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ABSTRACT 

Effect of hepatic steatosis on native T1 mapping of 3T magnetic 

resonance imaging in the assessment of T1 values for patients with 

non-alcoholic fatty liver disease 

 

Jhii-Hyun Ahn 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Jeong-Sik Yu) 

 

 

Objectives: This study investigated whether T1 values in native T1 mapping of 

3T magnetic resonance imaging (MRI) of the liver were affected by the fatty 

component. 

Materials and Methods: This prospective study involved 340 participants from a 

population-based cohort study between May 8, 2018 and August 8, 2019. Data 

obtained included: (1) hepatic stiffness according to magnetic resonance 

elastography (MRE); (2) T1 value according to T1 mapping; (3) fat fraction and 

iron concentration from multi-echo Dixon; and (4) clinical indices of hepatic 

steatosis including body mass index, waist circumference, history of diabetes, 

aspartate aminotransferase, alanine aminotransferase, gamma-glutamyl 

transpeptidase, and triglycerides. The correlations between T1 value and fat 

fraction, and between T1 value and liver stiffness were assessed using Pearson’s 

correlation coefficient. The independent two-sample t-test was used to evaluate 

the differences in T1 values according to the presence or absence of hepatic 

steatosis, and the one-way analysis of variance was used to evaluate the 

difference in T1 value by grading of hepatic steatosis according to MRI-based 

proton density fat fraction (PDFF). In addition, univariate and multivariate 

linear regression analyses were performed to determine whether other variables 

influenced the T1 value. 
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Results: T1 value showed a positive correlation with the fat fraction obtained 

from PDFF (r=0.615, P < 0.001) and with the liver stiffness obtained from 

MRE (r=0.370, P < 0.001). Regardless of the evaluation method, the T1 value 

was significantly increased in subjects with hepatic steatosis (P < 0.001). When 

comparing hepatic steatosis grades based on MRI-PDFF, the mean T1 values 

were significantly different in all grades, and the T1 value tended to increase as 

the grade increased (P < 0.001, P for trend < 0.001). On multiple linear 

regression analysis, the T1 value was influenced by MRI-PDFF, calculated liver 

iron concentration, liver stiffness, and serum aspartate aminotransferase level. 

Conclusion: The T1 value obtained by current T1 mapping of 3T MRI was 

affected by the liver fat component and several other factors such as liver 

stiffness, iron concentration, and inflammation. 

 

                                                            

Keywords: T1 mapping, T1 value, hepatic steatosis, nonalcoholic fatty liver 

disease, liver stiffness, hepatic fibrosis 
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I. INTRODUCTION 

 

Nonalcoholic fatty liver disease (NAFLD) is a leading cause of chronic liver 

disease (CLD) worldwide, and the worldwide prevalence of NAFLD is 

estimated to be 25%.1,2 NAFLD ranges from simple benign hepatic steatosis to 

severe hepatocellular inflammation known as nonalcoholic steatohepatitis 

(NASH).3 Simple benign hepatic steatosis is less likely to develop to 

progressive liver disease and cirrhosis, but exposure of fatty hepatocytes to 

insults or stress, causing cell death, apoptosis, inflammation, and fibrosis can 

lead to NASH.4 If hepatic fibrosis develops as NASH progresses, the liver 

becomes stiff and functionally impaired, which can lead to cirrhosis, 

hepatocellular carcinoma, death, and/or the need for liver transplantation.5 

A liver biopsy is the current reference standard for assessing NAFLD. 

However, a liver biopsy is invasive, there may be sampling errors, and 

complications such as bleeding or death may occur.6,7 Therefore, non-invasive 

methods, such as imaging techniques and serologic markers, have been 

developed to diagnose NAFLD, and most of the methods are focused on hepatic 

fibrosis.8 
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Elastography is a representative imaging technique used to diagnose hepatic 

fibrosis. Among elastography techniques, magnetic resonance elastography 

(MRE) is a magnetic resonance imaging (MRI)-based method for quantitatively 

imaging tissue stiffness. Studies have shown that MRE-based hepatic stiffness 

measurements represent an accurate method to fibrosis, including early 

fibrosis.9-11 However, MRE is limited in obese patients and subjects with 

ascites.12 It also requires specialized hardware and software.13 Owing to the 

disadvantages of MRE, there is a need for a technique that can be easily 

applied.  

Studies have shown that T1 value, which is a tissue-specific parameter, 

correlates with hepatic fibrosis, and T1 value of the liver parenchyma could 

differentiate healthy subjects from patients with liver cirrhosis.14-17 T1 mapping 

can be easily performed without additional hardware and is not affected by 

obesity or ascites. However, T1 may be affected by histologic factors such as fat, 

iron, inflammation, and fibrosis.18 Therefore, in order to use T1 value in the 

evaluation of patients with NAFLD, the influence of these factors must be 

investigated. To date, studies using T1 mapping have identified the effects of 

iron, fibrosis, and inflammation in the liver, but different results have been 

reported for the effects of liver fat content. Some studies have shown that fat in 

tissues affects T1 or that liver fat content does not affect T1, whereas other 

studies have not considered hepatic steatosis.16,17,19,20 Liver fibrosis, 

inflammation, and steatosis are features of NAFLD; therefore, it is necessary to 

study the effects of hepatic steatosis when assessing NAFLD using T1 mapping.  

We assessed whether T1 value was affected by the presence or absence of 

hepatic steatosis. 



- 5 - 

 

II. MATERIALS AND METHODS 

 

1. Subjects 

 

The study subjects were recruited from 1,894 individuals who completed the 3rd 

follow-up survey (from May 2011 to October 2017) among those already 

enrolled in a population-based cohort study, the Korean Genome and 

Epidemiology Study on Atherosclerosis Risk of Rural Areas in the Korean 

General Population (KoGES-ARIRANG). KoGES-ARIRANG is a 

population-based cohort study to assess the prevalence, incidence, and risk 

factors for chronic degenerative disorders such as hypertension, diabetes, 

metabolic syndrome, and cardiovascular disease.21,22 Subjects aged 75 years or 

older were excluded to enable the conduct of tests, including MRI. In addition, 

subjects with a clinical history of malignancy, alcohol abuse (men, >30 g/day; 

women, >20 g/day), and liver disease other than fatty liver, such as viral 

hepatitis, Wilson disease, hemochromatosis, autoimmune hepatitis, and 

drug-induced liver injury, were excluded. Further, subjects who did not want to 

participate in the study were excluded. Subsequently, 348 subjects were enrolled 

on a consecutive basis between May 8, 2018 and August 8, 2019. Among the 

348 enrolled individuals, 8 subjects with incomplete data (MRI failure, n=2; 

blood sampling failure, n=4; body mass index [BMI] missing, n=2) were 

additionally excluded, and 340 subjects (122 males and 218 females; mean age, 

66.27±7.28 years) were finally included in this analysis (Fig. 1). This 

prospective study was approved by the institutional review board, and all study 

subjects provided written informed consent before the investigation. 
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Figure 1. Flow chart representing subject recruitment. 

KoGES-ARIRANG, Korean Genome and Epidemiology Study on the Atherosclerosis 

Risk of Rural Areas in the Korean General Population; MRI, magnetic resonance 

imaging; BMI, body mass index 

 

 

 2. Clinical data 

 

For all subjects, the following parameters were recorded at the time of the MRI. 

Clinical parameters included age, gender, BMI, waist circumference, and 

history of diabetes. Laboratory data included aspartate aminotransferase (AST), 

alanine aminotransferase (ALT), gamma-glutamyl transpeptidase (GGT), 

alkaline phosphatase, albumin, complete blood count, total cholesterol level, 

triglyceride level, high-density lipoprotein cholesterol level, and fasting glucose 

levels. Diabetes mellitus (DM) was defined as fasting glucose level of 126 

mg/dL (7 mmol/L) or greater or treatment with antidiabetic drugs. Using these 

data, the fatty liver index (FLI),23 NAFLD liver fat score (NAFLD-LFS)24 and 

hepatic steatosis index (HSI)25 were calculated. The respective equations are 

shown in Table 1. The criteria for judging hepatic steatosis in each of the indices 
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were more than 60 for FLI, greater than -0.640 for NLFS, and greater than 36 

for HIS.23-25 

 

 

Table 1. Equations of non-invasive prediction scored for hepatic steatosis. 

FLI, fatty liver index; NAFLD-LFS, non-alcoholic fatty liver disease liver fat score; 

HSI, hepatic steatosis index 

 

 

3. MRI protocol  

 

Imaging was performed on a clinical 3T MR system (MAGNETOM Skyra; 

Siemens Healthcare, Erlangen, Germany) using a combination of a 30-channel 

body and a 32-channel spine matrix coil. Subjects were examined in supine 

position, and all images were acquired in an expiratory breath-hold. In each 

subject, 3 slices were acquired for T1 mapping and 3 slices for MRE, and the 

locations for T1 mapping and MRE were identical. The following non-contrast 

enhanced sequences were performed in all subjects:  

(A) Multi-echo Dixon water-fat separation was performed to evaluate the 

liver fat and iron content with the following parameters: TE, 

1.05/2.46/3.69/4.92/6.15/7.38 ms; TR, 9.00 ms; flip angle, 4 degrees; 

Indices Equation 

FLI (e0.953*Loge(TG) + 0.139*BMI + 0.718*Loge(γ-GT) + 0.053*WC - 15.745) / (1 + 

e0.953*Loge(TG) + 0.139*BMI + 0.718*Loge(γ-GT) + 0.053*WC - 15.745) * 100 

NAFLD-LFS -2.89 + 1.18*Metabolic syndrome (yes =1, no = 0) + 

0.45*Diabetes mellitus (yes = 2, no = 0) + 0.15*Insulin + 

0.04*AST - 0.94*AST/ALT ratio 

HSI (e0.315*BMI + 2.421*ALT/AST ratio + 0.630*Diabetes mellitus (yes = 1, no = 0) - 9.960 ) / (1 

+ e0.315*BMI + 2.421*ALT/AST ratio + 0.630*Diabetes mellitus (yes = 1, no = 0) - 9.960) 

*100 
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field-of-view (FOV), 450 × 393 mm2; matrix, 160 × 111; slice thickness, 3.5 

mm; number of slices, 72; parallel imaging acceleration, 2 × 2; acquisition time, 

13 s. Multi-echo Dixon sequences were performed sequentially. MRI-based 

proton density fat fraction (MRI-PDFF) maps and screening and multi-echo 

Dixon reports were provided through the scanner reconstruction (Fig. 2). 

 

 

 

Figure 2. Multi-echo Dixon sequences and fat fraction map of a 

58-year-old-male with hepatic steatosis (21.2%). (A) Axial T1-weighted 

two-point Dixon technique included fat and water images, and in- and 

out-of-phase images. (B) T1-independent T2*-corrected multi-echo Dixon 

technique quantifies fat/water content and R2* value in each voxel and provides 

a report based on the region of interest as well as whole liver segmentation. 

 

 

(B) T1 mapping was performed using a prototypical Look-Locker sequence. 
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For each acquired slice, the sequence performed continuous fast low-angle shot 

(FLASH) acquisitions following an inversion pulse, providing images at 

multiple inversion times T1. Three slices were obtained for each patient. 

Sequence parameters were as follows: TR, 3.2 ms; TE, 1.32 ms; 16 TIs at 122, 

347, 572, 797, 1022, 1247, 1472, 1697, 1922, 2147, 2372, 2597, 2822, 3047, 

3272, and 3497 ms; flip angle, 8 degrees; FOV, 380 × 309 mm2; matrix, 192 × 

125; slice thickness, 5 mm; acquisition time, 11 s. Calculation of the T1 

parameter maps was integrated into the scanner reconstruction and was based 

on a single-compartment model, i.e., assuming that the signal evolution at a 

given image position is described by a single T1 relaxation time. 

(C) For MRE, continuous longitudinal mechanical waves at 60 Hz were 

generated using an acoustic pressure driver device on the anterior chest wall. A 

prototype spin-echo echo-planar imaging sequence was acquired during 

breath-holding in three axial planes (using the same slices as in T1 mapping) 

with the following parameters: TR, 500 ms; TE, 39 ms; FOV, 380 × 309 mm2; 

matrix, 100 × 100; slice thickness, 5 mm; GRAPPA acceleration factor, 2; and 

acquisition time, 6 s. 

 

 

4. Imaging analysis 

 

On each slice of the obtained T1 and MRE stiffness maps, regions of interest 

(ROIs) were manually drawn to include only the parenchyma of the liver by two 

observers who had 5 years and 6 years of experience in performing MRE, 

respectively. The corresponding magnitude, anatomical, and wave images were 

simultaneously evaluated to avoid areas immediately beneath the driver, the bile 

ducts, blood vessels, and any other regions with incoherent wave propagation. 

Measurements were restricted to areas where the confidence parameter of the 

stiffness reconstruction was above 95%.26,27 Liver stiffness was measured from 
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the ROI drawn in this way, and the ROI was copied and pasted onto the T1 map 

of the same slice to obtain the T1 relaxation time. The observers averaged the 

T1 relaxation time and liver stiffness from the values obtained from the three 

manually drawn ROIs (one ROI in each slice). A custom drawing program 

(Singo.via, version VB30; Siemens, Erlangen, Germany) was used for the 

imaging analysis (Fig. 3). To assess repeatability, two measurement sessions 

were performed at 2-week intervals. The observers were blinded to the 

participants’ biochemical and fat quantification data. After two measurements, 2 

weeks apart, one of the two observers recorded the fat fraction and R2* derived 

from multi-echo Dixon acquisitions for each subject. Liver iron concentration 

(LIC) was calculated using the conversion formula of R2*, LIC (µmol) = 

R2*/3.2.28 Hepatic steatosis based on MRI-PDFF was graded according to the 

following criteria: 6.4% for grade 0 vs ≥ 1, 16.3% for grade ≤ 1 vs 2, 21.7% for 

≤ grade 2 vs 3.29-31 

 

5. Statistical analyses 

 

Baseline characteristics were calculated using descriptive statistics. Normality 

of the distribution was evaluated using the Shapiro‒Wilk test. Normally 

distributed data were described as mean and standard deviation (SD). The 

correlations between T1 value and fat fraction obtained by MRI-PDFF, and 

between T1 value and liver stiffness obtained by MRE, were assessed using 

Pearson’s correlation coefficient (r). The independent two-sample t-test was 

used to evaluate the difference in T1 relaxation time according to the presence 

or absence of hepatic steatosis predicted according to MRI-PDFF, FLI, 

NAFLD-LFS, and HSI. One-way analysis of variance (ANOVA) was used for 

intergroup comparisons of T1 value according to the steatosis grade based on 

MRI-PDFF. In addition, the independent two-sample t-test was used to evaluate 

the differences in T1 values according to the presence or absence of hepatic  
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Figure 3. Representative measurement of liver stiffness and T1 relaxation time 

using magnetic resonance elastography and T1 mapping, respectively. A. A 

manual region of interest (ROI) drawn on the magnitude image of a 

45-year-old-femele with hepatic steatosis (15%). B. Imaging showing wave 

propagation. A manual ROI copied on to the stiffness map with 95% confidence 

map (C) and T1 map (D). 

 

 

fibrosis predicted by MRE. Univariate and multiple linear regression analyses 

were also performed to determine whether other variables influenced the T1 

value and liver stiffness obtained by MRE. The multiple linear relationships 

were estimated with stepwise selection, and the best multiple linear regression 

model was selected. In these analyses, laboratory data were used as binary 
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variables (normal versus abnormal) because the laboratory data had no clinical 

significance when the values were normal. 

The reproducibility between two readers and repeatability of liver stiffness 

measurement using MRE and T1 mapping were evaluated by determining 

intraclass correlation coefficients (ICCs). An ICC value of >0.81 was 

considered to indicate almost perfect agreement, while values of 0.61‒0.80, 

0.41‒0.60, and 0.21‒0.40 represented substantial, moderate, and fair agreement, 

respectively. Statistical significance was set at P < 0.05. 

Statistical analysis was performed using a commercially available software 

(SAS, version 9.4, SAS Institute, Cary, NC, USA, and R software, version 3.6.3, 

R Development Core Team, Vienna, Austria). 
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III. RESULTS 

 

1. Subjects 

 

Hepatic steatosis was assessed based on an MRI-PDFF threshold of 6.4%;29,30 

133 of 340 subjects had hepatic steatosis. The mean MRI-PDFF was 11.7±4.9% 

in the group with hepatic steatosis and 3.3±1.4% in the groups without hepatic 

steatosis. The number of subjects by steatosis grade was 207 for grade 0, 115 

for grade 1, 13 for grade 2, and 5 for grade 3. Hepatic fibrosis was assessed 

based on MRE threshold of 2.9 kPa;26,27,32 22 of 340 subjects had hepatic 

fibrosis. Subject characteristics are summarized in Table 2.  

 

2. Correlation between fat fraction from MRI-PDFF and liver stiffness of MR 

elastography and T1 value 

 

T1 relaxation time showed a positive correlation with the fat fraction obtained 

from MRI-PDFF (r=0.615, P < 0.001) and with the liver stiffness obtained from 

MRE (r=0.370, P < 0.001) (Fig. 4).  

 

3. T1 value according to hepatic steatosis and liver stiffness 

 

When assessing hepatic steatosis according to MRI-PDFF, T1 values were 

significantly increased for hepatic steatosis. The mean T1 value was 817.58 ± 

52.77 ms (range, 679.05–1015.45 ms) for subjects without hepatic steatosis and 

899.79 ± 89.71 ms (range, 666.28–1258.99 ms) for subjects with hepatic 

steatosis (P < 0.001). Even when the presence of hepatic steatosis was predicted 

using FLI, NAFLD-LFS, and HSI, T1 values were significantly increased in 

subjects with hepatic steatosis (Table 3). When comparing hepatic steatosis 

grades based on MRI-PDFF, the mean T1 values were significantly different in  
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Table 2. Demographic and laboratory characteristics of study subjects. 

Parameter All subjects 

(n=340) 

Gender  

 Male 122 (35.9%) 

Female 218 (64.1%) 

Age (y) 66.3±7.3 

Body mass index (kg/m2) 25.44±3.27 

Waist circumference (cm) 87.69±50.27 

Diabetes (%) 75 (22%) 

AST (IU/L) 24.86±16.96 

ALT (IU/L) 21.77±25.19 

Serum albumin level (g/dL) 4.64±0.23 

Gamma-glutamyltransferase (U/L) 28.89±29.16 

Platelet count (x109/L) 236.15±57.20 

Cholesterol level (mg/dL) 176.97±35.32 

Triglyceride (mg/dL) 159.71±102.20 

Proton density fat fraction (%) 6.5±5.2 

Liver stiffness at MRE (kPa) 2.15±0.50 

T1 relaxation time (ms) 849.74±80.25 

R2* (s-1 Hz) 48.85±9.99 

Calculated liver iron concentration (μmol) 15.27±3.12 

AST, aspartate aminotransferase; ALT, alanine aminotransferase; MRE, magnetic 

resonance elastography 

Data are means ± standard deviation.            
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Figure 4. Pearson’s correlation coefficient. A. Correlation between T1 value by 

T1 mapping and liver fat fraction. There is significant positive correlation 

(Pearson’s r = 0.615). B. Correlation between T1 value by T1 mapping and liver 

stiffness by MRE. There is weak positive correlation (Pearson’s r = 0.370). 

 

 

Table 3. T1 relaxation time of study subjects classified according to hepatic 

steatosis. 

 With hepatic steatosis Without hepatic steatosis  

 n T1 relaxation time 

(ms)  

n T1 relaxation time 

(ms) 

P 

value 

MRI-PDFF 133 899.79±89.71 207 817.58±52.77 <0.001 

FLI 71 910.73±101.23 269 836.64±65.00 <0.001 

NAFLD-LFS 141 890.66±84.91 199 820.74±62.38 <0.001 

HSI 249 862.03±82.40 91 816.09±63.12 <0.001 

MRI-PDFF, MRI-based proton density fat fraction; FLI, fatty liver index; NAFLD-LFS, 

non-alcoholic fatty liver disease liver fat score; HSI, hepatic steatosis index 

Data are means ± standard deviation. 
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all grades, and the T1 value tended to increase as the grade increased (P < 0.001, 

P for trend < 0.001) (Fig. 5). 

When assessing liver stiffness according to MRE, T1 values were 

significantly increased in hepatic fibrosis. The mean T1 value was 843.62 ± 

75.98 ms (range, 666.28–1258.99 ms) for subjects with liver stiffness less than 

2.9 kPa, and 938.08 ± 89.84 ms (range, 814.96–1211.01 ms) for subjects with 

liver stiffness greater than 2.9 kPa (P < 0.001). 

 

4. Univariate and multiple linear regression analyses for variables affecting the 

T1 value and liver stiffness of MRE 

 

In the univariate analysis, MRI-PDFF, calculated LIC, liver stiffness, and AST 

were significantly associated with T1 value. Three statistical multiple linear 

regression models were constructed, and the best multiple linear regression  

models for T1 value were those containing MRI-PDFF, calculated LIC, liver 

stiffness, and AST with an R square of 0.546 (Table 4). In the univariate 

analysis, T1 value, AST, GGT, and BMI were significantly associated with 

liver stiffness obtained by MRE, whereas MRI-PDFF and calculated LIC 

were not significantly associated (Table 5). 

 

5. Reproducibility and repeatability of the MR elastography and T1 mapping 

 

ICCs for the reproducibility and repeatability of the liver stiffness values 

obtained using MRE and liver T1 value using T1 mapping are summarized in 

Table 6. The ICC values indicated a near-perfect agreement. 
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Figure 5. Box and whisker plot of the T1 relaxation time according to the 

hepatic steatosis grade. The mean T1 relaxation times were significantly 

different between each steatosis grade, and tended to increase as the grade 

increased. 
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Table 4. Results of univariate and multiple linear regression analysis of T1 value 

*Standard error of the estimated coefficient.  

ALT was not included due to collinearity with AST. 

SE, standard error. AST, aspartate aminotransferase; MRE, magnetic resonance elastography; LIC, liver iron concentration. 

Parameter Univariate analysis Multivariate analysis 

Coefficient (β) SE* P value Coefficient (β) SE* P value 

Body mass index (kg/m2) 2.073 1.067 0.053    

Waist circumference (cm) 0.043 0.059 0.465    

AST (IU/L) 29.675 11.482 0.010 28.982 11.112 0.010 

Serum albumin level (g/dL) -11.734 54.332 0.829    

Gamma-glutamyltransferase (U/L) 3.925 9.184 0.669    

Platelet count (x109/L) -9.021 17.611 0.609    

Cholesterol level (mg/dL) -12.942 6.937 0.063    

Triglyceride (mg/dL) 13.331 7.238 0.066    

Proton density fat fraction (%) 10.084 0.682 <0.001 10.514 0.624 <0.001 

Liver stiffness at MRE (kPa) 22.278 7.078 0.002 29.309 6.414 <0.001 

Calculated LIC (μmol) -8.959 1.031 <0.001 -9.153 1.018 <0.001 



- 19 - 

 

Table 5. Results of univariate and multiple linear regression analysis of liver stiffness at MRE 

*Standard error of the estimated coefficient.  

ALT was not included due to collinearity with AST. 

SE, standard error. AST, aspartate aminotransferase; MRE, magnetic resonance elastography; LIC, liver iron concentration. 

Parameter Univariate analysis Multivariate analysis 

Coefficient (β) SE* P value Coefficient (β) SE* P value 

Gender -0.020 0.052 0.701    

Age (y) 0.006 0.003 0.062    

Body mass index (kg/m2) 0.043 0.008 <0.001 0.038 0.007 <0.001 

Waist circumference (cm) 0.000 0.000 0.684    

AST (IU/L) 0.324 0.088 <0.001 0.331 0.085 <0.001 

Serum albumin level (g/dL) 0.003 0.421 0.994    

Gamma-glutamyltransferase (U/L) 0.335 0.066 <0.001 0.339 0.063 <0.001 

Platelet count (x109/L) 0.084 0.136 0.536    

Cholesterol level (mg/dL) -0.038 0.053 0.473    

Triglyceride (mg/dL) 0.084 0.056 0.138    

Proton density fat fraction (%) -0.012 0.007 0.085    

T1 relaxation time (ms) 0.001 0.000 0.001 0.001 0.000 <0.001 

Calculated LIC (μmol) -0.003 0.009 0.733    
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Table 6. Reproducibility and repeatability of measurements obtained by MRE 

and T1 mapping. 

 MRE T1 relaxation time 

 ICC (95% CI) P value ICC (95% CI) P value 

Interobserver 

reproducibility 

0.955 

(0.948-0.962) 

<0.001 0.995 

(0.994-0.996) 

<0.001 

Repeatability     

Reader 1 0.983 

(0.980-0.987) 

<0.001 0.996 

(0.995-0.997) 

<0.001 

  Reader 2 0.936 

(0.921-0.949) 

<0.001 0.990 

(0.988-0.992) 

<0.001 

MRE, magnetic resonance elastography; ICC, intraclass correlation coefficient; CI, 

confidence interval 
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IV. DISCUSSION 

 

This study demonstrates that T1 value by T1 mapping is significantly correlated 

with liver fat content, and hepatic steatosis is significantly associated with an 

increased T1 value. In addition to the liver fat fraction, the T1 value is also 

influenced by liver iron content, inflammation, and liver stiffness. 

Various studies have been conducted on non-invasive diagnostic methods 

for early detection and grading of hepatic fibrosis in CLD including NAFLD. 

MRE is the most accurate non-invasive method for the detection and staging of 

hepatic fibrosis, and it is not significantly influenced by age, sex, degree of 

inflammation, steatosis, or etiology of CLD.13,33 In our study, liver stiffness 

measured by MRE was not affected by age, sex, and MRI-PDFF, nor by 

calculated LIC. However, measurement failure may occur due to increased iron 

deposition, obesity, and ascites, and additional hardware and software are 

required.13,26,34 Diffusion-weighted imaging can be performed on most MR 

scanners and has the advantage of not requiring additional devices, but it is not 

suitable for early hepatic fibrosis detection.35,36 Texture analysis is a useful tool 

for excluding fibrosis in patients with liver disease, but it has the disadvantage 

of being influenced by the technical quality of the source image and requiring 

additional texture analysis software.37,38 The hepatobiliary phase T1 relaxation 

time measurement on gadoxetic acid-enhanced MRI is reportedly useful for 

diagnosing hepatic fibrosis. However, hepatobiliary agent injection is required, 

and hepatobiliary phase imaging takes at least 20 minutes, which is 

disadvantageous because of its long examination time.38,39 Various serologic 

markers are also used to predict hepatic fibrosis, but most have high accuracy 

for advanced hepatic fibrosis and low diagnostic accuracy for early fibrosis.40-42 

In contrast, T1 mapping is a simple sequence that can be used without 

contrast agents or additional devices. Recent studies reported the potential of 



- 22 - 

 

native T1 mapping for the diagnosis of hepatic fibrosis and as a predictor of 

clinical outcomes in patients with CLD.15,43,44 

Previous studies have reported increased T1 relaxation time owing to 

hepatic parenchymal fibrosis,14,16,17 but no other factors, such as fat, iron, or 

inflammation, that could affect T1 values have been evaluated. Another study 

reported that fat tissue had a short T1 value, and that T1 in regions of visceral 

fat measured using T1 mapping is short.45 Another study conducted using 1.5T 

MRI for factors affecting the T1 value reported that fibrosis, iron concentration, 

and inflammation significantly affected the T1 relaxation time, but fat did not.20 

However, another study using 3T MRI reported that the T1 value was affected 

by hepatic steatosis,19 and in our study, the T1 value was also affected by liver 

fat content; in both studies, the T1 relaxation time was longer in the presence of 

fatty liver. There were differences in the number of subjects with steatosis and 

the T1 value itself according to the methods for evaluating hepatic steatosis, but 

these results were the same regardless of the evaluation method.  

The difference between our study and the previous studies on the effects of 

liver fat content on the T1 value is thought to be due to the technique used for 

T1 mapping, the difference in MRI field strength, and the difference in the fat 

fraction of the tissues. T1 measurement by inversion and saturation recovery 

methods currently used for T1 mapping assumes a single species (e.g., water or 

fat) and a mono-exponential curve fit is performed to derive a single T1 value. 

As in hepatic steatosis, water and fat coexist in the tissue, and a mixture of 

water and fat has a bi-exponential recovery curve in proportion to their relative 

fractions. In this condition, the curve fitting with mono-exponential recovery 

produces a single T1 value and results in an error called the partial volume 

effect.19,46 At 3T, the chemical shift of fat is larger than that at 1.5T, and the fat 

is generally out-of-phase with water. In out-of-phase mixture of water and fat, 

the signal is subtracted by the fat component, resulting in slow T1 recovery and 

longer T1 relaxation time. According to previous studies, the T1 value increases 
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in an approximately linear fashion with the fat fraction when the fat fraction is 

less than approximately 30%.19,46 In our study, the subjects showed less than 

30% fat fraction except for two subjects, and the T1 value increased 

significantly as the hepatic steatosis grade according to MRI-PDFF increased.  

This issue is significant in that hepatic fibrosis may be overestimated when 

assessed in patients with NAFLD using the current T1 mapping sequence in 3T 

MRI. This is because the current T1 mapping uses a mono-exponential curve 

fitting of water and fat, so it is considered necessary to develop a new T1 

mapping sequence that separates water and fat to solve this problem. Although 

related studies such as magnetic resonance fingerprinting with dictionary-based 

fat and water separation have been recently reported, no commercialized T1 

mapping sequence is available yet.47, 48 

In a recent study, the correlation coefficient between MRE and T1 mapping 

was reported as 0.34–0.48, which is similar to that in our study (r=0.37).49 

However, unlike our study, the effects of fat and inflammation were not 

evaluated. In the multiple linear regression analysis of our study, we found that 

PDFF, calculated LIC, liver stiffness, and abnormal serum AST level influenced 

T1 value. In other words, the T1 value can be influenced not only by fat, but 

also by several factors such as liver stiffness, iron concentration, and 

inflammation as shown in previous studies.  

Hepatic fibrosis has been known as a useful indicator for predicting 

mortality in patients with NAFLD,50 and MRE is the most accurate 

non-invasive method for the evaluation of hepatic fibrosis. However, the 

pathogenesis of NAFLD is complex and should be evaluated by reflecting not 

only fibrosis, but also steatosis and inflammation. Therefore, the enrollment 

criteria for NASH clinical trials typically require patients to not only have 

evidence of Kleiner-Brunt fibrosis stage (F) ≥2, but also a NAFLD Activity 

Score (NAS)≥4. Recently, reflecting this trend, several composite scores such as 

the FibroScan-AST (FAST) score,51 cT1-AST-fasting glucose (cTAG) score,52 
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and a blood-based biomarker panel (NIS4)53 have been reported. In particular, 

cTAG is a biomarker identified by a combination of iron-corrected T1 mapping, 

AST, and fasting glucose, and it has been reported as a good predictor of F ≥2 

and NAS≥4 (area under the curve, 0.90). However, in this study, the effect of fat 

on the T1 value was not evaluated. According to the results of our study, since 

T1 value is affected by fat, iron, liver stiffness, and inflammation, we deemed it 

necessary to obtain a T1 value that corrected for all these factors. Therefore, in 

order to develop more accurate composite biomarkers using T1 mapping, 

further research based on histopathological results is needed. 

A major limitation of this study was the absence of histopathological results. 

However, liver biopsies in the cohort group were not considered feasible for 

ethical reasons. Among the non-invasive diagnostic methods of hepatic steatosis 

and hepatic fibrosis, MRI-PDFF and MRE have been reported to have very high 

diagnostic accuracy.30-32,34,54,55 Therefore, in this study, steatosis and liver 

stiffness were evaluated by performing MRI-PDFF and MRE instead of liver 

biopsy. In addition, the presence of hepatic steatosis was also evaluated using 

hepatic steatosis indices, and the difference in T1 values according to the 

analyzed hepatic steatosis showed a similar trend as the results of evaluation 

through MRI-PDFF. In this study, as reported in other studies, liver stiffness 

measured by MRE was not affected by MRI-PDFF and calculated LIC. 

However, it was affected by AST, GGT, and BMI. In nonadvanced fibrosis 

(F≤2), inflammation may increase liver stiffness and act as a confounding 

factor in the diagnosis of hepatic fibrosis.56 Since most of the subjects in our 

study had no or nonadvanced fibrosis, it is thought that liver stiffness measured 

by MRE was affected by AST and GGT. Furthermore, it is known that liver 

stiffness measured by MRE is not affected by BMI in advanced fibrosis;57 

however, the effect of BMI in the absence of fibrosis is not clearly established. 

In our study, liver stiffness measured by MRE was influenced by BMI. 

Unfortunately, it is difficult to explain the reason for this within the scope of 
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this study. Our study had many subjects without fibrosis, and further studies 

based on histopathology are needed to determine how BMI affects MRE in 

these cases. Another limitation was that 22 subjects had hepatic fibrosis by 

MRE even though subjects with CLD other than hepatic steatosis were excluded 

from the study. This is thought to be because the exclusion criteria were not 

strict enough to screen out unknown medical history in all subjects because 

CLD was investigated through clinical history. 

 

V. CONCLUSION 

 

The T1 value obtained by current T1 mapping of 3T MRI was affected by the 

liver fat component and several other factors such as liver stiffness, iron 

concentration, and inflammation. Therefore, T1 adjustment considering these 

confounders may improve the diagnostic ability of T1 value for assessing 

patients with NAFLD. 
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ABSTRACT(IN KOREAN) 

 

비알콜성지방간질환 환자를 대상으로 한 3T 자기공명영상의 T1 

mapping 기법에서 간 지방증이 T1 이완시간 평가에 미치는 영향 

 

<지도교수  유 정 식> 

 

연세대학교 대학원 의학과 

 

안  지  현 

 

목적: 이 연구는 3T 자기공명영상에서 native T1 mapping의 T1 이완시

간이 지방 성분에 의해 영향을 받는지 조사하고자 하였다. 

재료 및 방법 : 이 전향적 연구에는 인구 기반 코호트로부터 2018년 

5월 8일부터 2019년 8월 8일까지 340명의 참가자가 참여하였고, 참가

자들로부터 다음과 같은 데이터를 획득하였다:(1) 자기공명탄성영상

을 통한 간의 강성도; (2) T1 mapping을 통한 T1 이완시간; (3) 자기

공명영상 기반 양성자 밀도 지방분율(MRI-PDFF); (4) 체질량지수, 허

리둘레, 당뇨 과거력, 아스파르테이트아미노전달효소, 알라닌아미노

전달효소, 감마글루타밀전달효소, 트리글리세라이드를 활용한 간 지

방증 지표들. Pearson의 상관계수 분석을 통해 간의 강성도 및 지방 

분율과 T1 이완시간 간의 상관성을 평가하였다. 독립표본 t-검정을 

이용하여 지방간 여부에 따른 T1 이완시간의 차이를 평가하였고, 

MRI-PDFF 수치를 이용한 지방간 등급에 따른 T1 이완시간의 차이는 

일원배치분산분석을 통해 평가하였다. 추가적으로, T1 이완시간에 영

향을 미치는 변수들을 알아보기 위해 다중 선형회귀분석을 시행하였

다. 

결과 : T1 이완시간은 MRI-PDFF와 양의 상관관계를 보였고(r=0.615, P 
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< 0.001), 자기공명탄성영상을 통해 획득한 간의 강성도와 양의 상관

관계를 보였다 (r=0.370, P < 0.001). 지방간의 평가 방법의 종류에 

관계없이 지방간이 있는 경우에 T1 이완시간이 유의하게 증가하였다 

(P < 0.001). MRI-PDFF를 기반으로 하여 지방간 등급을 나누어 비교하

였을 때, 평균 T1 이완시간은 등급별로 차이가 있었으며 등급이 증가

할수록 T1 이완시간이 증가하는 경향을 보였다 (P < 0.001, P for 

trend < 0.001). 다중 선형회귀분석에서 MRI-PDFF, 간의 철 성분, 간

의 강성도, 그리고 아스파르테이트아미노전달효소가 T1 이완시간에 

영향을 미치는 것으로 나타났다. 

결론 : 3T 자기공명영상장치에서 현재의 T1 mapping을 통해 획득한 T1 

이완시간은 간의 지방 성분 및 간의 강성도, 간의 철 성분, 염증과 

같은 요인들의 영향을 받는다. 

 

 

                                                            

핵심되는 말 : T1 mapping, T1 이완시간, 지방간, 비알콜성지방간, 간 

강성도, 간섬유화 
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