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Abstract
Background  MRI relaxometry mapping and proton density fat fraction (PDFF) have been proposed for the evaluation of 
hepatic fibrosis. However, sex-specific relationships of age and body fat with these MRI parameters have not been studied 
in detail among adults without clinically manifest hepatic disease. We aimed to determine the sex-specific correlation of 
multiparametric MRI parameters with age and body fat and to evaluate their interplay associations.
Methods  147 study participants (84 women, mean age 48±14 years, range 19-85 years) were prospectively enrolled. 3 T MRI 
including T1, T2 and T1ρ mapping and PDFF and R2* map were acquired. Visceral and subcutaneous fat were measured 
on the fat images from Dixon water-fat separation sequence.
Results  All MRI parameters demonstrated sex difference except for T1ρ. PDFF was more related to visceral than subcutane-
ous fat. Per 100 ml gain of visceral or subcutaneous fat is associated with 1 or 0.4% accretion of liver fat, respectively. PDFF 
and R2* were higher in men (both P = 0.01) while T1 and T2 were higher in women (both P < 0.01). R2* was positively 
but T1 and T2 were negatively associated with age in women (all P < 0.01), while T1ρ was positively related to age in men 
(P < 0.05). In all studies, R2* was positively and T1ρ was negatively associated with PDFF (both P <0.0001).
Conclusion  Visceral fat plays an essential role in the elevated liver fat. When using MRI parametric measures for liver disease 
evaluation, the interplay between these parameters should be considered.
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Introduction

Imaging biomarkers derived from multiparametric magnetic 
resonance imaging (MRI) have been investigated for the 
evaluation of diffuse liver disease [1]. Multiparametric MRI Extended author information available on the last page of the article
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entails the combined use of multiple quantitative images 
including relaxometry (T1, T2, R2*, and T1ρ) maps, proton 
density fat fraction (PDFF), diffusion weighted, susceptibil-
ity weighted, dynamic contrast enhanced, spectroscopy, in 
addition to other techniques to assess specific characteristics 
of liver disease. Unlike transient elastography with subpar 
performance in overweight and obese patients [2], MRI is 
more effective in patients with large body habitus, frequently 
affected or at risk for hepatic pathologies.

Quantitative MRI maps tissue-specific MR physical 
properties to provide indices of microstructure and related 
pathological processes in a time-efficient manner. Hepatic 
fibrosis and inflammation result in higher T1, T2, and T1ρ 
relaxation times due to an excessive accumulation of extra-
cellular matrix proteins and water. Although multiparametric 
MRI has shown to be useful in evaluating disease severity 
[3], significant gray zones with wide overlap across sever-
ity grades in MRI-derived parametric mapping restrict its 
clinical relevance [4]. In particular, the coexistence of fat 
and iron deposition in hepatic tissue confounds the measured 
relaxation times [5–7]. The relationships between fat and 
relaxometry parameters have not been fully investigated in 
individuals with normal livers.

The aim of the present study was twofold. First, we deter-
mined the sex-specific correlations of MRI parameters with 
age, body mass index (BMI), visceral fat, and subcutaneous 
fat, and then evaluated the interplay among hepatic mul-
tiparametric mapping parameters including T1, T2, R2*, and 
T1ρ and PDFF measurements in the adult human livers free 
from liver fibrosis and clinically manifest hepatic disease.

Materials and methods

Our institutional human research ethics committee approved 
this prospective study and all participants provided written 
informed consent. Participants were recruited from the local 
community. There were no specific inclusion criteria except 
age ≥ 18 years, no history of clinical liver disease, and no 
contraindications to MRI.

MRI was performed using a single 3 T whole-body MRI 
system (Vantage Galan, Canon Medical Systems, Japan) and 
a flexible phased array body coil with breath hold. Subcu-
taneous and visceral fat volumes were measured from three 
transverse slices of the body at the L2–L3 level by semi-
automated segmentation of axial fat images acquired by 
a two-point Dixon fat-water separation sequence. Hepatic 
PDFF was assessed using chemical shift-encoded 3D gradi-
ent echo (GRE) imaging for joint R2* and fat/water quanti-
fication. The sequence included six echoes with 1-ms inter-
echo spacing (TR/TE = 7.3/1.2, 2.2, 3.2, 4.3, 5.2, 6.2 ms, 
flip angle (FA) = 3º) and the post processing incorporated 
six fat peaks for fat signal determination. A stack of 20 slices 

was acquired with a slice thickness of 10 mm and in-plane 
resolution of 2x2 mm2. Inline PDFF and R2* maps were 
constructed at the scanner using the manufacturer-supplied 
software. T1 mapping was acquired using a GRE based mod-
ified Look‐Locker inversion recovery (MOLLI) 5(3)3 with 
TR/TE = 5.3/1.8 ms, FA = 15º to minimize the influence 
of fat [5]. T2 mapping was performed using a T2-prepared 
GRE sequence with TR/TE = 4.5/2 ms, FA = 13º. A rotary 
echo spin-lock pulse was implemented in a 2D balanced 
steady-state free precession sequence (TR/TE = 3/1.5 ms, 
FA = 40º) for the acquisition of T1ρ maps with a spin-lock 
frequency of 500 Hz at spinlock times of 1, 15, 30, and 45 
ms. All mapping sequences (i.e., T1, T2, and T1ρ) were 
acquired at the same level in a single transverse plane with 
the same slice thickness and in-plane resolution as the PDFF 
measurements. T1, T2, and T1ρ maps were constructed 
offline by using MASS research software (Department of 
Radiology, Leiden University Medical Center, Leiden, The 
Netherlands).

Statistical analysis

Liver PDFF, R2*, and parametric mapping indices were 
determined by averaging the signal within 2-3 cm2 ROIs 
in the corresponding liver parenchyma of all reconstructed 
mapping images. The ROIs were drawn from areas with 
minimal signal heterogeneity and while avoiding major 
vessels. Continuous variables were expressed as mean ± 
standard deviation (SD). Sex specific difference was tested 
using a Mann-Whitney U-test. Sex-specific linear regres-
sion was used to investigate the magnitude of associations 
of age, BMI, visceral, and subcutaneous fat with each MRI 
parameter. To evaluate which body fat was more correlated 
to the liver fat, linear regression with visceral and subcuta-
neous fat co-adjusted was employed. Multivariable analyses 
adjusted for age, sex and BMI was performed to examine 
the inter-relationships among the different MRI measures. 
Statistical evaluations of the data were performed in STATA 
(Version IC16, StataCorp, College Station, Texas, USA). 
Adjusted beta was reported and P < 0.05 was used for sta-
tistical significance.

Results

One hundred and forty-seven adult participants free from 
clinical liver disease were included in the study (84 women, 
age range 19 to 85 years). MRI measurements were feasi-
ble in all volunteers. Examples of hepatic parametric maps 
from one of the study participants are shown in Figure 1. 
Summary statistics stratified by sex are displayed in Table 1. 
Men and women had similar BMI but body fat was distrib-
uted differently with more visceral fat in men and more 
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Fig. 1   Representative liver 
magnetic resonance paramet-
ric maps at 3 T from a study 
participant. a proton density fat 
fraction, b T1, c T2, d T1ρ

Table 1   Summary of study 
cohort and multiparametric 
parameters

Values are in mean±SD (range)
BMI body mass index, PDFF Proton density fat fraction
P value compared between men and women.

N All Women Men P
147 84 63

Age (years) 48 ± 14 (19–85) 47 ± 13 (19–76) 50 ± 16 (19–85) 0.3
BMI (kg/m2) 28 ± 5 (18–45) 27 ± 6 (18–45) 28 ± 4 (19–39) 0.4
Visceral fat (ml) 461 ± 218 (100–1237) 372 ± 159 (125–770) 580 ± 231 (100–1237) <0.0001
Subcutaneous fat (ml) 597 ± 289 (199–1738) 672 ± 320 (199–1738) 496 ± 204 (200–1430) 0.0001
PDFF (%) 5.8 ± 5.2 (1.3–28) 5 ± 4.5 (1.3–25) 6.8 ± 6.4 (1.7–28) 0.01
R2* (s-1) 48 ± 12 (30–85) 45 ± 10 (30–81) 51 ± 13 (32–85) 0.01
T1 (ms) 653 ± 65 (476–855) 668 ± 61 (535–855) 633 ± 66 (476–805) 0.002
T2 (ms) 36 ± 4 (26–49) 37 ± 4 (27–46) 35 ± 4 (26–49) 0.008
T1ρ (ms) 45 ± 5 (30–60) 46 ± 5 (30–60) 45 ± 6 (32–55) 0.58

Table 2   Sex-specific correlations of MRI parameters with age, BMI, visceral fat, and subcutaneous fat (Pearson correlation coefficient r (P 
value))

BMI body mass index, PDFF Proton density fat fraction

Age (years) BMI (kg/m2) Visceral fat (ml) Subcutaneous fat (ml)

Women Men Women Men Women Men Women Men

PDFF (%) − 0.02 (0.9) − 0.17 (0.2) 0.41 (<0.0001) 0.42 (0.001) 0.29 (0.008) 0.44 (<0.0001) 0.36 (0.001) 0.28 (0.026)
R2* (s-1) 0.33 (0.002) 0.04 (0.8) 0.18 (0.1) 0.07 (0.6) 0.1 (0.4) 0.08 (0.5) 0.31 (0.005) 0.01 (0.9)
T1 (ms) − 0.34 (0.002) − 0.24 (0.06) 0.02 (0.8) 0.31 (0.012) − 0.1 (0.4) 0.1 (0.4) − 0.02 (0.8) 0.15 (0.2)
T2 (ms) − 0.4 (<0.0001) − 0.14 (0.3) − 0.19 (0.08) 0.25 (0.05) − 0.31 (0.004) 0.04 (0.8) − 0.25 (0.02) 0.24 (0.6)
T1ρ (ms) 0.01 (0.8) 0.27 (0.035) − 0.3 (0.006) − 0.15 (0.2) − 0.23 (0.04) 0 (0.9) − 0.28 (0.01) − 0.21 (0.1)
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subcutaneous fat in women. All MRI parameters demon-
strated sex difference except for T1ρ. PDFF and R2* were 
higher in men (both P = 0.01) while T1 and T2 were higher 
in women (both P < 0.01). Sex-stratified age, BMI, visceral 
and subcutaneous fat dependencies are presented in Table 2. 
PDFF was positively correlated with BMI and body fat but 
not to age in all adults. All parametric mapping parameters 
demonstrated sex-specific age and body fat dependence. R2* 
was positively but T1 and T2 were negatively associated 
with age in women (all P < 0.01). These relationships were 
not observed in men while T1ρ was positively related to age 
in men (P < 0.05). In co-variate adjusted linear regression 
analysis, only the visceral fat remained correlated to liver 
fat (P < 0.0001), not the subcutaneous fat (P = 0.052). The 
slope of the scatter plot between visceral fat and liver fat 
was greater than that of the subcutaneous fat in relationship 
to liver fat (Figure 2). Each 100 ml greater visceral or sub-
cutaneous fat was associated with 1% or 0.4%, respectively, 
greater liver fat.
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Fig. 2   Scatter plots show the correlations between liver proton den-
sity fat fraction (PDFF) and visceral fat and subcutaneous fat. The 
slope is the percent gain of liver fat per ml of body fat accretion
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Fig. 3   Scatter plots show the correlations between liver proton density fat fraction (PDFF) and a R2* b T1ρ

Table 3   Matrix for the 
correlations between 
multiparametric MRI 
parameters (adjusted beta (P 
value))

Correlation was age, sex, and BMI adjusted, PDFF Proton density fat fraction

R2* (s-1) T1 (ms) T2 (ms) T1ρ (ms)

PDFF (%) 0.14 (<0.0001) 0 (0.9) − 0.01 (0.9) − 0.36 (<0.0001)
R2* (s-1) − 0.1 (<0.0001) − 2 (<0.0001) − 0.57 (0.001)
T1 (ms) 9 (<0.0001) 0.6 (0.5)
T2 (ms) 0.09 (0.11)
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No notable PDFF dependencies of T1 and T2 were 
observed. R2* was positively and T1ρ was negatively asso-
ciated with PDFF (both P < 0.0001, Figure 3a, b). R2* 
showed inverse correlations with T1, T2, and T1ρ (all P ≤ 
0.001). T1 and T2 were directly correlated (P < 0.0001). 
There were no associations of PDFF with T1 and T2. T1ρ 
was not correlated with T1 or T2. A correlation matrix with 
adjusted beta and P values for all parameters is given in 
Table 3.

Discussion

The present study analyzed the associations of each relax-
ometry index and PDFF with sex specific ageing and anthro-
pometric variables in adult livers of individuals without 
clinical hepatic disease. MR relaxometry measures remain 
controversial in the evaluation of liver fibrosis. The exces-
sive deposition of collagen and expansion of extracellular 
matrix in the fibrotic tissue does not necessarily lead to 
prolonged T1, T2, and T1ρ when concomitant with fat and 
iron depositions, which are common in chronic liver disease 
[7–10]. Fat possesses a much shorter T1 than water, and iron 
reduces all tissue relaxation times. Furthermore, technical 
limitations in the acquisition and reconstruction of relaxom-
etry maps should be considered when using MRI-derived 
biomarkers [5, 6]. Given the extensive overlaps in the range 
of relaxation times across different stages of hepatic fibrosis 
in the published literature, it is very relevant to understand 
the distributions and inter-relationships among these MRI 
parameters in the liver of apparently healthy individuals 
before the onset of clinical hepatic disease.

Our cohort was comprised of volunteers with a broad 
range of age and BMI selected from the local community. 
None of the study participants, including those with high 
PDFF values had prior diagnosis of fatty liver disease. We 
found that most of MRI parameters demonstrated sex-spe-
cific distribution and age and body fat dependencies. The 
disparities could be explained by physiological differences 
in parameters such as serum ferritin and hemoglobin lev-
els. Kühn et al reported sex-specific patterns between PDFF 
and age in a population-based study of 2,561 participants 
[11]. The same study also found higher R2* in men than in 
women and age association of R2* in women. Schwenzer 
et al assessed liver, spleen, and pancreas T2* decay in a 
healthy cohort (N = 129) [12]. In their study both among 
women and men, significant correlations between age and 
T2* values were found, and could be attributed to age-
related increase in serum ferritin.

Age and sex were not related to liver T1 in the UK 
biobank data which included a low-risk population of 
1,037 individuals recruited from the community (BMI < 
25 kg/m2 and PDFF < 5%) [13]. In the study conducted 

by Ghavamian et al in 60 healthy volunteers, sex also had 
no impact on liver T1 [14]. However, both T1 and T2 were 
different between sex and demonstrated age dependency in 
women in our study. Liver T1ρ was previously reported to 
be negatively associated with age in normal female livers but 
not in men, and was found to be independent of BMI [15]. 
Conversely, BMI is related to PDFF in adults as determined 
in the current study and previously reported in other studies 
[24]. Moreover, we found that liver fat is more related to 
visceral than subcutaneous fat. This might explain why men 
demonstrated greater liver fat than that in women given both 
had similar BMI in our current findings.

Elevated T1 has been observed consistently in patients 
with hepatic fibrosis. The presence of steatosis was asso-
ciated with a higher risk of fibrosis progression [16]. Co-
occurrence of liver fat and fibrosis complicates the behav-
ior of relaxation times. Fat has a much shorter T1 than 
that of water, so it is reasonable to expect that tissue T1 
be reduced in the presence of fat. However, in using the 
MOLLI sequence, T1 is artificially elevated when fat and 
water coexist [5, 17]. When including the UK biobank whole 
cohort (N = 2816), weak but significant correlation between 
hepatic T1 value and PDFF was reported, and the authors 
suggested that the MOLLI acquisition was the culprit [13]. 
Our MOLLI T1 mapping method was optimized to reduce 
the impact of fat. Although no association was discovered 
between T1 and PDFF in our study, other factors such as 
sample size and field strength should be considered when 
comparing our findings to those of other studies.

Preclinical studies have demonstrated strong and posi-
tive correlations of T1ρ to liver collagen content and fibro-
sis stage [18, 19]. The usefulness of T1ρ in differentiat-
ing fibrotic from normal human liver tissue has also been 
described [20, 21]. While T1ρ seemed to be unaffected by 
steatosis in clinical studies [21, 22], the effect of fat has been 
postulated to shorten T1ρ in a well-controlled experimen-
tal setting [20, 23]. Interestingly, we have observed a nega-
tive association between PDFF and T1ρ, which highlights 
fat as a potential confounder when utilizing T1ρ to detect 
liver fibrosis. In accordance with several previous findings, 
PDFF was also directly linked to R2* in our study [13, 24, 
25]. In contrast, T2 values were not related to steatosis in 
a murine model and other studies also showed no differ-
ence between fatty and normal livers in humans [26, 27]. 
T2 appears insensitive to PDFF as suggested by the data 
presented here. Fat T2 is substantially greater than in normal 
liver parenchyma or muscle. In this regard, skeletal muscle 
with fatty replacement exhibits elevated T2 relaxation times 
[28]. The mechanism by which T2 is unaffected by hepatic 
fat content requires further investigation.

There are several limitations in our study. The nature 
of the study precluded the use of biopsy as the reference 
standard. Blood was not collected for metabolic syndrome 



3077Abdominal Radiology (2023) 48:3072–3078	

1 3

assessment. Only 6 participants with diabetes but exclusion 
of these studies did not change the results. Status of liver dis-
ease was based on self-report. We modeled the association 
between body fat and PDFF by linear regression. However, 
the relationship could be convoluted and exploration of best 
fit is beyond the scope of current work. All imaging data 
used in this study was acquired on a single 3 T scanner. In 
addition, liver imaging methods that were employed in the 
study can theoretically affect the reported associations. For 
example, the protocol for T1 mapping was set to minimize 
the influence of fat [6]. This is crucial for the purpose of uti-
lizing T1 to evaluate fibrosis to tease apart the contribution 
of fat. Fat saturation techniques could have also been used 
but they are not commonly employed in mapping sequences. 
Little is known about the association of relaxometry times 
and fat in normal livers and their behavior in the presence of 
iron and fibrosis. More recently, sub-clinical liver imaging 
has been employed to gain insight on pathologic processes 
involving other organ systems such as the cardiovascular 
system and musculoskeletal apparatus [29, 30]. Most pro-
teins involved in the control of innate immunity, coagula-
tion and inflammation are produced in the liver placing this 
organ at the center of diverse pathologic processes influ-
encing homeostasis across the entire human body. The data 
obtained in this study should provide support for future sub-
clinical and clinical studies using 3 T hepatic mapping.

Conclusions

Sex plays an important role in the body fat distribution as 
well as the normal ranges of hepatic R2*, T1, and T2 val-
ues. Visceral fat plays an essential role in the elevated liver 
fat. Multiparametric MRI measures have sex-specific age 
and body fat dependencies. Relaxometry hepatic mapping 
indices are related to PDFF. Indeed, significant associations 
between PDFF and both R2* and T1ρ but not with T1 or 
T2 were found. When using MRI measures for liver disease 
evaluation, interactions among hepatic mapping parameters 
should be considered.
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