficial tool that can
non-invasively stage liver fibrosis and monitor disease pro-
gression [17-19]. Like MR elastography, this technique has
been shown to correlate with MELD score and Child-Pugh
classification, although most of these studies evaluate the
changes in T1 values after administration of Gd-EOB-DTPA
contrast agent [27, 33-35].

In 2012, Heye, et al demonstrated significantly increased
T1 relaxation times in cirrhotic livers relative to healthy con-
trols, with T1 values measuring 852 + 132 ms in cirrhotics
versus 678 +45 ms in controls [28]. They also showed that
T1 relaxation values can be used to stratify patients based
on Child-Pugh scores, with significantly increased T1 values
of those with class C disease compared with class A and B
(956 + 141 ms versus 816+ 104 and 821 + 132 ms, respec-
tively). Haimerl, et al [25], in 2013, similarly demonstrated
that T1 relaxation rates measured on Gd-EOB-DTPA-
enhanced MR examinations increased with higher Child-
Pugh score, with significant increases from class A to B
and class B to C disease (335 + 80 versus 431 + 75 versus
557 £ 99 ms, respectively). However, Cassinoto et al. [18]
demonstrated a much lower positive correlation of 0.30
between unenhanced liver T1 mapping and the MELD score,
similar to our findings of »=0.29 and 0.30. Furthermore,
T1 mapping has demonstrated correlation with the degree
of portal hypertension and has been used as a predictor of
esophageal varices [17, 18, 26]. For example, Yoon, et al
[26], demonstrated significantly higher pre-contrast T1
values in those with varices versus those without (951 +

114 with varices vs 874 + 105 without varices, p=0.01).
Cassinoto, et al [18], found an AUC of 0.75 for the ability
of T1 mapping to predict the presence of large esophageal
varices. Palaniyappan et al. showed that T1 relaxation time
significantly correlated with hepatic venous pressure gra-
dient (HVPG), the gold standard method to assess portal
hypertension [36]. We demonstrated an AUC of 0.711 and
0.675 (for readers 1 and 2, respectively) for the prediction
of endoscopically visible varices, which is not as high as
MRE, but is nonetheless similar to currently published lit-
erature. T1 relaxometry has not been correlated with the
ALBI grade in prior studies to our knowledge. Despite the
significant moderate correlation found between ALBI grade
and MRE, we found a lower correlation between the ALBI
grade and T1 relaxometry—a low significant positive cor-
relation of r=0.22 and 0.20. Further studies are needed to
determine the relationship of INR and creatinine (specific to
the MELD score) and albumin (specific to the ALBI grade)
to these findings.

Similar to T1 mapping, T2 mapping assumes that liver
fibrosis results in alteration of parenchymal T2 relaxation
times (due to high water content of the advanced fibrosis).
The use of radial T2 FS sequence similarly enables T2 relax-
ation times to be encoded into the signal intensity of indi-
vidual pixels in an image. This technique has been evaluated
in diagnosing and staging liver fibrosis in both animal and
human models with variable success [19, 20, 37]. There are
limited data correlating T2 mapping with laboratory-based
prognostic tests and the presence of varices. To our knowl-
edge, there has been no study correlating T2 mapping with
the MELD score or ALBI grade.

We demonstrate a significant moderate correlation
between T2 mapping and the MELD score, although T2
mapping did not perform as well with the ALBI grade, with
a significantly positive low correlation found for only one
reader. In a 2019 study of pediatric patients with autoim-
mune liver disease, Dillman, et al, [23] found T2 mapping
to be a suboptimal predictor of portal hypertension with an
AUC of 0.63. This is similar to our ROC analysis demon-
strating AUC of 0.612 and 0.524 for the prediction of varices
at endoscopy. Lee et al. in their study in infants with choles-
tasis, showed limited utility of T2 relaxation times in staging
liver fibrosis and differentiating patients with biliary atresia
from normal controls [37].

Qualitative assessment of cirrhotic morphology, spleen
length, and presence of varices on T1-weighted contrast-
enhanced conventional MRI were all found to signifi-
cantly predict the presence of varices identified at endos-
copy, with AUC of 0.654, 0.610, and 0.693 respectively.
Shin et al. found that spleen length and contrast-enhanced
T1-weighted images have similar to higher accuracy for
prediction of endoscopic varices (AUC 0.697 and 0.839
respectively). Our findings corroborate these results. In
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addition, on multivariable analyses, we found that spleen
length and stiffness measurement on MRE were the only
two significant predictors of endoscopic varices. Only one
of our patients with endoscopic varices had low stiffness
on MRE (2.2 kPa), however, also had a markedly enlarged
spleen (17 cm craniocaudally) as well as visible varices at
the GE junction and other regions in the upper abdomen
on contrast-enhanced T1-weighted images. Previously pub-
lished studies have suggested that portal hypertension (for
which spleen length is an imaging marker), can precede the
development of hepatic fibrosis [38, 39] and hence, spleen
length in combination with stiffness measurements on MRE
could potentially limit the ‘false-negative’ results based on
stiffness measurements alone. Our patient with low stiffness
of MRE with enlarged spleen and endoscopic varices was,
however, eventually diagnosed with non-cirrhotic portal
hypertension secondary to portal vein thrombosis. On the
contrary, 8 out of 44 patients with no varices on endoscopy
had stiffness values above 4 kPa (4.1-6.8 kPa). Only two
of these patients had portosystemic collaterals (with no GE
junction varices) and one had enlarged spleen (>12.5 cm
craniocaudally). Interpretation of elevated stiffness in com-
bination in spleen length and visible GE junction varices
on contrast-enhanced MRI, potentially can reduce the false-
positive cases on MRE.

This study has several limitations. First, the endoscopy
was performed in just over one-third of the patients (78/223;
34.9%). Endoscopy was performed as a part of clinical
workup, by several operators (clinicians). Interobserver vari-
ability in finding endoscopic varices cannot be addressed.
Also, imaging data were correlated to ‘any’ varices on
endoscopy, without specific correlation to stage of endo-
scopic varices. Subset analyses for patients with clinically
significant varices that require treatment was not performed.
Second, hepatic venous pressure gradient (HVPG), the gold
standard for evaluate portal hypertension was not measured
or correlated. Third, role of serum platelet count, a common
variable used in other studies was not evaluated in conjunc-
tion with imaging parameters to predict endoscopic varices.

Conclusion

MR elastography, T1 and T2 relaxometry all demonstrates
promise in predicting the clinical outcomes of patients with
chronic liver disease. While all techniques demonstrates
moderate correlation with the MELD score, MRE demon-
strates superior correlation with the ALBI grade compared
to T1 and T2 relaxometry. MRE also demonstrates a superior
ability to predict the presence of varices at endoscopy com-
pared to T1 and T2 mapping, with a cutoff of > 4.5 kPa yield-
ing a sensitivity of 79.4% and specificity of 85.2% for the
presence of varices on endoscopy. On multivariate analyses,
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stiffness measurements from MRE and spleen length were
the only two significant predictors of endoscopic varices.
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