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Background: Gd-EOB-DTPA, a liver specific contrast agent with T1- shortening effects, is routinely 
used in clinical magnetic resonance imaging (MRI) for detection and characterization of focal liver lesions. 
Gd-EOB-DTPA-enhanced T1 relaxometry has recently received increasing attention as a tool for the 
quantitative analyses of liver function. However, this T1 relaxometry technique is limited due to various 
artifacts caused by B1 inhomogeneities and motion artifacts. This study aims to compare two different T1 
relaxometry techniques for evaluating liver function as determined using a 13C-methacetin-based breath test 
(13C-MBT).
Methods: Ninety-six patients underwent gadoxetic acid-enhanced MRI of the liver at 3T and a 13C-MBT. 
Two different prototype sequences for T1 relaxometry were used, a 3D VIBE sequence using Dixon water-
fat separation and variable-flip-angles (VFA), as well as a 2D Look-Locker sequence (LL). Images were 
acquired before (T1 pre) and 20 minutes after (T1 post) administration of liver-specific contrast agent to 
evaluate the reduction rates of T1 relaxation time (rrT1) in accordance with the 13C-MBT outcome. To 
analyze both MR sequences’ performance, the intraclass correlation coefficient (ICC) between four ROI 
measurements within the same liver and the coefficient of repeatability (CR) were calculated.
Results: T1 relaxometry measurements based on MR sequences, VFA, and LL show a constant change in 
line with impaired liver function progression. Simple regression models showed a log-linear correlation of 
13C-MBT values with all evaluated T1 relaxometry measurements (VFA T1post, VFA rrT1, LL T1post, LL 
rrT1, P<0.001). Both ICC (VFA T1post, LL T1post; 0.75, 0.95) and CR (VFA T1 post, LL T1 post; 179, 
101) showed a better agreement between ROI measurements using the LL sequence. 
Conclusions: Both T1 relaxometry sequences are suitable for the evaluation of liver function based 
on 13C-MBT. However, the Look-Locker sequence is less susceptible to artifacts and might be more 
advantageous, especially in patients with impaired liver function. 
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Introduction

In clinical routine, contrast-enhanced magnetic resonance 
imaging (MRI) is a highly standardized method to visualize 
liver architecture and parenchyma. Among available contrast 
agents, the liver-specific gadoxetic acid (Gd-EOB-DTPA) is 
used as a hepatobiliary agent for T1-weighted imaging (1).  
While Gd-EOB-DTPA was initially used for detection 
and characterization of different liver lesions (2,3), Gd-
EOB-DTPA-enhanced MRI has been recently evolved into 
a promising approach to assess liver function (4,5) or to 
stage liver fibrosis (6,7). Due to its liver-specific character, 
Gd-EOB-DTPA enters the hepatocytes via organic anion 
transporters OATP1B1/B3 and is subsequently biliary 
excreted at the canalicular membrane by MRP2 transporters 
(8-10). The parenchymal accumulation enables the evaluation 
of signal intensities (SI) and, due to the paramagnetic 
properties of the gadolinium ion, the longitudinal T1 
relaxation time is shortened. This characteristic paramagnetic 
feature of Gd-EOB-DTPA allows the measurement of the 
T1 relaxation time in the investigated tissue, providing 
absolute values in milliseconds (ms).

Both methods, SI measurement, and T1 relaxometry 
have been shown to assess liver function reliably, but still, 
the T1 relaxometry bears a few decisive advantages and 
may even be considered superior to SI (5,11). The SI 
measurement is influenced by various technical parameters, 
such as the radiofrequency amplifiers or the receiver 
coils; therefore, a direct comparison of values between 
individual patients, examinations, or between different MR 
machines is impossible (12,13). The potential application 
of T1 relaxometry regarding the evaluation of liver 
function has been demonstrated by significant correlation 
of T1 relaxation times and established liver function tests 
and scores, such as the Child-Pugh Score (13,14), the 
MELD Score (15) and the ICG clearance test (16,17). 
Two different approaches are applied in our study for T1 
relaxometry: T1 mapping with the variable-flip-angle 
(VFA) techniques is using a 3D gradient echo sequence 
with different flip angles to generate color-coded T1 maps. 
This sequence type offers a high spatial resolution and is 
commonly used for volumetric approaches. Due to a short 
repetition time (TR), this method needs less acquisition 
time than conventional T1 mapping methods. Critical is 

the substantial impact of RF field inhomogeneities, which 
are reduced by the additional acquisition of a B1 field  
map (18). The Look-Locker sequence (LL), initially 
published in 1970 (19), is based on an inversion recovery 
method which acquires multiple data points during a single 
inversion time (TI). An initial inversion pulse is followed 
by multiple, rapidly applied low flip angle readout pulses, 
creating a set of gradient echoes (20). We compared 
the data of these two different prototype sequences for 
T1 relaxometry with the liver function as assessed by 
13C-methacetin breath test (13C-MBT) (21), which is 
considered to be a gold standard for the evaluation of liver 
function. This study aimed to compare the performance 
of two different T1 relaxometry techniques, using a 3D 
VIBE sequence with VFA and Dixon water-fat separation 
and a novel prototype 2D Look-Locker (LL) sequence for 
the evaluation of liver function.

We present the following article in accordance with the 
MDAR checklist (available at https://qims.amegroups.com/
article/view/10.21037/qims-21-597/rc).

Methods

Patients 

The study was approved by institutional ethics board 
of the University Hospital Regensburg (No. 16-101-
0177) and informed consent was taken from all individual 
participants. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). 
Ninety-six patients (74 men, 22 women, age range 39–82 
years) underwent 13C-MBT to evaluate liver function 
and Gd-EOB-DTPA-enhanced MRI at 3 Tesla with 
both a prototype 3D VFA sequence and a prototype 2D 
Look-Locker sequence. Indications for liver imaging 
were suspicion for chronic liver disease or focal hepatic 
lesions, active hepatocellular carcinoma (HCC) or HCC 
surveillance, follow-up in case of known secondary 
malignancies, as well as pre- and post-interventional 
assessment. Detailed information about included tumor 
entities is given in Table 1. Exclusion criteria were implants 
not suitable for MRI, impaired renal function, previous 
allergic reaction to MR contrast media, paracetamol, or its 
derivatives.
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Table 1 Reasons for MRI and the corresponding underlying diseases 

Underlying medical condition

Active  
hepatocellular  

carcinoma  
monitoring (n=28)

Follow-up in case  
of known secondary 

malignancies  
(n=19)

Preinterventional 
assessment  

(n=12)

Postinterventional 
assessment  

(n=22)

Suspected liver 
disease or focal  
hepatic lesions 

(n=15)

Alcoholic liver disease 13 4 3 3 6

Type B viral cirrhosis 2 5

Type C viral cirrhosis 5 2 1 1

Cryptogenic cirrhosis 2 3

Nash 6 1 2 3

No known underlying liver disease 14 7 8 5

Benign liver lesion

Hemangioma 2 1 1

Primary malignancies

HCC w/ cirrhosis 28 5 17 5

HCC w/o cirrhosis 1

Cholangiocarcinoma 4 2 2 1

Secondary malignancies

Thymoma 1

Duodenal carcinoma 1

Neuroendocrine tumor of the ileum 1

Colorectal carcinoma 9 4 2 1

Mamma carcinoma 1

Uveal melanoma 1

Suspected liver lesion

Liver cirrhosis 5

Other 1

Other: Overlap Syndrome (autoimmune hepatitis and primary biliary cirrhosis). MRI, magnetic resonance imaging; HCC, hepatocellular 
carcinoma.

13C-methacetin breath test 

A 13C-methacetin breath test to assess liver function (LiMAx 
- maximum liver function capacity test) was performed 
before or after MRI within a timeframe of 24 h. After 
fasting for at least 3 h, the baseline 13CO2/

12CO2 ratio in the 
exhaled breath was measured using modified nondispersive 
isotope-selective infrared spectroscopy (FANci2-db16, 
Fischer Analysen Instrumente, Leipzig, Germany). Ten 
minutes later, 2 mg/kg body weight 13C-methacetin 
followed by 20 mL 0.9% NaCl was administered by 
intravenous bolus injection. Subsequently, the dynamic 
of the 13CO2 production was measured in real-time for 60 

minutes. Results are given in [µg/kg/h].
According to the best achieved 13C-MBT readouts, the 

patients were grouped into three categories as proposed 
by Stockmann et al. (22). Category 1 is representing 
normal liver function (13C-MBT >315 µg/kg/h), category 2 
intermediate liver function (13C-MBT 140–315 µg/kg/h), 
and category 3 heavily impaired liver function (13C-MBT 
<140 µg/kg/h).

MRI

MRI was performed with a clinical whole-body 3T system 
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(MAGNETOM Skyra, Siemens Healthineers, Erlangen, 
Germany). For signal reception, a combination of body 
and spine array coil elements of an 18-channel body and a 
32-channel spine matrix coil was used.

In addition to the routine imaging protocol, T1 
relaxometry of the liver was performed prior to (non-contrast) 
and 20 minutes after the intravenous administration of the 
contrast. Gd-EOB-DTPA (Primovist; Bayer Healthcare, 
Berlin, Germany) was administered as a bolus injection at a 
flow rate of 1 ml/s and flushed with 20 mL of 0.9% NaCl. 

Color-coded T1 maps were calculated inline for two 
different relaxometry approaches. First, for VFA technique, 
a 3D VIBE sequence with variable flip angles using Dixon 
water-fat separation (TR =5.79 ms, TE 1 =2.46 ms; TE 2 
=3.69 ms; flip angles 1°, 7°, 14°; measured voxel size, 3.6 mm 
× 2.5 mm × 4.7 mm, reconstructed to 2.5 mm × 2.5 mm × 3.0 
mm, 72 slices; acquisition time 17 sec) and CAIPIRINHA 
(Controlled Aliasing In Parallel Imaging Results in Higher 
Acceleration) with an acceleration factor of 4 as a parallel 
imaging technique was applied within a single breath-hold. 
Prior to the T1 relaxometry measurements, a B1 map of the 
whole liver was acquired and inline corrected to improve 
these T1 maps’ homogeneity (23). The implementation 
relies on the assumption that for the VFA acquisitions the 
actual flip angle at a given voxel differs from the nominal 
flip angle specified in the measurement protocol by the 
same factor as the B1 map from the nominal B1 and allows 
to use corrected flip angles in the FLASH signal model 
during the estimation of T1 values (24). Further a single 
breath-hold Look-Locker based 2D FLASH sequence  
(TR =3.0 ms, TE =1.32 ms, flip angle 8°; measured voxel 
size 3.0 mm × 2.1 mm × 8.0 mm, reconstructed voxel size 
2.1 mm × 2.1 mm × 8.0 mm, 3 slices acquisition time 16 sec)  
was implemented. The sequence acquires the data for 
a single slice using non-selective inversion followed by 
continuous FLASH acquisitions of 16 contrasts with a 
temporal resolution of 201 ms. For the free recovery of 
the longitudinal magnetization a dead time of 2 seconds is 
introduced after sampling of a relaxation curve (25).

Image analysis

T1 relaxation times were measured using operator-defined 
regions of interest (ROIs) analysis before and after Gd-
EOB-DTPA-administration. Four ROIs were placed 
manually in the T1 maps (3 in the right lobe, 1 in the left 
lobe) at the MR scanner workstation, excluding visible 
vessels, focal solid liver lesions. The circular ROIs were 

chosen to be as large as possible, placed at identical locations 
in the different sequences, and corrected depending on 
patient movement. 

The mean T1 values for the 4 ROIs were considered 
as the representative T1 values of the entire liver. The T1 
relaxation times were calculated for each patient, and the 
reduction rate of T1 relaxation time (rrT1) was calculated 
for both VFA MR data (VFA rrT1) and the Look-locker-
based data (LL rrT1): 

( )

( )

   1  1

1 1 100 %
1

reduction rate of T relaxation time rrT

T pre T post
T pre

 −
= × 
 

 
[1]

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics 
(version 26, Chicago, IL, USA) and R 4.0.4 (R Foundation 
for Statistical Computing, Vienna, Austria). All tests were 
two-sided, and the statistical significance level was set to 
0.05. All data are given as mean ± standard deviation.

The non-parametric Kruskal-Wallis test with post-hoc 
pairwise comparison and Bonferroni adjustment (Dunn-
Bonferroni-Tests) was used to analyze differences between 
the three patient groups as stratified by the categories of 
13C-MBT readout regarding the patient characteristics.

Simple linear regression models were calculated to 
assess the predictive power of Gd-EOB-DTPA-enhanced 
T1-relaxometry measurements (T1 pre, T1 post) and the 
reduction rate of the T1 relaxation times (rrT1) before and 
20 min after Gd-EOB-DTPA administration to 13C-MBT 
readout values. The optimal curve fit was assessed visually 
and by using the coefficient of correlation r. 

To further compare both MRI sequences’ performance, 
we analyzed the homogeneity of the T1 relaxation time 
measurements across four individual ROIs of each patient. 
The repeatability of the ROI measurement based on the LL 
and VFA sequence was assessed by determining the intraclass 
correlation coefficient (ICC). This was calculated as a two-
way mixed model measuring the absolute agreement. Further, 
a Bland-Altman plot was generated, and the repeatability 
coefficient (CR) was calculated. The CR is defined as the 
value below which the absolute differences between two 
measurements would lie with a probability of 0.95.

Data availability

The data that support the findings of this study are available 
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within the article.

Results

In total, 96 patients (74 men, 22 women; mean age 63.1; 
range, 39–82 years) were included in this study. Underlying 
diseases and detailed patient characteristics are given in 
Table 1 and Table 2.

Patients were divided into three groups according to the 
13C-MBT values. There was no significant difference in VFA 
T1 pre between the three groups, while T1 pre values of 
LL were significantly lower in group 1 compared to group 
2 (P=0.003) and 3 (P=0.001). The T1 post measurements of 
group 3 of the VFA group were significantly higher than of 
group 1 (P<0.001) and group 2 (P=0.002). In the LL group, 
the measurements of T1 post were significantly different 
between all three groups (P<0.01, Figure 1).

Both VFA- and LL-based T1 relaxometry data were 
analyzed in a simple linear regression analysis to determine 
the predictive power of relaxometry values on 13C-MBT 
readouts. The correlation of the T1 relaxation time 20 min 
after Gd-EOB-DTPA administration (T1 post) and the 

reduction rate of T1 relaxation time (rrT1) with 13C-MBT 
values were investigated. The optimal curve fit for 13C-MBT 
was a log-linear relationship with r=0.590 for VFA T1 post 
and r=0.724 for LL T1 post. The reduction rates of T1 
relaxation time showed higher correlation coefficients than 
the respective T1 post values: r=0.706 for VFA rrT1 and 
r=0.727 for LL rrT1 (Table 3, Figure 2).

Representative examples of the liver function dependent 
MRI are given in Figure 3-5. The male patient (66 years 
old) in Figure 3 was classified with normal liver function 
due to the achieved maximal 13C-MBT readout value of 
380 µg/kg/h. Based on the corresponding T1 maps, a 
VFA rrT1 of 62% and LL rrT1 68% was determined. In 
contrast, Figure 4 displays a male patient (71 years old) with 
impaired liver function (111 µg/kg/h), VFA rrT1 of 48% 
and LL rrT1 41%, and Figure 5 displays a male patient  
(60 years old) with pronounced ascites, impaired liver 
function (120 µg/kg/h), VFA rrT1 of 46% and LL rrT1 
of 48%. In all cases, an increase in hepatic details can 
be observed in Look-Locker based MRI compared to 
VFA-based T1 maps, as shown in the exemplary images  
(Figures 3-5).

Table 2 Patient characteristics

Patients All patients (N=96)

Category 1 Category 2 Category 3

13C-MBT >315 µg/kg/h 
(n=28)

13C-MBT 140–315 µg/kg/h 
(n=41)

13C-MBT <140 µg/kg/h 
(n=27)

Male, n (%) 74 (77.1) 12 (42.9) 38 (92.7) 24 (88.9)

Female, n (%) 22 (22.9) 16 (57.1) 3 (7.3) 3 (11.1)

Age (years) 61.3 (±9.2) 60.4 (±10.6) 62.6 (±9.5) 60.5 (±7.4)

Age (years), range 39–82 39–77 41–82 47–74

Height (m) 1.73 (±0.07) 1.70 (±0.09) 1.76 (±0.07) 1.74 (±0.05)

Weight (kg) 85.8 (±15.9) 78.4 (±20.2) 89.6 (±13.1) 87.7 (±12.3)

VFA T1 pre (ms) 755.1 (±130.8) 768.0 (±76.3) 756.0 (±132.5) 740.4 (±170.6)

VFA T1 post (ms) 377.8 (±117.8) 314.0 (±55.1) 361.2 (±98.2) 469.0 (±138.8)

VFA rrT1 (%) 49.6 (±13.6) 58.8 (±7.8) 52.0 (±10.7) 36.4 (±12.5)

LL T1 pre (ms) 905.4 (±138.0) 824.6 (±155.3) 915.6 (±107.5) 973.6 (±121.4)

LL T1 post (ms) 388.4 (±165.1) 264.7 (±75.5) 361.6 (±127.8) 554.8 (±151.3)

LL rrT1 (%) 57.9 (±14.6) 67.6 (±8.0) 61.0 (±11.6) 43.3 (±13.0)

Mean 13C-MBT (µg/kg/h) 233.3 (±123.9) 392.4 (±55.7) 215.8 (±50.8) 94.8 (±34.6)

Values indicate the mean ± standard deviation. T1 pre: native T1 relaxation time before Gd-EOB-DTPA administration. T1 post: T1  
relaxation time 20 min after Gd-EOB-DTPA administration. rrT1, reduction rate of T1 relaxation time; VFA, variable-flip-angle; LL, 
Look-Locker; 13C-MBT, 13C-methacetin breath test.
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Figure 1 T1 relaxometry measurements stratified by 13C-MBT 
categories. Comparison of T1 relaxometry measurements using 
two different MR sequences, a variable-flip-angle (VFA) sequence, 
and a Look-Locker-based (LL) sequence. (A) T1 relaxation time 
20 min after administration of the contrast agent Gd-EOB-DTPA. 
(B) Reduction rates of T1 relaxation time (rrT1) stratified by 
13C-MBT (13C-methacetin-based breath test) readouts ***, P<0.001; 
**, P<0.01; *, P<0.05; n.s., non-significant (Dunn-Bonferroni-
Tests). 

Figure 2 Correlation analysis of the reduction rate of T1 
relaxation time to the 13C-MBT readout. Scatterplot of the 
reduction rate of T1 relaxation time (rrT1) as calculated using a 
variable-flip-angle (VFA) sequence (A, r=0.706) and a Look-Locker 
(LL) based sequence (B, r=0.727) on log-transformed 13C-MBT 
(13C-methacetin-based breath test) values.

Table 3 Simple linear regression models of T1 relaxation  
measurements on 13C-MBT values

T1 relaxation time B (95% CI) P value r

Log(13C-MBT)

VFA T1 post −0.001 (−0.002; −0.001) <0.001 0.590

VFA rrT1 0.014 (0.011; 0.017) <0.001 0.706

LL T1 post −0.001 (−0.001; −0.001) <0.001 0.724

LL rrT1 0.014 (0.011; 0.017) <0.001 0.727

T1 post, T1 relaxation time 20 min after Gd-EOB-DTPA  
administration; rrT1, reduction rate of T1 relaxation time; VFA, 
variable flip angle; LL, look-locker; 13C-MBT, 13C-methacetin  
breath test; R, multiple correlation coefficient; B, linear  
regression coefficient; CI, confidence interval for B.

To further compare both MRI sequences’ performance, 
we analyzed the intra-liver variation of the T1 relaxation 
time measurements across four individual ROIs of each 
patient. For this analysis, we compared native and post-
contrast T1 maps acquired with the T1_ LL and T1_VFA 
sequences, respectively. The ICC was higher in both pre 
and post T1_LL sequences (LL T1 pre =0.88, LL T1 post 
=0.95) compared to the ICC in the T1_VFA sequences (VFA 
T1 pre =0.58, VFA T1 post =0.75). The CR of the T1_ 
LL sequence was smaller than the CR of the VFA-derived 
measurements. This refers to both pre-contrast T1 maps 
(LL T1 pre =137; VFA T1 pre =270) and Gd-EOB-DTPA-
enhanced T1 maps (LL T1 post =101; VFA T1 post =179, 
Table 4, Figure 6). 
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Figure 3 Morphological T1-weighted VIBE sequences and color-coded T1 maps of the liver parenchyma for a patient with normal 
liver function. Comparison of T1 maps calculated using two different MR sequences, images obtained before (A,C,E) and 20 min after 
administration of Gd-EOB-DTPA (B,D,F) in a patient with normal liver function (66 years old male, 13C-MBT value =380 µg/kg/h, 
LL rrT1 =68%, VFA rrT1 =62%). (A) and (B) show T1-weighted VIBE sequences (volume-interpolated breath-hold examination, fat-
saturated, TR =3.09 ms, TE =1.17 ms, 10° flip angle). (C) (mean VFA T1 pre =741.8 ms) and (D) (mean VFA T1 post =279.0 ms) show T1 
maps acquired with a variable-flip-angle (VFA) MR sequence. (E) (mean LL T1 pre =718.3 ms) and (F) (mean LL T1 post =231.8 ms) are 
indicating respective T1 maps acquired with a Look-Locker-based (LL) MR sequence. 

Discussion 

A considerable number of different liver function tests have 
been established in the clinical routine. This is of particular 
clinical interest to predict the remnant liver parenchyma’s 
functional metabolic outcome after surgical resections. 
Here, the ICG clearance test measures the elimination of 
Indocyanine green (ICG) from the bloodstream (26,27), 

and the 13C-methacetin-based breath test measures the 
conversion of 13C-labelled substrate into 13CO2 (21). 
Patients with diffuse liver disease, such as ICU patients 
or oncology patients, require an accurate estimate of liver 
function and patients undergoing major liver resection 
require an estimate of remnant liver function for optimal 
treatment planning. Postoperative remnant liver function is 
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Figure 4 Morphological T1- weighted VIBE sequences and color-coded T1 maps of the liver parenchyma for a patient with impaired 
liver function. Comparison of T1 maps calculated using two different MR sequences, images obtained before (A,C,E) and 20 min after 
administration of Gd-EOB-DTPA (B,D,F) in a patient with impaired liver function (71 years old male, 13C-MBT value =111 µg/kg/h, VFA 
rrT1 =41%, LL rrT1 =48%). (A) and (B) show T1-weighted VIBE sequences (volume-interpolated breath-hold examination, fat-saturated, 
TR =3.09 ms, TE =1.17 ms, 10° flip angle). (C) (mean VFA T1 pre =847.8 ms) and (D) (mean VFA T1 post =503.3 ms) show T1 maps 
acquired with a variable-flip-angle (VFA) MR sequence. (E) (mean LL T1 pre =857.0 ms) and (F) (mean LL T1 post =442.3) are indicating 
respective T1 maps acquired with a Look-Locker-based (LL) MR sequence. 

estimated volumetrically using imaging data from computed 
tomography (CT) or MRI, while the determination of 
absolute liver function is currently based primarily on 
laboratory tests and clinical scores (28). Actual global 
liver function can be estimated using, for example, the 
ICG test or the LiMAx test. However, these tests indicate 
global liver function and are limited when liver function is 
inhomogeneously distributed. In recent years, MRI using 

the hepatocyte-specific contrast agent Gd-EOB-DTPA has 
been shown to be suitable for evaluating liver function as 
well (29). GD-EOB-DTPA is metabolized similarly to ICG 
and mebrofenin, while MRI can visualize its distribution 
in the liver with higher temporal and spatial resolution. 
Moreover, MRI-based determination of liver function can 
be integrated into routine preoperative imaging, allowing 
the evaluation of liver function and provide morphological 
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Figure 5 Morphological T1- weighted VIBE sequences and color-coded T1 maps of the liver parenchyma for a patient with ascites. 
Comparison of T1 maps calculated using two different MR sequences, images obtained before (A,C,E) and 20 min after administration of 
Gd-EOB-DTPA (B,D,F) in a patient with impaired liver function and pronounced ascites (60-year-old male, 13C-MBT value =120 µg/kg/h,  
VFA rrT1 =46%, LL rrT1 =48%). A and B show T1-weighted VIBE sequences (volume-interpolated breath-hold examination, fat-
saturated, TR =3.09 ms, TE =1.17 ms, 10° flip angle). (C) (mean VFA T1 pre =531.0 ms) and (D) (mean VFA T1 post =288.8 ms) show T1 
maps acquired with a variable-flip-angle (VFA) MR sequence. (E) (mean LL T1 pre =824.5 ms) and (F) (mean LL T1 post =430.5 ms) are 
indicating respective T1 maps acquired with a Look-Locker-based (LL) MR sequence. 

Table 4 Intraliver variation (homogeneity) of the ROIs for LL and VFA T1 relaxometry

Method Livers (n) Measurements 4 ROIS (n) Intra-CC (95% CI) CR

LL pre 96 366 0.88 (0.84, 0.91) 137

LL post 96 366 0.95 (0.93, 0.97) 101

VFA pre 96 366 0.58 (0.49, 0.67) 270

VFA post 96 366 0.75 (0.68, 0.81) 179

95% CI, 95% confidence interval; Intra-CC, intraclass correlation coefficient; VFA, variable flip angle; LL, look-locker; CR, repeatability  
coefficient.
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information at the same time, offering a “one stop shot” 
approach (28). MRI is an ideal candidate for three-
dimensional determination of liver function, although the 
development of the suitable sequences and the parameters 
to be derived from the image information is still ongoing. 
In this study, we compared the data obtained from two 
different MR T1 relaxometry sequences in the context of a 
dynamic liver function test (13C-MBT).

For determination of liver function, assessed by Child-
Pugh classification, the use of a respective Look-Locker 
sequence has been published: Katsube et al. used a respective 
fitting tool (Philips Research Integrated Development 
Environment, PRIDE) based on a predecessor Look-Locker 
sequence (13), and Yoon et al. recently showed a modified 
Look-Locker inversion recovery sequence (MOLLI), 
which has been widely investigated in cardiac imaging (30). 

Both of them were able to discriminate between different 
Child-Pugh classes. However, in this study, we present an 
advanced prototypical Look-Locker 2D FLASH sequence 
and make a comparison to a variable flip angle 3D VFA 
sequence.

The results of our study are consistent with Kim et al. 
who in their study compared look-locker inversion recovery 
and B1 inhomogeneity-corrected T1 mapping methods 
with variable flip angle for the assessment of liver function 
and prediction of liver failure as assessed by the Child-Pugh 
score (31). Compared to Kim et al., the 13C-methacetin 
breath test shows a more accurate prediction of current liver 
function (21).

In our study, both VFA- and LL-based calculated 
reduction rates of T1 relaxation time (rrT1) were able to 
differentiate between the three categories of liver function 

Figure 6 Comparison of homogeneity: Variable flip angle vs Look-Locker T1 maps. Bland-Altman plots comparing variable–flip-angle (VFA) 
VIBE (A,B) and Look-Locker (LL; C,D) sequences before (A,C) and after (B,D) administration of Gd-EOB-DTPA. ROI measurement with 
LL sequence shows less variation to the mean value, indicating more homogenous ROI measurements using the Look-Locker technique.
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as determined by the 13C-methacetin breath test. The native 
T1 relaxation times before administration of Gd-EOB-
DTPA (T1 pre) were not able to discriminate between 
the three groups, irrespective of whether using VFA T1 
pre or LL T1 pre. In our opinion, this affirms that T1 
pre is up to now not a suitable factor to evaluate liver 
function. However, the use of pre-contrast T1 relaxometry 
for the assessment of several liver diseases is not entirely 
clear and contradictory in the literature: Regarding fatty 
liver, several animal studies describe reduction as well as 
prolongation of unenhanced T1 relaxation time (32,33). For 
the characterization of fibrosis or cirrhosis, contrary results 
have been found as well (6,13,34,35). Explanations for the 
varying effects observed in those studies are numerous. An 
important factor is the iron content of the liver. Further, 
the method of disease induction, mode of disease (acute 
or chronic), tissue inflammation, and necrosis are able to 
influence T1 relaxation time.

In our study, a simple linear regression analysis revealed 
that reduction rates of T1 relaxation times (VFA rrT1 
r=0.706, LL rrT1 r=0.727) and LL T1 post (r=0.724) show 
a high correlation with liver function as determined by the 
13C-MBT. The T1 relaxation times after Gd-EOB-DTPA 
administration (T1 post) for T1 VFA also correlates with 
liver function, but to a lesser extent (r=0.590) compared 
to LL T1 post. Thus basically, both MR sequences can be 
used to assess liver function, with LL rrT1 being superior 
considering T1 post values only. The T1 maps acquired 
with the Look-Locker sequence are more homogenous than 
the ones acquired with the VFA sequence, before as well as 
after the administration of Gd-EOB-DTPA: This becomes 
obvious comparing the two mapping sequences regarding 
both the ICC, which was higher for LL (LL T1 pre =0.88, 
LL T1 post =0.95; VFA T1 pre =0.58, VFA T1 post =0.75) 
and CR, which was lower for LL (LL T1 pre, 137; VFA T1 
pre, 270) and Gd-EOB-DTPA-enhanced T1 maps (LL T1 
post, 101; VFA T1 post, 179). Reliable ROI placement is 
therefore much simpler in the LL-based images compared 
to the VFA-based images. Particularly in patients with 
ascites, this discrepancy becomes more evident. Figure 5 
shows the exemplary images of a patient suffering from 
ascites. According to the 13C-MBT value of 120 µg/kg/h,  
this patient is grouped into category 3 with severely 
impaired liver function. Both MRI-derived reduction 
rates of T1 relaxation rates are low (VFA rrT1 =46%, LL 
rrT1 =48%). Looking at the relaxation times per se, the 
LL sequences gives generally higher values than the VFA 
sequence (LL T1 pre 824.5 ms, LL T1 post 430.5 ms, VFA 

T1 pre 531.0 ms, VFA T1 post 288.8 ms). 
Moreover, the LL-based relaxation times before and 

after Gd-EOB-DTPA administration show less variation 
than those based on VFA T1 maps. This difference is also 
visible in the T1 maps themselves. In the presented ascitic 
patient, the LL-based T1 maps are clearly superior to the 
VFA-based maps. Especially in the native VFA map (Figure 
5C), there is an area with inhomogeneity which impedes the 
placement of the ROIs and thereby the estimation of liver 
function. The variable-flip-angle sequence is more sensitive 
to B1 field inhomogeneities than the LL sequence. The 
additionally acquired B1 map helps improve image quality; 
however, it cannot wholly prevent B1 inhomogeneity 
effects. As about two-thirds of the patients included in this 
study (62.5%, 60 patients) suffer from liver cirrhosis, the 
use of Look-Locker sequences for T1 mapping appears to 
be beneficial in this aspect. The differences in homogeneity 
between both mapping sequences can be explained by the 
following facts: The signal model for VFA is based on 
FLASH. For TR smaller than T1 and small flip angles, 
which is very suited for typical protocols, the signal model 
depends only on the combination of squared flip angles 
times T1. Therefore—to determine T1—one needs to 
know the flip angle extremely well. This is a challenge in 
particular at 3T and the B1 correction tries to address it 
to the best extend possible. In contrast the Look-Locker 
method as a much weaker flip angle dependence as T1 is 
mainly determined by the relaxation curve and not a steady 
state. The flip angle dependence only enters due to the 
continuous FLASH readouts and is addressed in the signal 
modelling. The drawbacks of VFA compared to inversion 
or saturation based techniques—even at 1.5 T—are well 
demonstrated by Tirkes et al. (36).

Despite the visible advantages of the Look-Locker 
sequence, there are still some major limitations of this 
T1 mapping technique. In contrast to the 3D VFA, the 
current version of the 2D Look-Locker sequence only 
enables the acquisition of three slices within a single breath-
hold. Therefore, only a spatially limited depiction of the 
liver is possible. Imaging of the entire liver tissue should 
be the focus of further technical developments. Still, the 
Look-Locker-based sequence offers remarkable imaging 
possibilities. Furthermore, the combination of Look-Locker 
with water-fat separation may be advantages to disentangle 
changes in T1 for the water component from the fat 
content of the tissue.

The present study has some limitations. First, our 
study was a single-center study with a limited patient 
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number and patient distribution, especially there was a low 
number of female patients with impaired liver function. 
A larger patient cohort and a prospective design would 
improve the statistical power of our analysis. Second, only 
one radiologist placed the ROIs. Due to parenchymal 
inhomogeneities, ROI placement could be a source of 
variation. However, this drawback should be minimized by 
using an average of 4 measurements across the liver.

In conclusion, both T1 relaxometry sequences enable 
the assessment of metabolic liver function, which is highly 
correlated with the gold standard 13C-MBT. However, 
the Look-Locker sequence is more homogenous and less 
susceptible to artifacts and, therefore, more advantageous, 
especially in patients with impaired liver function and 
consecutive complications such as ascites. It offers 
radiologists a reliable insight into the liver function and 
especially in the assessment of remaining hepatic function 
after various interventions. 
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