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Abstract

Objectives To compare look-lockerinversion recovery (LLIR) and B; inhomogeneity—corrected variable flip angle T1 mapping methods

for estimation of liver function and prediction of hepatic insufficiency and decompensation on gadoxetic acid—enhanced MR imaging.

Methods In this retrospective study, 248 patients with normal liver function, chronic liver disease, or cirrhosis underwent gadoxetic

acid—enhanced liver MR imaging, including T1 mapping at 10-min and 20-min hepatobiliary phase (HBP) by using both methods. T1

relaxation times of the liver (T1 iver-pres T1Liverpost) and the spleen (T1gpeen) Were correlated between two methods. AT iyer ([T1piver-

pre — T1iiver-postl/ T1Liverpre)s adjusted T1yiver ([T1spieen = T1Liver-post)/ T Ispieen), and functional liver volume-to-weight ratio (liver

volume on volumetric T1 map/[T1jyerpost X patient’s weight]) were calculated. The diagnostic performance of T1 parameters and

the predictive performance of models (serum marker, serum marker plus T1 parameter) were compared.

Results T1yiyer-post sShowed a strong correlation (r=0.93, p<0.001) between two methods but was significantly different. For

depicting cirrhosis, LLIR-adjusted T1p ;e at 10-min HBP showed the highest performance (p < 0.025). For predicting hepatic insuf-

ficiency and decompensation, LLIR-adjusted T1y ;- (Akaike information criterion (AIC), 58.37; C-index, 0.867) and LLIR-T1y jyer-post

(AIC, 48.82; C-index, 0.885) at 10-min HBP showed the best performance, respectively, when added to serum albumin level.

Condlusions T1 jyerpost Showed a strong correlation between two methods but with significant differences. T1 mapping using

LLIR at 10-min HBP with obtainment of adjusted T1p jyer and T1y jyer-post may be the best approach for estimation of liver function

and prediction of hepatic insufficiency and decompensation.

Key Points

* T1 Liver-pos: Showed a strong correlation between LLIR and B inhomogeneity—corrected VFA methods, both at 10-min and 20-min
HBP but with significant differences.

* Tl iver-post at 10-min and 20-min HBP using LLIR and B; inhomogeneity—corrected VFA methods could not be used inter
changeably during the follow-up in patients with chronic liver disease (CLD) or cirrhosis.

* T1 mapping using LLIR at 10-min HBP with obtainment of adjusted Tl e, and T pyerpose may be the most suitable method and
parameter for estimation of global liver function and prediction of clinical outcomes in patients with CLD or cirrhosis.
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LLIR  Look-locker inversion recovery
ROC  Receiver operating characteristic
TE Echo time

TR Repetition time

VFA Variable flip angle
Introduction

Assessment of liver function is important for determining
prognosis and management of patients with chronic liver dis-
ease (CLD) or cirrhosis [1] who are at increased risk of portal
hypertension—related complications and hepatocellular carci-
noma (HCC) [2]. In particular, in patients with HCC, evalua-
tion of remnant liver function is essential to minimize risk of
postoperative liver failure [3]. Although clinical parameters
such as Child-Pugh or Model for End-Stage Liver Disease
scores and indocyanine green test are widely used, they are
limited to reflect a dynamic state of cirrhosis [4] and to esti-
mate regional liver function [4, 5]. Gadoxetic acid—enhanced
liver MR imaging is a unique means to obtain morphological
and functional information qualitatively and quantitatively
that could improve assessment of both global and regional
liver functions [4, 6]. Gadoxetic acid is taken up by hepato-
cytes through organic anion—transporting polypeptides and
excreted into the bile by multidrug-resistant proteins [7],
thereby exerting T1 shortening effect on the liver parenchyma
[8, 9]. In advanced liver fibrosis, parenchymal enhancement
decreases due to the decreased number of functioning hepato-
cytes or the decreased expression of these transporters [6,
10-12]. However, direct signal measurement is not straight-
forward because signal varies considerably by imaging pa-
rameters or technical factors [5] and it is not linearly related
to the gadolinium concentration [13]. To overcome these
problems, T1 relaxometry has been suggested as a more reli-
able method to assess liver function, particularly at 3 T [5].
Among the different T1 mapping methods, look-locker inver-
sion recovery (LLIR) sequence can provide a single-slice
high-resolution T1 map within one breath hold [14]. It permits
a limited coverage of the liver owing to its long acquisition
time [5, 9, 15]. Meanwhile, variable flip angle (VFA) method
can obtain a T1 map of the entire liver in a thinner section
within one breath hold [6, 8, 16-22]. However, it is more
sensitive to B; inhomogeneity which causes spatial variations
of flip angles and T1 values, particularly when imaging a large
field of view at field strengths of 3 T or higher [23, 24]. These
two methods have shown the potential for quantitative estima-
tion of liver function [5, 6, 8, 9, 14-17, 20, 22] and prediction
of clinical outcomes [14, 21]. However, no interchangeability
or comparison has yet been conducted between the two
methods in the liver. Recently, B; inhomogeneity correction
has been available in the VFA method by applying a B; map-
ping pulse sequence before T1 mapping [20, 21].

Interchangeability of T1 values between the LLIR and B;
inhomogeneity—corrected VFA methods may be important
for patient management, as different methods can be used at
different times to monitor disease progression in the same
patient [9]. Furthermore, finding a more suitable method and
T1 parameter in terms of predicting clinical outcomes is need-
ed to allow implementation of optimal preventive manage-
ment that may modify the natural course of disease in patients
with CLD or cirrhosis [2].

Therefore, the purpose of this study was to compare LLIR
and B; inhomogeneity—corrected VFA T1 mapping methods
for estimation of liver function and prediction of hepatic in-
sufficiency and decompensation on gadoxetic acid—enhanced
MR imaging.

Materials and methods
Patients

Our institutional review board approved this retrospective
study with waiver of informed consent. From October 2016
to January 2018, a total of 330 patients underwent gadoxetic
acid—enhanced MR imaging at 3 T for concerns about focal
liver lesions. Of these patients, 82 patients were excluded due
to the following reasons: (a) diffuse or multinodular hepatic
tumors (n=47), (b) motion artifact (n=15), (¢) obstructive
bile duct dilatation (n =13), (d) splenectomy (rz=15), or (e)
iron deposition in the T2*-corrected six-echo spoiled gradient
recalled-echo (GRE) sequence (n=2). Finally, 248 patients
(178 men and 70 women) were included in this study
(Fig. 1). Of these patients, 160 were classified as having either
Child-Pugh (CP) A cirrhosis (n=138), CP B cirrhosis (n=
21), or CP C cirrhosis (n = 1) according to surgical resection
(F4 fibrosis, n =19, with CP A cirrhosis) or a combination of
clinical findings and imaging features (n = 141). One hundred
fourteen patients with CP A cirrhosis without histopathologic
diagnosis had esophageal varix which defines compensated
stage 2 cirrhosis [25] on endoscopy within 6 months before
or after MR imaging. Thirty-seven patients were regarded as
having CLD after surgical resection (n = 10: F2 fibrosis [n = 4]
and F3 fibrosis [#n =6]) or according to serologic and sono-
graphic findings without suggestive features of cirrhosis at CT
or MRI (n=27). Fifty-one patients were regarded as having
normal liver function based on a negative history of liver
disease and serologic findings, normal liver function tests,
and normal liver stiffness values (mean value, 1.03 m/s+
0.64 m/s) using elastography point quantification
(ElastPQ®). Elastography was performed within 3 months be-
fore or after MR imaging. By reviewing the electronic medical
records, serum markers examined within 2 weeks of MR im-
aging were determined, and the development of hepatic insuf-
ficiency or decompensation was monitored during the follow-
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Fig. 1 Flow chart of the study
population. CLD, chronic liver
disease

Patients who underwent gadoxetic acid-enhanced liver MRI at 3 T,
including both T1 mapping methods for suspicion of focal liver lesions

(n = 330)

Excluded: (n =82)
Diffuse or multinodular hepatic tumors (n = 47)
Motion artifact (n = 15)

\ 4

v

Obstructive bile duct dilatation (n = 13)
Splenectomy (n = 5)
Iron deposition (n = 2)

Eligible patients (n = 248) for estimation of liver function and prediction

Normal liver (n = 51); CLD (n =37); Child A (n = 138); Child B (n = 21);

CLD, Child A, B, and C for predicting development of hepatic insufficiency (n = 197)
CLD and Child A for predicting development of hepatic decompensation (n = 175)

of clinical outcomes

Child C (n = 1)

up period. Hepatic insufficiency was defined as follows: (a)
hepatic encephalopathy, (b) refractory ascites that did not re-
spond to medication, (c¢) uncontrolled hepatocellular jaundice
treated with live transplantation, or (d) death due to hepatic
insufficiency. Hepatic decompensation was defined as pro-
gression to decompensated cirrhosis (CP B or C) or esopha-
geal variceal bleeding [26, 27]. The patients’ characteristics
are described in detail in Table 1.

MR imaging

All patients underwent MR imaging on a 3 T unit (Magnetom
Skyra; Siemens Healthineers) using a combination of
18-channel body and 12-channel spine matrix coil elements.
In addition to routine imaging sequences, T1 maps using
LLIR and B, inhomogeneity—corrected VFA methods were
obtained three times at the precontrast phase and at 10-min
and 20-min after the injection of 0.025 mmol of gadoxetic acid
(Bayer Healthcare) per kg of body weight at a rate of 1.5 ml/s.
For LLIR-T1 map, three axial slices were obtained at the
levels of intrahepatic inferior vena cava confluence, portal
hilum, and gallbladder fossa. LLIR sequence with a 180°
inversion recovery pulse was performed [28] using the
following parameters: repetition time (TR)/echo time (TE),
3.0 ms/1.32 ms; flip angle, 8°; number of excitations, 1.0; field
of view, 308 mm % 380 mm; matrix, 128 x 113; acceleration
factor, 2 using GRAPPA (generalized autocalibrating partially
parallel acquisitions); slice thickness, 5 mm; number of images
corresponding to the number of data points for voxel-by-voxel
fitting procedure, 16; and acquisition time, 3.8 s per slice.
For VFA T1 map, T1-weighted volume interpolated breath
hold examination (VIBE) sequence with dual flip angles was
used with the following parameters: TR/TE, 5.01 ms/2.3 ms;
flip angles, 3° and 15°; number of excitations, 1.0; field of
view, 305 mm X 379 mm; matrix, 224 X 156; acceleration
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factor, 4 using CAIPIRINHA (controlled aliasing in parallel
imaging results in higher acceleration); slice thickness, 4 mm
without intersection gap; and acquisition time, 12 s. To correct
B, heterogeneity, a B; mapping pulse sequence was imple-
mented to acquire a B, field map of the entire liver using the
stimulated echo/spin echo method [29] before VFA T1 map-
ping. Inline T1 maps were constructed at the scanner using the
software Maplt (Siemens Healthineers).

Image analysis

One gastrointestinal radiologist (*BLINDED*, with 13 years of
clinical experience), who was blinded to the clinical results,
drew free-hand regions of interest along the margins of the liver
and spleen at three slices of both T1 maps, carefully avoiding
focal lesions and major branches of the vessels. Each slice had
the same anatomic level on both T1 maps (Fig. 2). The mean
values of the measured T1 were considered representative T1
relaxation times of the liver (T1yiver-pres T1Liver-post) and the
spleen (Tlgpieen). Using these values, ATl and adjusted
T1piver were calculated as follows: AT1yjer = [TLiver-pre —
TlLiver»post]/T 1Livr::r»pre [5’ 9] and adjuSted TlLiver = [TISpleen -
T1Liverpost)/ T1spicen [14, 30]. In addition, liver volume was cal-
culated on the VFA T1 map as follows: liver volume = sum
[area of region of interest x slice thickness]. Then, functional
liver volume-to-weight ratio (FLVW) was obtained using the
following formula: FLVW = liver volume/[T1yjyerpost™ X pa-
tient’s weight] [21]. To reflect the entire liver T1, the median
value of all slices containing the liver was used as the represen-
tative T1pjyer-post™ n this formula.

Statistical analysis

Statistical analyses were performed with MedCalc (version 17.9;
MedCalc Software) and SAS (version 9.4; SAS Institute, Inc.).
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Table 1 Characteristics of the study population To evaluate the agreement and relationship for T1p ;e and
Characteristic Chronic liver Cirrhosis Tlpicen between the two methods, the Bland-Altman analysis
disease (1 = 37) (n=160) [31, 32] and regression analysis were performed, respectively.
The Pearson or Spearman’s correlation coefficient [33] between
MEF ratio 23:14 125:35 the two methods was obtained for four patient groups according
Age* to liver function. To evaluate the differences of T1 parameters
Men 59.0+112(33-74)  62.0+9.8 37-81) according to liver function, all T1 parameters at both methods
Women 64.9+153 (33-84)  68.2+11.1(38-83) were compared among patient groups using the Kruskal-Wallis
Weight (kg)* 68.5+12.6 (43-100) 66.7+12.2 (41-120)  test followed by post hoc analysis. Then, we performed a com-
Underlying disease parison of nonparametric receiver operating characteristic (ROC)
Hepatitis B virus 20 (54.1) 69 (43.1) curves [34] to compare the diagnostic performance of T1 param-
Hepatitis C virus 6(16.2) 19 (11.9) eters in depicting cirrhosis from all patients and decompensated
Alcoholism 4 (10.8) 60 (37.5) cirrhosis from those with cirrhosis. Associations of patient char-
Coinfection of hepatitis 0 (0) 2(1.3) acteristics and T1 parameters with a risk of development of he-
BandC patic insufficiency or decompensation were analyzed using the
Primary biliary cirrhosis 0 (0) 1(0.6)

Firth’s penalized Cox proportional hazard models [35]. Then, we

U®0Tn dicatt 789 256 constructed models with serum marker alone and serum marker
Antiviral medication plus one T1 parameter. To select the best fit model, the models
Yes 17 (45.9) 74 (46.3)

} o were compared based on the Akaike information criterion (AIC)
Prior medication 36D 18(11.3) [36] and C-index [37]. A detailed description is provided in the

Ongoing medication 14 (37.8) 36 (35.0) Electronic Supplementary Material. P values < 0.05 were con-
No 2054.1) 86 (53.8) sidered to indicate statistically significant difference.

History of HCC
No 24 (64.9) 71 (55.6)

Yes 13 (35.1) 89 (44.4)

Serum markers* Results
Albumin (g/dl) 4.5+0.6 (3.3-7.2) 4.0+£0.6 (2.3-6.8)

Total bilirubin (mg/dl) ~ 0.8+0.7 (0.34.5)  1.1£12(0.2-9.5) Correlation between LLIR-T1 and VFA T1 mapping
Prothrombin time (INR) 1.1£02 (1.0-2.4)  1.1£0.2 (0.9-1.8)

Child-Pugh class The Bland-Altman analysis showed that the mean differences of
A - 138 (86.3) T1Liverpost at 10-min and 20-min hepatobiliary phase (HBP) be-
B - 21 (13.1) tween the two methods were 57.3 (95% confidence interval
C - 1(0.6) (CD) =51.8,62.7) and 36.7 (95% CI = 31.2, 42.2), respectively.

_ ) Regression analysis revealed a strong correlation for T1pyerpost

Unless otherwise, data in parentheses are percentages between the two methods, both at 10-min and 20-min HBP (=

HCC hepatocellular carcinoma, /NR international normalized ratio 0.93, R2=0.86and0. 87, p <0.001) (Fig. 3). The correlation coef-

*Data are means + 1 standard deviation with ranges in parentheses ficients were 0.826 or more (p <0.0001) in all patient groups

Perim-68764-tr =
rea 50561
AVg 5629 Y

Perim 3218 cm 2 g

N Areap3 17
% 00%

Dey.61.7.,

Fig. 2 T1 maps using LLIR sequence (a) and B; inhomogeneity— shown in the liver and spleen on both T1 maps, which are at the same
corrected VFA method (b) obtained at 10-min HBP in a 62-year-old anatomic level of the portal hilum
woman with Child-Pugh B. The free-hand drawn regions of interest are
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Fig. 3 Scatter diagrams and regression lines of T1p jyer-post at 10-min and
20-min HBP between the LLIR-T1 and VFA T1 mapping methods.
Regression equations were as follows: a VFA Tlpjverpost at 10-min
HBP = 94.346 +[0.902 X LLIR-T1 jyer-post at 10-min HBP], R> = 0.86,

according to liver function, except for T1y jyer-postat 10-min HBP in
patients with CP B or C cirrhosis (» = 0.764, p = 0.0001) (Table 2).
For T1gjver-pre and Tlgpieen, regression analysis revealed a moder-
ate correlation between the two methods, both at 10-min and 20-
min HBP (T1 pjyerpre: 7= 0.68, R* = 0.41, p < 0.001; Tlgpjeen: 7=
0.75 and 0.77, R*=0.55and 0.54, p <0.001) (Table 2).

Diagnostic performance of T1 parameters
in identifying cirrhosis and decompensated cirrhosis

T1iiver-pre and T1pjverpost significantly increased along with
aggravated liver function in all pairwise comparisons

Table 2

1200 - b
1000 —
800 —
600 -

400 -

VFA-TL,j er post @t 20-min HBP

200 -

() w! L 1 L 1 L 1 L 1 L 1 L |
300 400 500 600 700 800
LLIR-T1,j e post @t 20-min HBP

and b VFA T1piyerpost at 20-min HBP =55.868 +[0.946 x LLIR-
T1Liver-post at 20-min HBP], R?=0.87. Thick solid lines = regression line,
dashed diverging lines = 95% confidence interval, and solid parallel lines
= 95% prediction interval

(p <0.05) (Table 2, Fig. 4). Similarly, all other T1 parameters
significantly decreased with aggravated liver function in all
pairwise comparisons (p < 0.05) (Table 3), except T1piverpre
and ATy, between the patient groups of normal liver and
CLD. For depicting cirrhosis (n =160, 64.5%) in all 248 pa-
tients, LLIR-adjusted Tly e, at 10-min HBP showed the
highest diagnostic performance (area under the ROC curve
(AUC) = 0.841 [95% CI = 0.789, 0.884]), which was signif-
icantly higher than the other T1 parameters (AUC = 0.664—
0.815) (p <0.025). For identifying decompensated cirrhosis
(n=22, 13.8%) in 160 patients with cirrhosis, LLIR-
adjusted T1y ;v at 20-min HBP showed the highest diagnostic

T1 values of the liver and spleen and their correlation coefficients between LLIR-T1 and VFA T1 mapping according to liver function

T1 values Normal liver (n=51) CLD (n=37)

Child-Pugh A (n=138) Child-Pugh B or C (n=22) p value*

LLIR-T1 jyer-post at 10-min HBP
VFA Tl Liver-post at 10-min HBP
Correlation coefficient
LLIR-T 1y jyer-post at 20-min HBP
VFA T1 L iver-post at 20-min HBP
Correlation coefficient
LLIR-T1 L igerpre

VFA Tl pre

Correlation coefficient
LLIR-T1gpjeeq at 10-min HBP
VFA Tlgpjeen at 10-min HBP
Correlation coefficient

LLIR-T] gpjeen at 20-min HBP
VFA Tlgpeen at 20-min HBP
Correlation coefficient

279.5 (249.4, 308.2)
352.8 (317.5, 381.3)
0.890
254.7 (245.6, 272.4)
300.0 (273.9, 329.6)
0.880
880.5+69.7
907.7+60.0
0.594
951.6+71.5

1007.0+£90.2

0.676

1035.8£70.7
1061.7+73.5

0.694

290.4 (262.0,348.3) 394.3+97.0 588.2+95.6 <0.000001
366.8 (336.7,416.4) 448.6+90.1 590.8 (546.5, 695.2) <0.000001
0.874 0.958 0.764
2709 (248.8,316.9) 357.8 (284.3, 424.1) 587.1+£124.0 <0.000001
322.6 (293.5,370.4)  397.6 (329.1, 454.0) 566.7 (498.0, 742.2) <0.000001
0.826 0.943 0.833
900.6 +68.5 952.8+89.4 1054.0 £ 89.7 <0.001
930.8 £68.9 960.0 (907.1, 1007.2)  1007.6 (950.5, 1054.0) 0.000008
0.615 0.633 0.635
940.6 £68.3 924.3 (862.2, 976.3) 900.3+78.3 0.020099
995.6 £90.1 969.1£95.6 936.0 (877.4, 976.1) 0.003065
0.682 0.800 0.653
1022.1+70.1 1007.9 (952.5,1059.7)  971.3+83.1 0.005018
1059.4+100.1 1022.5 (967.2,1073.0)  950.3 (906.2, 1026.7) 0.0000033
0.700 0.761 0.700

Data are means + 1 standard deviation or medians (interquartile range)

LLIR look-locker inversion recovery, VFA variable flip angle, CLD chronic liver disease, /BP hepatobiliary phase

*For the difference in the four different groups
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Fig. 4 a—d Boxplots of T1yjyerpost using LLIR-T1 and VFA T1 mapping methods according to liver function. NL, normal liver; CLD, chronic liver

disease; CP, Child-Pugh

performance (AUC = 0.931 [95% CI = 0.880, 0.965]).
However, there were no significant differences between this
T1 parameter and other T1 parameters (AUC = 0.874-0.923)

(p>0.05). The diagnostic performance of T1 parameters did
not differ significantly (p > 0.05) between the two methods or
between 10-min and 20-min HBP, except FLVW.

Table 3  Calculated T1 parameters according to liver function

T1 parameter Normal liver (n=51) CLD (n=37) Child-Pugh A (n=138) Child-Pugh B or C (n=22) p value*
LLIR-ATly jy at 10-min HBP 0.69 (0.64, 0.71) 0.65+0.08 0.59+0.08 0.44+0.07 <0.000001
LLIR-ATly iy at 20-min HBP 0.71 (0.69, 0.72) 0.69 (0.64, 0.72) 0.62+0.08 0.45+0.1 <0.000001
VFA-AT1} jyer at 10-min HBP 0.61+0.05 0.59+0.07 0.53(0.48, 0.6) 0.36 (0.34, 0.42) <0.000001
VFA-AT1 jyer at 20-min HBP 0.67+0.05 0.64 (0.61, 0.69) 0.58 (0.53, 0.65) 0.44 (0.33, 0.49) <0.000001
LLIR-adjusted T1p ;e at 10-min HBP  0.71 (0.68, 0.74) 0.69 (0.62, 0.72) 0.58 (0.49, 0.66) 0.34+0.1 <0.000001
LLIR-adjusted T1j ;e at 20-min HBP  0.75 (0.73, 0.77) 0.73 (0.69, 0.76) 0.65 (0.57, 0.72) 0.39+0.13 <0.000001
VFA-adjusted T1p e at 10-min HBP  0.65 (0.61, 0.68) 0.63 (0.58, 0.66) 0.54 (0.47, 0.6) 0.34+0.1 <0.000001
VFA-adjusted T1y ;e at 20-min HBP  0.72 (0.68, 0.75) 0.69 (0.64, 0.73)  0.61 (0.54, 0.68) 0.39+0.12 <0.000001
FLVW at 10-min HBP 0.38+0.08 0.33+0.08 0.29 (0.23, 0.33) 0.17+0.08 <0.000001
FLVW at 20-min HBP 0.44+0.10 0.38+0.10 0.33(0.25, 0.38) 0.18+0.08 <0.000001

Data are means + 1 standard deviation or medians (interquartile range)

CLD chronic liver disease, LLIR look-locker inversion recovery, HBP hepatobiliary phase, VFA variable flip angle, FLVW functional liver volume-to-weight ratio
*For the difference in the four different groups
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T1 parameters in association with the development
of hepatic insufficiency and decompensation

During the follow-up period (median, 11.5 months; range, 5.2—
16.4 months), hepatic insufficiency developed in 9 (4.6%) of
197 patients with CLD or cirrhosis (six men, three women) as
follows: hepatic encephalopathy (n=4), death due to hepatic
insufficiency (n = 3), refractory ascites (n = 1), and uncontrolled
jaundice (n=1). Hepatic decompensation developed in 8
(4.6%) of 175 patients with CLD or compensated cirrhosis (five
men, three women). In the univariate analysis, serum albumin
and all T1 parameters showed significant associations with the
development of hepatic insufficiency or decompensation
(Table 4, p < 0.05). The serum albumin level alone model and
serum albumin plus one T1 parameter model were selected and
compared in the multivariate analysis. Compared with the al-
bumin level alone model, the addition of T1 parameter showed

a significant improvement in prediction. Among the models,
LLIR-adjusted T1p ;e (per 0.1 unit, hazard ratio (HR) = 0.79
[95% C1=0.67,0.99],p =0.021, AIC=58.37, C-index = 0.867)
and LLIR-T1yjverpost (HR = 3.64 [95% Cl = 1.54, 9.92], p=
0.006, AIC = 48.82, C-index = 0.885) at 10-min HBP showed
the best performance in the prediction of hepatic insufficiency
and decompensation, respectively, when added to serum albu-
min level (hepatic insufficiency: per 0.1 unit, HR = 0.81 [95%
CI = 0.71, 0.91], p=0.001; hepatic decompensation: per
0.1 unit, HR = 0.78 [95% CI = 0.66, 0.92], p = 0.004) (Table 5).

Discussion
In our retrospective study, we found that T1y jyer-post Values at

10-min and 20-min HBP using the B; inhomogeneity—
corrected VFA method were significantly higher than those

Table 4  Univariate cox proportional hazard analysis in association with the development of hepatic insufficiency and decompensation

Characteristic

Hepatic insufficiency

Hepatic decompensation

Hazard ratio

Demographic data

Male sex

Age (per 1 year)

History of antiviral therapy

T1 parameter™

LLIR-T1 Ljyer-pre (per 100 units)

VFA Tl Liver-pre (per 100 units)

LLIR-T1Ljyer-post at 10-min HBP (per 100 units)
LLIR-T1jyer-post at 20-min HBP (per 100 units)
VFA T1Liver-post at 10-min HBP (per 100 units)
VFA T1Liver-post at 20-min HBP (per 100 units)
LLIR-ATI1y e at 10-min HBP (per 0.1 unit)
LLIR-ATI1p e at 20-min HBP (per 0.1 unit)
VFA-AT]1} e at 10-min HBP (per 0.1 unit)
VFA-AT1} e at 20-min HBP (per 0.1 unit)
LLIR-adjusted T1y iy at 10-min HBP (per 0.1 unit)
LLIR-adjusted T1p jyer at 20-min HBP (per 0.1 unit)
VFA-adjusted T1y jyer at 10-min HBP (per 0.1 unit)
VFA-adjusted T1y jyer at 20-min HBP (per 0.1 unit)
FLVW at 10-min HBP (per 0.1 unit)

FLVW at 20-min HBP (per 0.1 unit)

Laboratory finding*
Serum albumin (per 0.1 g/dl)
Serum total bilirubin (per 0.1 mg/dl)

Prothrombin time (per 0.1 INR)

1.54 (0.37,5.43)
1.01 (0.95, 1.07)
2.65(0.71, 14.17)

3.01 (1.55,5.97)
1.72 (0.76, 3.91)
2.29 (1.40, 3.83)
2.04 (1.36, 3.06)
1.49 (1.05, 1.89)
1.48 (1.09, 1.85)
0.40 (0.19, 0.79)
0.42 (0.24, 0.73)
0.62 (0.48, 0.91)
0.79 (0.67, 1.02)
0.68 (0.59, 0.81)
0.47 (0.33, 0.69)
0.75 (0.64, 0.95)
0.77 (0.67, 0.96)
0.28 (0.13, 0.59)
0.31 (0.16, 0.59)

0.78 (0.69, 0.87)
1.05 (1.02, 1.07)
1.40 (1.14, 1.64)

p value Hazard ratio p value
0.540 1.91 (0.44, 7.16) 0.373
0.774 1.02 (0.97, 1.10) 0.469
0.207 2.66 (0.68, 14.46) 0.216
0.001 3.39 (1.59, 7.55) 0.002
0.194 2.32(0.94, 5.28) 0.055
0.001 548 (2.41, 14.57) <0.001
0.001 3.78 (2.04, 7.48) <0.001
0.006 4.72 (2.09, 12.32) 0.001
0.003 3.37 (1.82, 6.45) <0.001
0.011 0.21 (0.09, 0.50) <0.001
0.002 0.26 (0.13, 0.50) <0.001
0.003 0.87 (0.34, 1.84) 0.013
0.017 0.80 (0.69, 1.02) 0.017

<0.001 0.69 (0.60, 0.81) <0.001

<0.001 0.33 (0.19, 0.58) <0.001
0.003 0.74 (0.63, 0.94) 0.002
0.003 0.77 (0.67, 0.96) 0.003
0.001 0.14 (0.04, 0.40) 0.001
0.001 0.18 (0.06, 0.44) 0.001
<0.001 0.75 (0.64, 0.86) <0.001

<0.001 1.06 (0.97, 1.11) 0.255

0.127 1.37 (1.02, 1.66) 0.140

Data in parentheses are 95% confidence interval

LLIR look-locker inversion recovery, VFA variable flip angle, HBP hepatobiliary phase, FLVW: functional liver volume-to-weight ratio, /NR international

normalized ratio

*Data in parentheses are reference values
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Table 5 Comparison of prediction models in association with the development of hepatic insufficiency and decompensation
Model Hepatic insufficiency Hepatic decompensation
AIC* C-index** AIC* C-index**

Serum albumin 63.67 0.867 (0.794, 0.939) 57.59 0.784 (0.586, 0.981)
Serum albumin + LLIR-T1y jyer-pre 62.34 0.876 (0.81, 0.943) 51.40 0.855 (0.726, 0.985)
Serum albumin + VFA T1pjyerpre 63.45 0.869 (0.804, 0.934) 56.91 0.794 (0.610, 0.977)
Serum albumin + LLIR-T 11 jyer.post at 10-min HBP 63.51 0.864 (0.793, 0.935) 48.82 0.885 (0.809, 0.960)
Serum albumin + LLIR-T 1L jyer.post at 20-min HBP 63.02 0.865 (0.794, 0.936) 49.86 0.872 (0.785, 0.959)
Serum albumin + VFA T1jyer.post at 10-min HBP 62.74 0.878 (0.815, 0.941) 51.00 0.880 (0.797, 0.964)
Serum albumin + VFA T1 4 jyer-post at 20-min HBP 62.74 0.867 (0.795, 0.939) 52.17 0.845 (0.727, 0.962)
Serum albumin + LLIR-AT1y jy at 10-min HBP 64.17 0.865 (0.791, 0.939) 52.55 0.870 (0.787, 0.953)
Serum albumin + LLIR-AT1y jy. at 20-min HBP 63.72 0.866 (0.794, 0.938) 51.33 0.872 (0.781, 0.963)
Serum albumin + VFA-ATI ;. at 10-min HBP 62.90 0.865 (0.794, 0.936) 57.07 0.766 (0.540, 0.992)
Serum albumin + VFA-ATI ;. at 20-min HBP 62.85 0.865 (0.794, 0.936) 53.30 0.821 (0.667, 0.975)
Serum albumin + LLIR-adjusted T1y ;e at 10-min HBP 58.37 0.873 (0.800, 0.947) 52.04 0.855 (0.716, 0.993)
Serum albumin + LLIR-adjusted T1j e, at 20-min HBP 61.80 0.864 (0.793, 0.936) 52.81 0.838 (0.704, 0.972)
Serum albumin + VFA-adjusted T1y ;yer at 10-min HBP 62.83 0.862 (0.787, 0.936) 5532 0.800 (0.622, 0.977)
Serum albumin + VFA-adjusted T1y ., at 20-min HBP 62.98 0.854 (0.772, 0.936) 53.61 0.808 (0.644, 0.972)
Serum albumin + FLVW at 10-min HBP 63.64 0.862 (0.782, 0.941) 52.90 0.852 (0.706, 0.999)
Serum albumin + FLVW at 20-min HBP 62.93 0.866 (0.789, 0.944) 53.24 0.799 (0.615, 0.983)

Data in parentheses are 95% confidence intervals

AIC Akaike information criterion, LLIR look-locker inversion recovery, HBP hepatobiliary phase, FLVW functional liver volume-to-weight ratio

*The lowest AIC value **The highest C-index value means the best model

using the LLIR method (p <0.001), with mean differences of
57.3 and 36.7, respectively. These results are consistent with
those of previous study [24], in which the LLIR method pro-
duced lower T1 values on average compared with the B,
inhomogeneity—corrected VFA method in the brain white mat-
ter of phantom and healthy patients. As far as we know, there
are no comparison studies between the two methods in the
liver. In addition, according to our results, T1y jyer-post Showed
a strong correlation (7> 0.826) between the two methods, both
at 10-min and 20-min HBP in all patient groups, except
Tliiver-post at 10-min HBP in patients with decompensated
cirrhosis. Therefore, T1yjyer-post at 10-min and 20-min HBP
using the LLIR and B; inhomogeneity—corrected VFA
methods could not be used interchangeably during the
follow-up after treatment in patients with CLD or cirrhosis,
as well as in those with normal liver function. This is espe-
cially the case in patients with decompensated cirrhosis in
whom T1y jyer-pos at 10-min HBP showed a moderate correla-
tion (»=0.764) between the two methods. It can be explained
by the increased effect of T1pjyer-pre 0N the T1p jyerpost at 10-
min HBP in this poor liver function group with decreased
contrast uptake because T1piyerpre in this group showed a
moderate correlation (»=0.635) between the two methods.
We also found that T1p jyerpre and Tlgpieen sShowed a moderate
correlation (T1pjverpre: 7 =0.68, Tlgpicen: #=0.75 and 0.77)

between the two methods in all patients. The effect of
gadoxetic acid on the T1pjyerpost at HBP may be larger than
that of imperfect spoiling and B, inhomogeneity which ac-
count for differences in T1 values between the two methods
[24], and it may explain a better correlation of T1y jyer.post than
that of T1piver-pre OFT Ispicen between the two methods in our
study. Among the different T1 mapping methods, the LLIR
and VFA methods can be easily incorporated into routine liver
MR imaging and have already shown the potential for quan-
titative estimation of liver function in previous studies [5, 6, 8,
9,14-17, 20, 21]. Therefore, these two methods can be used to
monitor patients during the follow-up in the era of antifibrotic
treatment, which may delay progression to decompensated
cirrhosis or even reverse cirrhosis [38]. However, we suggest
caution when using different methods during the follow-up
because the two methods could not be interchangeable in the
present study.

We also compared the clinical impact of both methods
comprehensively using various T1 parameters reported in
the literatures and serum markers at the two most widely used
acquisition times. According to our results, LLIR-adjusted
Tlyiver at 10-min HBP showed the best performance in
predicting the development of hepatic insufficiency, when
added to serum albumin level, and it also showed the highest
diagnostic performance in depicting cirrhosis. For predicting
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the occurrence of hepatic decompensation, LLIR-T1 jyer-post
at 10-min HBP showed the best performance. Therefore, we
propose that T1 mapping using LLIR at 10-min HBP with
obtainment of adjusted T1yyer and LLIR-T1y jyerpost could
be the most suitable method and parameter for estimation of
liver function and prediction of clinical outcomes in patients
with CLD or cirrhosis. In addition, the LLIR method and 10-
min HBP generally showed better performance than the VFA
method and 20-min HBP, respectively, for the top five param-
eters with lower AIC values for prediction of hepatic insuffi-
ciency and decompensation. Previous researchers [22] report-
ed that 10-min HBP showed similar diagnostic performance to
20-min HBP for liver function assessment. These results can
be meaningful in clinical practice in terms of decreased time
for imaging acquisition and analysis because acquisition of T1
mapping at the precontrast phase can be omitted, acquisition
at 10-min HBP does not need additional scan time, and mea-
surement of many sections of the VFA T1 map is not neces-
sary to reflect the entire liver T1 or to obtain the liver volume.
Unlike previous studies reporting that the addition of liver
volume assessment showed a stronger correlation with liver
function than the VFA T1piyerpost [20] or AT e [8, 20],
FLVW generally did not show better performance compared
t0 Ty iver-post OF LLIR-adjusted T1y ;¢ in the present study. A
previous study [21] also noted that VFA T1y jyer.post Was supe-
rior to FLVW for prediction of hepatic insufficiency. This can
be explained by imperfect volume estimation on the VFA T1
map. In some cases of our study, measurement of the left lobe
was avoided at sections just below the heart due to motion
artifacts. This artifact should be resolved in the future at the
present B; inhomogeneity—corrected VFA method. The best
performance of LLIR-adjusted T1j ., in our study can be
explained by the use of Tlgpjeen and LLIR method. Tlgpieen
corrects effects of extracellular contrast enhancement on the
T1 Liver-post- and this may enable adjusted T1j ;v to reflect T1
shortening by intracellular gadoxetic acid [14, 30]. Unlike the
LLIR method that uses an inversion pulse, the VFA method
that uses the consecutive spoiled GRE sequences at least two
different flip angles is more vulnerable to incomplete spoiling
and B; inhomogeneity because radiofrequency spoiling is
standard for the spoiled GRE sequence and flip angles de-
pends on the B; homogeneity [23, 24]. Therefore, incomplete
spoiling and B, bias, which are not completely resolved by
conventional hardware and techniques in 3 T even after B,
inhomogeneity correction, can result in more biased T1 values
at the VFA method [24], thereby weakening the performance
of T1 parameters at this method. In the study by Yoon et al
[14] evaluating T1y;yer, ATl iver and adjusted T1p ;e using
the LLIR method, only adjusted T1y ;.. Was significantly as-
sociated with the presence of varices [24]. Furthermore, our
values of T1y jyer-post [9; 14, 15] and adjusted T1y v [14] using
the LLIR method were similar to those in previous studies.
Therefore, we believe performing the LLIR method at 10-min

@ Springer

HBP with obtainment of adjusted T1y jyer and T1yjyer-post may
be useful in clinical settings in which different MR imaging
units are used. At present, T1 estimations should be consid-
ered as method-dependent and may be even system- and
configuration-dependent [39]. Further studies that include
vendor collaboration and multisite trials are warranted to de-
termine vendor variations and to develop a universal scheme
for T1 mapping in patients with CLD or cirrhosis.

There are several limitations in our study. First, because it
was a retrospective, single institution study, a certain degree of
selection bias was inevitable. Second, relatively short follow-
up period and a small number of progression cases may limit
statistical reliability due to large mean squared error [40].
However, our results are consistent with the rates of cirrhosis
progression in previous articles [21, 41]. In addition, the sam-
ple size in the present study may not be large enough for
definite conclusion to be extrapolated to all subgroups of pa-
tients according to the severity or etiology of cirrhosis. Third,
our study was performed using the same MR imaging unit.
Therefore, it may not be possible to extrapolate our results to a
clinical situation in which different MR imaging units are
used. Thus, larger longitudinal studies with various etiologies
of cirrhosis and MR imaging units are needed. Fourth, the
histopathologic diagnosis was not available for the majority
of patients, and some patients may be misclassified as having
CLD versus CP A cirrhosis. Finally, we did not evaluate intra-
and interobserver agreement. However, our measurement of
the entire liver and spleen may minimize sampling bias related
to intra- and interobserver variation.

In conclusion, T1y jyerpost Showed a strong correlation be-
tween the LLIR and B; inhomogeneity—corrected VFA
methods but with significant differences. T1 mapping using
LLIR at 10-min HBP with obtainment of adjusted T1} j,; and
Tl iver-post may be the best approach for estimation of liver
function and prediction of hepatic insufficiency and
decompensation.
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