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Fat-separated T1 mapping for liver function analysis on gadoxetic 
acid-enhanced MR imaging: 2D two-point Dixon Look-Locker 
inversion recovery sequence for differentiation of Child-Pugh 
class B/C from Child-Pugh class A/chronic liver disease
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Background: T1 relaxation time is a tissue-specific parameter that correlates with liver fibrosis, and can be 
a valuable tool for detecting and staging of liver disease. However, T1 can be affected by histological factors 
such as fat, so it is necessary to study the effects of hepatic steatosis when assessing liver function and fibrosis. 
The purpose of this study is to investigate the fat separation effect of T1 mapping using Dixon watermap 
Look-Locker inversion recovery (LLIR) in the assessment of liver function on gadoxetic acid (GA)-enhanced 
magnetic resonance imaging (MRI). 
Methods: A total of 226 patients who underwent 3T MRI, including a 2D Dixon fat-separated LLIR T1 
mapping, were included retrospectively. Two independent readers measured pre- and post-contrast T1 
relaxation times (preT1 and postT1) on composite and watermap T1, and reproducibility was evaluated. 
The correlation of T1 parameters with biochemical and imaging biomarkers of liver function were assessed 
on both composite and Dixon watermap images; T1 parameters included averaged preT1, postT1 values, 
changes between pre- and post-T1liver (deltaT1) and adjusted T1liver (postT1liver − T1spleen/T1spleen). 
And the diagnostic performance of T1 parameters for Child-Pugh (CP) class was also evaluated. 
Results: Inter- and intra-reader reproducibility showed almost perfect agreement [intraclass correlation 
coefficient (ICC) 0.929–0.999]. Watermap preT1 (r=−0.125, P=0.068) and watermap deltaT1 (r=0.055, 
P=0.414) showed loss of correlation with fat fraction (FF) compared with preT1 and deltaT1. Albumin, 
total bilirubin (TB), hepatobiliary enhancement grade, and R2* (1/T2*), were significantly associated with 
watermap T1, eliminating the effect of FF. Area under the curve (AUC) of preT1, watermap preT1, deltaT1, 
postT1, watermap adjusted T1, and adjusted T1 were 0.681 [standard error (SE) 0.114], 0.748 (SE 0.098), 
0.921 (SE 0.033), 0.951 (SE 0.018), 0.950 (SE 0.018), and 0.973 (SE 0.013) respectively, for differentiating 
patient with CP class B/C from CP-A/chronic liver disease (CLD).
Conclusions: T1 values using Dixon watermap LLIR eliminated the confounding effect of fat and showed 
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Introduction

Evaluation of liver function in chronic liver disease (CLD) 
or liver cirrhosis (LC) is crucial for therapeutic decision-
making and the prediction of prognosis (1). 

Several methods are available for assessing hepatic 
functional capacity. Serologic tests, including liver enzymes, 
bilirubin, albumin, prothrombin time, and fibrogenesis-
related biomarkers, represent simple yet conventional non-
invasive methods. Hepatic parenchymal enhancement on 
gadoxetic acid (GA)-enhanced magnetic resonance imaging 
(MRI) during the hepatobiliary phase (HBP) can accurately 
reflect hepatic function and has been studied as an 
alternative to indocyanine green kinetics and hepatobiliary 
scintigraphy (2-5). Visual assessment of HBP enhancement 
has been studied using categorical grading (6,7) whereas 
quantitative measurement of HBP enhancement can be 
confounded by several imaging parameters and technical 
factors (6,8).

Hepatic T1 relaxation time measured by magnetic 
resonance (MR) relaxometry is a tissue-specific parameter 
that correlates with the hepatic concentration of GA 
or hepatic fibrosis, and increases with the progression 
of cirrhosis, showing associations with other functional 
parameters (8-11). T1 mapping serves as a tool that can 
be implemented without additional hardware, and is 
not affected by an individual’s body habitus, including 
factors like obesity or ascites. However, T1 values can be 
influenced by histological components other than fibrosis, 
such as fat, iron, edema, and inflammation (12). Previous 
studies have shown that the T1 values decrease with 
iron overload and increase in the presence of edema and 
inflammation (12-18). In addition, T1 varies with echo time 
in the presence of liver fat (19). Alteration in fat content 
in the liver or coexisting nonalcoholic fatty liver disease is 
relatively common in patients with CLD or LC; therefore, 
it is important to eliminate the influence of fat tissue for a 
precise quantitative assessment of hepatic function using T1 

mapping.
The purpose of this study was to obtain fat-separated T1 

values using a Look-Locker inversion recovery (LLIR) with 
Dixon sequence on GA-enhanced MRI, and to investigate 
the role of Dixon watermap T1 for the assessment of 
hepatic function. We present this article in accordance with 
the STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-805/rc). 

Methods

Patients

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by the institutional review board of Kyung Hee 
University Hospital (No. 2023-12-032). Individual consent 
for this retrospective study was waived. Between March 
2021 and June 2022, 699 patients who underwent GA-
enhanced liver MRI, including the Dixon-coupled LLIR 
sequence (prototype, Siemens Healthineers, Erlangen, 
Germany), were enrolled in Kyung Hee University 
Hospital retrospectively. Among them, 156 patients were 
excluded for the following reasons: (I) absence of the 
Q-Dixon proton density fat fraction (PDFF) map sequence 
(n=71); (II) inability to define the hepatic contour due to 
poor image quality or incomplete coverage of the whole 
liver (n=82); and (III) non-measurable due to focal hepatic 
lesions (n=3). The remaining 543 patients were divided into 
two groups using a fat fraction (FF) cutoff 6.4% [according 
to previously determined cut-off for defining fatty liver 
(FL) (20)], and 67 patients were included in the FL group 
(FF ≥6.4%). To match the numbers between the fatty 
and non-fatty groups, random selection was performed 
among the 476 patients; 159 patients were included as 
the non-fatty liver (NFL) group (male-to-female ratio, 
168:58, Figure 1). For these patients, the etiology of the 
underlying liver disease, serum albumin, total bilirubin 

the correlation with serological and imaging markers of liver function. Adjusted T1, watermap adjusted T1, 
and postT1 showed the highest diagnostic performance in differentiating CP class B/C from CP-A/CLD.
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Patients who underwent Gadoxetic acid-enhanced MRI 
including Dixon-based Look-Locker inversion recovery 
T1 mapping from March 2021 to June 2022 (N=699)

Remaining 543 candidates were divided into two 
groups using fat fraction cut-off 6.4%

*Fatty liver group: 
•	67 patients with fat 

fraction ≥6.4% 

*Non-fatty liver group: 
•	159 patients with fat 

fraction <6.4%

Exclusion (N=156)
•	Without Q-Dixon FF sequence (N=71)
•	Poor imaging quality (N=82) 
•	Non-measurable due to focal hepatic lesions (N=3)

Random selection from 476 patients

Figure 1 Patient selection. *, total 226 patients were analyzed for correlation between liver T1 and fat fraction and regression analysis for 
liver T1 using clinical data. MRI, magnetic resonance imaging; FF, fat fraction.

(TB), prothrombin time, and aspartate aminotransferase/
alanine aminotransferase levels were checked by reviewing 
electronic medical records. The Child-Pugh (CP) class was 
determined using a combination of clinical and imaging 
findings. 

MR image acquisition

All imaging was performed using a 3T MRI (MAGNETOM 
Vida; Siemens Healthineers) with a 30-channel phased-
array body coil. With a 6-point multi-echo Dixon 
volumetric interpolated breath-hold examination 
sequence (q-Dixon), the T2* corrected PDFF map and 
additional R2* map were automatically generated on 
the scanner. The scan parameters were as follows: echo 
time (TE), 0.9/1.77/2.64/3.51/4.38/5.25 ms; repetition 
time (TR), 6.3 ms; flip angle 3°; field-of-view (FOV),  
440×303 mm2; matrix 128×88; slice thickness 3 mm; number 
of slices 60; acceleration factor 2×2; scan time 10 s. 

T1 maps were obtained using LLIR (work in progress) 
sequences in two types; one is a composite T1 map without 
coupling with Dixon, and the other is a Dixon T1 map that 
allows obtaining a T1 map with fat and water separated. 
After the non-selective inversion pulse, a single-shot 
2-dimensional spoiled fast low-angle shot readout for Look-
Locker sampling were used to continuously sample the 
T1 magnetization recovery curve. Multiple inversion time 

(TI) images are then processed using a pixel-wise three 
parameter nonlinear least-squares fitting to estimate the T1 
map (21). 

Both composite and Dixon T1 maps were acquired 
twice, before and 20 minutes after GA administration, and 
one slice covering the largest area of liver parenchyma 
was acquired for scanning during expiratory breath-
holding. The scan parameters for the Dixon T1 maps were 
as follows: TR/TE1/TE2 3.5/1.23/2.46 ms; flip angle, 
8 degrees; FOV 350 mm; acquisition matrix, 128×64; 
acceleration factor, 2; slice thickness, 6 mm; receiver 
bandwidth 1,500 Hz/pixel; scan time 15 s. Composite T1 
maps were acquired with single echo (TR/TE 3 ms/1.3 ms)  
and the other parameters were identical. For both composite 
and Dixon T1 map, a total of 30 images with different effective 
TI were acquired at 155.32 ms intervals, and the acquired TI 
range was 86.16–4,590.44 ms after a non-selective inversion 
pulse during single breath-hold. In the Dixon T1 map 
(hereafter, watermap T1), images were acquired at two echo 
times selected as out-phase and in-phase after the inversion 
recovery pulse. From these two corresponding inverted 
images, a fat-only and a water-only T1 map were calculated by 
the two-point Dixon algorithm (22,23). 

Image analysis

For measurement of T1 values, two independent reviewers 
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Figure 2 Representative measurement of T1 relaxation times, fat fraction, and R2* value. (A) Free-hand drawn ROI of liver on pre-
enhanced T1 map. (B) Free-hand drawn ROI of liver and spleen on post-enhanced T1 map. (C) Measurement of fat fraction with circular 
ROIs on each nine-segment liver on proton density fat fraction map. (D) Free-hand drawn ROI covering the whole liver on R2* map. SD, 
standard deviation of pixel values within the ROI; AAD, average absolute deviation of pixel values within the ROI; W, horizontal length of 
the ROI; H, vertical length of the ROI; ROI, region of interest.

B

D

A

C

(Y.R.H., 5 years of experience in MR; M.S., 1-year of 
experience in MR) drew free-hand regions of interest 
(ROIs) on each slice of conventional pre-enhanced and 
post-enhanced T1 and watermap preT1 and postT1 maps 
(mean area, 7,743.37 mm2) blinded to clinical data and CP 
classes. ROIs were placed on the preT1 maps, and then 
copied and pasted onto the watermap preT1, postT1, 
and watermap postT1 maps. During the procedure, ROIs 
were adjusted according to the outer edge of the liver if 
the contour or level of the liver parenchyma did not match 
the original images. Focal lesions and major branches 
of hepatic vessels were carefully avoided. Two reviewers 
repeated the T1 measurement with a 2-week interval to 
assess reproducibility. The mean values of the ROIs were 
considered the representative T1 relaxation times of the 
liver and spleen (Figure 2). Two additional parameters 
were obtained; deltaT1 liver was defined as (preT1 − 
postT1)/preT1 to assess the GA uptake by functioning 

hepatocytes, and adjusted T1 was defined as [(postT1 
liver − postT1 spleen)/postT1 spleen] to assess the degree 
of HBP enhancement without the effect of extracellular 
enhancement (8,24).

One of the two reviewers (Y.R.H.) drew two circular 
ROIs in each segment of liver on the Q-Dixon PDFF map, 
and the mean liver FF was calculated by averaging the FFs 
in a total of 18 ROIs in nine hepatic segments, according to 
the Couinaud classification (25). The same reviewer drew a 
freehand ROI with the same method of T1 measurement at 
the level where the liver appeared widest on the R2* map, 
to assess liver iron content. 

The two reviewers visually assessed the liver morphology 
and liver parenchymal enhancement on HBP by consensus. 
Liver morphology was classified as normal, CLD, or LC 
according to previously defined criteria (26,27). HBP 
enhancement grade was categorized into three; Grade 1 
marked hypointense vessels compared to liver parenchyma, 
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Grade 2 mild hypointense vessels, and Grade 3 isointense 
vessels (6,7). 

Statistical analysis

Categorical data were presented as percentages, and 
numerical data were presented as means with standard 
deviations or medians with range, depending on whether 
or not they were Gaussian distributions. Comparison of 
clinical data and T1 parameters between the fatty and non-
fatty groups was performed using the independent t-test. 
We used the t-test to compare two groups because the study 
population was greater than 30 in each group, although 
there were deviations from the normal distribution of the 
data. Reproducibility of T1 measurement was assessed 
using the intraclass correlation coefficient (ICC) >0.81, 
almost perfect, 0.61–0.81, substantial, 0.41–0.60, moderate, 
0.21–0.40, fair; and Bland-Altman plots. The correlation 
between T1 parameters and liver FF was assessed using 
Pearson correlation coefficient (r), and multivariable linear 
regression analysis was performed to determine predictive 
factors for T1 parameters; the determination coefficient (R2) 
and adjusted R2 were generated. All the results are presented 
with 95% confidence intervals and standard errors (SEs). 
Data are assumed to be missing at random, and all analysis 
was restricted to cases with complete data on all variables. 
We didn’t use multiple imputation or sensitivity analysis to 
deal with missing data. Receiver operating characteristic 
(ROC) analysis was performed to assess the diagnostic 
performance of T1 values in differentiating CP class B/
C from CP class A/CLD. All statistical analyses were 
performed using Medcalc ver.20.111 (Medcalc software 
Ltd., Ostend, Belgium) and P<0.05 was defined as clinically 
significant. 

Results 

Clinical data and T1 parameters of included patients

Table 1 shows the descriptive data of the included patients. 
Mean age was 63.96±10.74, and most of the patients 
had viral B or viral C hepatitis (121/226, 53.5%). Mean 
preT1, postT1, and deltaT1 were 875.58±131.58 ms, 
290.36±109.81 ms, and 0.668±0.113, respectively, and 
mean watermap preT1, watermap postT1, and watermap 
deltaT1 were 774.39±162.11 ms, 283.15±114.47 ms, and 
0.625±0.149, respectively. Adjusted T1 and watermap 
adjusted T1 did not show any significant difference from 

postT1 or fat correction effect.
Median liver FF was 3.22% (0.81–34.53%). Most of the 

patients had liver cirrhosis (61.9%, 140/226), 11.1% had 
CLD (25/226), and 26.9% had normal liver (61/226). Most 
of the patients with liver cirrhosis had CP class A (131/140), 
followed by CP class B (8/140) and CP class C (1/140). The 
majority of the patients showed normal HBP enhancement 
(72.5%, 161/226). 

Comparison of T1 parameters between the FL and NFL 
groups

Mean preT1 was significantly longer in the FL group 
than that in the NFL group (926.38±133.48 vs. 855.26± 
125.58 ms, P<0.0001); however, watermap preT1 in the 
FL group decreased and showed no significant difference 
with that in the NFL group (736.66±177.11 vs. 789.33± 
153.83 ms, P=0.272) after fat separation. Likewise, deltaT1 
in the FL group was significantly higher than that in the 
NFL group (0.70±0.01 vs. 0.66±0.12, P=0.033) while 
watermap deltaT1 in the FL group and the NFL group 
showed no significant difference (0.62±0.16 vs. 0.63±0.14, 
P=0.779). PostT1 showed no differences between the FL 
and NFL groups, as did watermap postT1 (P>0.05, Table 2).

Repeatability and reproducibility of the measurement of 
T1 values on T1 mapping

Interobserver and intraobserver agreements were assessed 
for T1 parameters and are presented in Table 3 and  
Figure 3. All T1 parameters, including preT1, watermap 
preT1, postT1, and watermap postT1 showed almost 
perfect agreement (interobserver 0.980–0.995; Reader 1 
0.998–0.999; Reader 2 0.929–0.996). Bland-Altman plot 
shows mean bias of preT1 4.8 ms [95% limit of agreement 
(LOA): −23.2 to 32.8], watermap preT1 −12.3 ms (95% 
LOA: −45.8 to 21.3), postT1 −7.4 ms (95% LOA: −30.4 to 
15.6), and watermap postT1 −5 ms (95% LOA: −28.4 to 
18.4) between the two reviewers. 

Correlation between T1 parameters and fat fraction

Changes in the correlation between T1 parameters and FF 
after fat correction are presented in Table 4 and Figure 4. 
PreT1 and deltaT1 showed significant positive correlations 
with FF (P<0.0001, 0.0002) while watermap preT1 and 
watermap deltaT1 showed no correlation with FF (P=0.068, 
0.414). PostT1 showed no significant correlation with FF, 
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Table 1 Descriptive data (n=226)

Patients’ data Values

Age (years) 63.96±10.74

Sex

Male 168 (74.3)

Female 58 (25.7)

Underlying disease

Viral B hepatitis 113 (50.0)

Viral C hepatitis 8 (3.5)

Alcoholic liver disease 37 (16.4)

Non-alcoholic fatty liver disease 5 (2.2)

NonB nonC hepatitis 8 (3.5)

Unknown 55 (24.3)

PreT1 (ms) 875.58±131.58

Watermap preT1 (ms) 774.39±162.11

PostT1 (ms) 290.36±109.81

Watermap postT1 (ms) 283.15±114.47

DeltaT1 0.668±0.113

Watermap deltaT1 0.625±0.149

Adjusted T1 0.676±0.128

Watermap adjusted T1 0.653±0.164

R2* (s−1 Hz) 44.9 [12.7–392.3]

Fat fraction (%) 3.22 [0.81–34.53]

Spleen (cm) 10.15±2.00

Albumin (g/dL) 4.2 [2.2–5.0]

Alanine aminotransferase (IU/L) 27 [6–368]

Aspartate aminotransferase (IU/L) 35 [12–426]

Prothrombin time international 
normalized ratio

1.02 [0.85–1.91]

Total bilirubin (mg/dL) 0.86 [0.21–35.62]

Hepatobiliary phase enhancement grade

Grade 1: marked hypointense vessel 161 (72.5)

Grade 2: mild hypointense vessel 38 (17.1)

Grade 3: isointense vessel 23 (10.4) 

Liver morphology

Normal 61 (26.9)

Chronic liver disease 25 (11.1)

Liver cirrhosis 140 (61.9)

Table 1 (continued)

Table 1 (continued)

Patients’ data Values

CP class

Normal/chronic liver disease 86 (38.1)

CP class A 131 (58.0)

CP class B 8 (3.5)

CP class C 1 (0.4)

Values are presented as mean ± SD, n (%) or median [range]. IU, 
international unit; CP, Child-Pugh; SD, standard deviation.

with or without fat correction. 

Multivariate linear regression analyses for variables 
affecting liver T1

Tables 5-10 present the predictive factors for T1 values 
and the changes in related factors after fat correction. 
FF, R2* values, HBP enhancement grade, and TB were 
significant factors in predicting preT1, whereas R2* values 
and HBP enhancement grade were the only remaining 
factors in predicting watermap preT1. Similarly, FF, HBP 
enhancement grade, TB, and albumin were significant 
factors in predicting deltaT1, while FF was eliminated 
after fat correction. R2* values, HBP enhancement grade, 
and albumin were the significant factors in predicting both 
adjusted T1 and watermap adjusted T1, however FF was 
not the significant factors for both. 

ROC curve analysis of liver T1 for diagnosing hepatic 
decompensation

Figure 5 shows the diagnostic performance of liver T1 in 
differentiating patients with CP classes of B/C from others. 
The area under the curve (AUC) of fat-separated watermap 
preT1 was slightly higher (0.748, SE 0.098) than that of 
preT1 (0.681, SE 0.114), although there was no statistically 
significant difference (P=0.098). The AUC of postT1 (0.951, 
SE 0.018) and deltaT1 (0.921, SE 0.033) were similar but 
slightly higher than watermap postT1 (0.925, SE 0.045) and 
watermap deltaT1 (0.866, SE 0.063), without statistically 
significant differences (P>0.05). Both adjusted T1 (0.973, 
SE 0.013) and watermap adjusted T1 (0.950, SE 0.018) 
showed the highest AUCs along with postT1 (0.951, SE 
0.018), followed by watermap postT1 (0.925, SE 0.045) and 
deltaT1 (0.921, SE 0.033). 
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Table 2 Comparison of descriptive data between fatty liver (n=67) and non-fatty liver groups (n=159)

Patients’ data Fatty liver group (n=67) Non-fatty liver group (n=159) P value 

PreT1 (ms) 926.38 (133.48) 855.26 (125.58) <0.0001

Watermap preT1 (ms) 736.66 (177.11) 789.33 (153.83) 0.272

PostT1 (ms) 278.06 (96.12) 295.23 (114.71) 0.303

Watermap postT1 (ms) 265.2 1(71.11) 290.14 (126.94) 0.071

DeltaT1 0.70 (0.01) 0.66 (0.12) 0.033

Watermap deltaT1 0.62 (0.16) 0.63 (0.14) 0.779

Adjusted T1 0.70 (0.10) 0.67 (0.14) 0.110

Watermap adjusted T1 0.66 (0.15) 0.65 (0.169) 0.701

R2* (s−1 Hz) 62.8 (4.731) 53.0 (3.988) 0.116

Fat fraction (%) 10.81 (1.57) 2.76 (1.33) <0.001

Albumin (g/dL) 4.29 (0.39) 4.06 (0.53) 0.001

ALT (IU/L) 38.6 (44.86) 33.8 (36.54) 0.404

AST (IU/L) 47.54 (51.38) 43.24 (39.12) 0.494

PT INR 1.03 (0.14) 1.04 (0.12) 0.490

Total bilirubin (mg/dL) 0.99 (0.60) 1.43 (3.21) 0.280

Values are presented as mean (SD). ALT, alanine aminotransferase; AST, aspartate aminotransferase; IU, international unit; PT INR, 
prothrombin time international normalized ratio; SD, standard deviation.

Table 3 Reproducibility and repeatability: interobserver and intraobserver agreement of T1 map parameters

Reproducibility and repeatability Composite preT1 map Watermap preT1 Composite postT1 map Watermap postT1

Interobserver reproducibility 0.986 (0.964–0.989) 0.987 (0.984–0.989) 0.980 (0.975–0.984) 0.995 (0.994–0.996)

Repeatability

Reader 1 0.998 (0.998–0.999) 0.999 (0.999–0.999) 0.999 (0.998–0.999) 0.999 (0.999–1.000)

Reader 2 0.979 (0.972–0.984) 0.996 (0.995–0.997) 0.929 (0.907–0.946) 0.986 (0.982–0.989)

Values are presented as ICC (95% CI). ICC, intraclass correlation coefficient; CI, confidence interval.

Discussion

Liver function assessment using MR images allows a multi-
dimensional approach including hepatic morphologic 
changes, qualitative or semi-quantitative parenchymal signal 
intensity (SI) assessment in HBP, and T1 relaxometry. 
SI-based indices on GA-enhanced MR are known to be 
useful parameters for estimating liver function. It can be 
performed with visual assessment by grading or with more 
objective and quantitative assessment by ROI measurement 
of SI and calculation of liver-spleen contrast ratio. Several 
studies investigated and compared the correlation of 
GA-enhanced MR SI-based indices and T1 relaxometry 

parameters with liver function, and reported the superiority 
of T1 map (24,28-30). T1 mapping on GA-enhanced 
MR correlates with quantitative assessment of liver HBP 
enhancement. In addition, T1 relaxometry provides a non-
invasive and quantitative assessment of liver function that 
can be obtained within a single breath hold and independent 
of GA enhancement. 

In our study, preT1 and deltaT1 on Dixon watermap 
images demonstrated significant correlation with TB, 
albumin, and qualitative HBP enhancement grade with 
eliminated confounding effect of fat. Higashi et al. also 
reported the reduced effect of fat on T1 value using Dixon 
water images compared with in-phase and out-of-phase 
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Figure 3 Bland-Altman plots for liver T1 measurements showing interobserver variability between the two reviewers. (A) Mean bias of 
preT1 was 4.8 ms (95% LOA: −23.2 to 32.8) and (B) mean bias of watermap preT1 was −12.3 ms (95% LOA: −45.8 to 21.3). (C) Mean 
bias of postT1 was −7.4 ms (95% LOA: −30.4 to 15.6) and (D) mean bias of watermap postT1 was −5 ms (95% LOA: −28.4 to 18.4). SD, 
standard deviation; LOA, limits of agreement.

based T1 values (19). Our study further explored fat-
separated T1 values in both pre- and post-GA-enhanced 
MR using Dixon-coupled LLIR, and found that the fat 
correction effect was more pronounced in watermap preT1 
than postT1. 

Previous studies have reported that fat influences liver 
T1 values; therefore, fat must be corrected when using 
T1 mapping (18,19,31,32). Composite preT1 without fat 
separation was generated using a single exponential fit, 
producing an apparent T1 from the different T1-values of 
the fat and water signals (19,33). Depending on the echo 
time, the composite T1 can be longer or shorter than the 
watermap T1 as the fat signal changes from being in-phase 
to out-of-phase to the water signal, according to the echo 
time changes (34). Ahn et al. demonstrated that the liver T1 
value increases as the steatosis grade increases and correlates 
with the fat fraction (31), which is consistent with our study. 
The elevated T1 value in steatotic liver decreases with fat 
correction because hepatic steatosis is a common response 
to injury, and is therefore usually associated with edema and 
inflammation caused by various conditions such as alcohol, 
toxin, infection, or metabolic steatotic liver disease (18,35). 
As hepatic steatosis may coexist in patients with CLD or 
LC, T1 relaxometry using Dixon-coupled LLIR allows the 
isolated T1 measurement of the water fraction, and may be 
a useful quantitative biomarker for non-invasive assessment 

Table 4 Correlation between liver T1 parameters and fat fraction

T1 value
Fat fraction (%),  

r (95% CI) 
P value

PreT1 0.277 (0.158 to 0.404) <0.0001

Watermap preT1 −0.125 (−0.288 to 0.027) 0.068

PostT1 0.159 (−0.286 to −0.026) 0.018

Watermap postT1 0.153 (−0.280 to −0.019) 0.024

DeltaT1 0.245 (0.123 to 0.374) 0.0002

Watermap deltaT1 0.055 (−0.112 to 0.157) 0.414

Adjusted T1 0.134 (−0.006 to 0.268) 0.060

Watermap adjusted T1 0.06 (−0.075 to 0.203) 0.362

r, Pearson correlation coefficient; CI, confidence interval.
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Figure 4 Correlation between liver T1 and fat fractions. (A) Pre-enhanced T1 (ms) showed a positive correlation with fat fraction (r=0.277, 
95% CI: 0.158 to 0.404), P<0.0001), whereas (B) watermap preT1 showed a loss of correlation with fat fraction (r=−0.125, 95% CI: −0.288 
to 0.027, P=0.068). (C) DeltaT1 showed a positive correlation with fat fraction (r=0.245, 0.123 to 0.374, P=0.0002), however (D) watermap 
deltaT1 showed a loss of correlation with fat fraction (r=0.055, −0.112 to 0.157, P=0.414). CI, confidence interval.

Table 5 Multiple linear regression analysis to predict liver T1 
parameters: model for preT1

Variables 
Regression coefficient 

(standard error)
P value

Fat fraction (%) 10.710 (1.367) <0.0001

R2* (s−1 Hz) −1.962 (0.148) <0.0001

HBP enhancement,  
grade (per grade)

59.254 (12.937) <0.0001

AST (IU/L) −0.113 (0.257) 0.662

ALT (IU/L) 0.554 (0.283) 0.052

PT INR 40.945 (51.918) 0.431

TB (mg/dL) −9.418 (2.370) 0.0001

Albumin (g/dL) −37.985 (15.431) 0.015

CP class (per score class) 11.446 (11.365) 0.315

The determination coefficient was R2=0.581, and the adjusted 
determination coefficient was R2a=0.565. HBP, hepatobiliary phase; 
AST, aspartate aminotransferase; ALT, alanine aminotransferase; 
IU, international unit; PT INR, prothrombin time international 
normalized ratio; TB, total bilirubin; CP, Child-Pugh. 

Table 6 Multiple linear regression analysis to predict liver T1 
parameters: model for watermap preT1

Variables 
Regression coefficient 

(standard error)
P value

Fat fraction (%) −2.376 (2.289) 0.301

R2* (s−1 Hz) −1.759 (0.276) <0.0001

HBP enhancement, grade 
(per grade)

60.139 (21.594) 0.006

AST (IU/L) −0.335 (0.429) 0.437

ALT (IU/L) 0.079 (0.473) 0.867

PT INR 116.265 (86.798) 0.182

TB (mg/dL) −3.008 (3.959) 0.448

Albumin (g/dL) −0.333 (25.772) 0.989

CP class (per score class) 2.968 (18.962) 0.876

The determination coefficient was R2=0.219, and the adjusted 
determination coefficient was R2a=0.184. HBP, hepatobiliary phase; 
AST, aspartate aminotransferase; ALT, alanine aminotransferase; IU, 
international unit; PT INR, prothrombin time international normalized 
ratio; TB, total bilirubin; CP, Child-Pugh.
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Table 7 Multiple linear regression analysis to predict liver T1 
parameters: model for deltaT1

Variables 
Regression coefficient 

(standard error)
P value

Fat fraction (%) 0.005 (0.001) <0.0001

R2* (s−1 Hz) 0.00004 (0.0001) 0.725

HBP enhancement,  
grade (per grade)

−0.073 (0.011) <0.0001

AST (IU/L) −0.0004 (0.0002) 0.069

ALT (IU/L) 0.0001 (0.0002) 0.498

PT INR −0.077 (0.043) 0.077

TB (mg/dL) −0.012 (0.002) <0.0001

Albumin (g/dL) 0.031 (0.013) 0.018

CP class (per score class) 0.010 (0.009) 0.286

The determination coefficient was R2=0.627, and the adjusted 
determination coeff icient was adjusted R2a=0.609. HBP, 
hepatobiliary phase; AST, aspartate aminotransferase; ALT, alanine 
aminotransferase; IU, international unit; PT INR, prothrombin time 
international normalized ratio; TB, total bilirubin; CP, Child-Pugh.

Table 8 Multiple linear regression analysis to predict liver T1 
parameters: model for watermap deltaT1

Variables 
Regression coefficient 

(standard error)
P value

Fat fraction (%) −0.0001 (0.002) 0.918

R2* (s−1 Hz) −0.00004 (0.0003) 0.875

HBP enhancement,  
grade (per grade)

−0.061 (0.018) 0.001

AST (IU/L) −0.008 (0.0004) 0.028

ALT (IU/L) 0.0003 (0.0003) 0.445

PT INR −0.042 (0.073) 0.570

TB (mg/dL) −0.009 (0.003) 0.006

Albumin (g/dL) 0.060 (0.022) 0.006

CP class (per score class) 0.003 (0.016) 0.869

The determination coefficient was R2=0.373, and the adjusted 
determination coefficient was R2a=0.344. HBP, hepatobiliary phase; 
AST, aspartate aminotransferase; ALT, alanine aminotransferase; 
IU, international unit; PT INR, prothrombin time international 
normalized ratio; TB, total bilirubin; CP, Child-Pugh.

Table 9 Multiple linear regression analysis to predict liver T1 
parameters: model for adjusted T1

Variables 
Regression coefficient 

(standard error)
P value

Fat fraction (%) 0.002 (0.001) 0.164

R2* (s−1 Hz) 0.0005 (0.0002) 0.009

HBP enhancement,  
grade (per grade)

−0.104 (0.014) <0.001

AST (IU/L) 0.00002 (0.0003) 0.929

ALT (IU/L) −0.0002 (0.0003) 0.438

PT INR −0.098 (0.055) 0.071

TB (mg/dL) −0.006 (0.002) 0.023

Albumin (g/dL) 0.038 (0.017) 0.023

CP class (per score class) −0.009 (0.012) 0.471

The determination coefficient was R2=0.552, and the adjusted 
determination coefficient was R2a=0.530. HBP, hepatobiliary phase; 
AST, aspartate aminotransferase; ALT, alanine aminotransferase; IU, 
international unit; PT INR, prothrombin time international normalized 
ratio; TB, total bilirubin; CP, Child-Pugh.

Table 10 Multiple linear regression analysis to predict liver T1 
parameters: model for watermap adjusted T1

Variables 
Regression coefficient 

(standard error)
P value

Fat fraction (%) −0.0001 (0.002) 0.954

R2* (s−1 Hz) 0.0005 (0.0002) 0.035

HBP enhancement,  
grade (per grade)

−0.099 (0.019) <0.0001

AST (IU/L) −0.0002 (0.0004) 0.646

ALT (IU/L) −0.0004 (0.0004) 0.297

PT INR −0.114 (0.077) 0.140

TB (mg/dL) −0.002 (0.003) 0.490

Albumin (g/dL) 0.092 (0.023) 0.0001

CP class (per score class) 0.001 (0.017) 0.934

The determination coefficient was R2=0.476, and the adjusted 
determination coefficient was R2a=0.449. HBP, hepatobiliary phase; 
AST, aspartate aminotransferase; ALT, alanine aminotransferase; IU, 
international unit; PT INR, prothrombin time international normalized 
ratio; TB, total bilirubin; CP, Child-Pugh.

of liver function.
Many previous studies have reported that hepatic T1 

mapping using MR relaxometry is associated with liver 
fibrosis (13), CP classes (10,29,36), esophageal varices (8), 

and hepatic insufficiency and decompensation (34,37). In 
our study, T1 parameters using Dixon-coupled LLIR can 
discriminate higher CP class group (B/C) from normal 
and lower CP class group (A) with favorable diagnostic 
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Figure 5 Receiver operating characteristics curve of liver T1 for differentiating patients with Child-Pugh class B/C from those with Child-
Pugh class A/chronic liver disease. (A) The AUC of preT1 and watermap preT1 were 0.681 (SE 0.114) and 0.748 (SE 0.098) without 
significant difference (P=0.098). (B) The AUC of postT1 and watermap postT1 were 0.951 (SE 0.018) and 0.925 (SE 0.045), and there 
was no statistically significant difference (P=0.476). (C) The AUC of deltaT1 and watermap deltaT1 were 0.921 (SE 0.033) and 0.866 (SE 
0.063), without significant difference (P=0.272). (D) The AUC of adjusted T1 and watermap adjusted T1 were 0.973 (SE 0.013) and 0.950 
(SE 0.018) without significant difference (P=0.067). Overall, postT1, adjusted T1 and watermap adjusted T1 showed the highest diagnostic 
performance, followed by watermap postT1 and deltaT1. AUC, area under the curve; SE, standard error.

performance (AUC ranging 0.68–0.97). According to 
previous studies, pre- and postT1 were significantly 
prolonged with increasing CP class (9,38), as shown in 
our study. In addition, adjusted T1 and postT1 showed 
the highest diagnostic performance for advanced cirrhosis 
(CP class B/C), followed by deltaT1 and preT1, which 
is consistent with previous studies that reported the 
superior correlation effect of postT1 compared with preT1 
(29,37,39). Both pre- and postT1 are associated with liver 
fibrosis and cirrhosis, however, the change in preT1 is 
rather nonspecific and may be influenced by other factors 
(11,40,41). On the other hand, postT1 is associated with 
preT1 and reflects decreased hepatic uptake of contrast 

media due to decreased organic anion-transporting 
polypeptide 1, which is related to hepatocyte function. We 
studied T1 relaxometry in both pre- and post-enhanced 
scans and found that the fat separation effect was dominant 
on preT1 and deltaT1 while post-enhanced T1 parameters 
(postT1 and adjusted T1) showed little difference between 
composite and watermap T1 and were less affected by fat 
fraction. GA enhancement shortens the T1 relaxation time 
in the liver, which is similar to the T1 of subcutaneous 
and liver fat (371 ms at 3T) (33). The reduced difference 
between T1 and watermap T1 after contrast injection may 
be due to the similar range of fat T1 and watermap T1 after 
contrast injection. This may explain the less pronounced 
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fat-separation effect of postT1, as postT1 approaches a 
similar value to fat T1 itself.

PostT1 obtained at 20 minutes after GA-enhancement 
reflect HBP enhancement, and further enables quantitative 
measurement of liver parenchymal enhancement. SI 
measurement on HBP is simple and direct method to 
evaluate liver function, however it can be variable depending 
on several technical factors and scanning parameters (6,29). 
PostT1 can be a good complementary and quantitative 
tool for liver function assessment in one additional single 
breath-hold scan.

Recent studies have reported the effectiveness of fat 
separation for accurate assessment of liver T1 (19,32,42). 
Our study investigated the clinical application of fat-
separated T1 using 2D two-point Dixon LLIR, and 
suggested that watermap T1 mapping can more accurately 
assess liver function and fibrosis with less influence of 
hepatic steatosis. Fellner et al. studied fat-separated T1 
map using variable flip angle (VFA) sequence with Dixon 
water-fat separation and reported that the difference 
between in-phase T1 and water-only T1 correlated with fat 
fraction (32). We used Dixon watermap T1 LLIR, which 
is a prototype of fat-separated T1, and it was investigated 
for both pre- and post-GA-enhanced MR in this work. 
LLIR or modified LLIR is one of the actively used clinical 
technique for T1 mapping, and has several advantages in 
terms of speed, accuracy, and good reproducibility (42,43). 
It is timely efficient that is obtainable in a single breath 
hold, constant for image acquisition and analysis, less prone 
to B1 field inhomogeneity than VFA method, and less 
affected by field strength than SI measurement (8,19,37). 
Our Dixon watermap T1 LLIR can be a robust imaging 
biomarker for liver function assessment with elimination of 
the confounding effect of fat in addition to the advantages 
of LLIR compared to other T1 mapping such as VFA 
technique.

The intra- and inter-observer agreement for the 
measurement of T1 parameters was almost perfect, 
and mean bias of preT1 and water preT1 was within 
13 ms, with a range of 95% LOA within 70 ms. Similar 
studies have reported good reproducibility of liver T1 
measurements (31,44); however, there is a lack of data 
regarding reproducibility across vendors, field strengths, 
and temporal assessments. Future studies should investigate 
the thresholds for distinguishing true changes beyond 
the clinically acceptable range of reproducibility in T1 
measurement to develop a more standardized imaging 
biomarker for liver function assessment. 

Our study has several limitations. First, this was a 
retrospective study in which we selected the FL group with 
a predefined FF threshold, and there were several missing 
and incomplete clinical data. However, the reviewer who 
drew ROIs for liver fat measurement was blinded for the 
clinical information and the study results, and independent 
another author performed data comparison between FL and 
NFL groups. Second, the study cohort was heterogeneous 
and consisted of patients with normal livers, CLD, and 
LC. We consecutively collected MR exam with Dixon 
LLIR sequence for T1 mapping regardless of etiology 
and indication for liver MR. Third, liver function was 
assessed using laboratory data only. We did not perform 
MR elastography or biopsy to evaluate liver fibrosis. 
However, we aimed to develop an easily-obtainable and 
simple method to evaluate liver function without additional 
software implementation or invasive procedure. Fourth, 
only a small proportion of patients with CP class C were 
included, so the comparability between CP classes may 
be limited. Therefore, we combined CP class B and C as 
one group, and CP class A and CLD as another group 
to facilitate the comparability between the two groups. 
Fifth, ROIs from the composite preT1 map were copied 
and pasted onto the watermap T1 and postT1, so there 
could be errors in the fitting of the ROIs due to motion 
and different breath holding levels. However, the operator 
additionally adjusted the ROIs according to the outer edge 
of the liver in case of mismatch errors. Sixth, although R2* 
was a significant factor for all T1 parameters, we did not 
perform iron correction. Iron overload reduces T1 value 
and excess iron levels in the presence of fibrosis can lead to 
pseudo-normal T1. However, since our study population 
mostly showed iron level within normal limit (R2* 136/s  
> at 3T MR), we did not consider iron correction for T1 
evaluation as shown in a previous study (45). Seventh, we 
did not evaluate clinical outcomes, such as the development 
of hepatic insufficiency or decompensation. Further 
longitudinal study to investigate whether T1 parameters 
can predict clinical outcome after follow-up would be 
recommended.

Conclusions 

In conclusion, fat-separated T1 mapping using Dixon-coupled 
LLIR effectively eliminated the confounding effect of fat in 
preT1 and deltaT1. Dixon watermap T1 with or without 
GA enhancement correlated significantly with representative 
serologic and imaging biomarkers of liver function, and 
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adjusted T1 and postT1 showed superior diagnostic 
performance in differentiating advanced CP classes. 
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