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Background: With the increasing need for accurate liver disease diagnostics, non-invasive imaging
techniques with rapid and precise quantitative measurements need to be established. This study introduced
and validated the application of simultaneous multi-relaxation-time imaging (TXI) for the quantitative
assessment of liver tissue by simultaneously acquiring proton density fat fraction (PDFF), lateral relaxation
rate (R2*), and longitudinal relaxation time (T'1) maps. It aimed to compare the accuracy and consistency of
TXI with established quantitative magnetic resonance imaging (MRI) techniques, such as three-dimensional
variable flip angle (VFA) T1 mapping, and multi-point quantitative Dixon (qDixon), in healthy volunteers
and patients diagnosed with non-alcoholic fatty liver disease (NAFLD).

Methods: A prospective cohort of 35 healthy volunteers (mean age: 52+13 years, 21 women) and nine
NAFLD patients (mean age: 48«13 years, 6 women) underwent liver MRI using TXI, VFA T1 mapping,
and gDixon sequences. Intraclass correlation coefficients (ICCs) and Bland-Altman plots were used to assess
inter-observer agreement and measurement consistency. Paired 7-tests and Pearson correlation coefficients
were used to compare the TXI measurements with those from conventional MRI techniques. Differences
between the healthy volunteers and NAFLD patients were evaluated using the independent sample 7-test.
Results: The ICCs for the TXI-derived T1, R2*, and PDFF in healthy volunteers were 0.985 [95% confidence
interval (CI): 0.971-0.993], 0.999 (95% CI: 0.998-1.000), and 0.995 (95% CI: 0.990-0.997), respectively,
indicating excellent agreement. The regression analysis revealed strong correlations between the TXI and
reference MRI measurements for the T1 (R’=0.895), R2* (R’=0.984), and PDFF (R’=0.894) values with no
significant differences (P=0.713, 0.090, and 0.072, respectively). Statistically significant differences were observed
in the R2* (P=0.045) and PDFF (P<0.001) values between the NAFLD patients and healthy volunteers, but
no significant difference was observed in the T1 values (P=0.965). Multiparametric imaging showed that TXI

provides comprehensive liver tissue characterization, consistent with conventional MRI techniques.
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Conclusions: TXI offers a rapid and reliable method for the simultaneous acquisition of T1, R2*, and

PDFF maps, and has high consistency with established quantitative MRI techniques. This approach has

significant potential for non-invasive liver tissue characterization in clinical settings, particularly in the

diagnosis and monitoring of conditions such as NAFLD.
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Introduction

In recent years, non-alcoholic fatty liver disease (NAFLD)
has become one of the most common chronic liver diseases
worldwide, and has a global prevalence of more than 30% (1).
NAFLD may progress to end-stage liver disease such as liver
fibrosis and cirrhosis (2). Early treatment can effectively block
the progression of NAFLD and can even reverse the process
of liver fibrosis (3). In addition, approximately one-third of
NAFLD patients have iron overload, and elevated liver iron
content may result in an increased risk of liver fibrosis and
liver cancer (4). Thus, the early and accurate assessment of
pathological changes and their severity in NAFLD patients,
and an understanding of the complex interactions among
liver fat content, iron concentration, and fibrosis are essential
for the management of NAFLD.

Currently, liver biopsy is the gold standard for the
diagnosis and staging of NAFLD (5). However, liver
biopsy has some limitations such as invasiveness, sampling
error, and a risk of complications (6). Thus, a non-
invasive, quantitative, and reproducible method needs to be
established to accurately assess NAFLD in clinical settings.

With the development of magnetic resonance imaging
(MRI) technology, quantitative MRI technology has
become an effective and non-invasive method for evaluating
the characteristics of liver tissue (7). Magnetic resonance
elastography (MRE) is a widely used method for measuring
liver cirrhosis and liver fibrosis. The diagnostic accuracy
of MRE is high; however, it requires additional hardware
and setup time, although recent advancements allow for
faster acquisition with multiple slices obtained in a single
breath-hold (8). In recent years, the use of longitudinal
relaxation time (T1) mapping to quantitatively assess
liver fibrosis and inflammation, particularly the three-
dimensional variable flip angle (VFA) T1 sequence, has
gained increasing attention. The T1 value is closely related
to the severity of liver fibrosis. It is significantly correlated
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with MRE measurement results and histopathology, and
thus could potentially serve as an alternative biomarker for
the quantitative assessment and longitudinal monitoring
of liver fibrosis (9-12). The multi-point quantitative Dixon
(qDixon) sequence can simultaneously obtain liver lateral
relaxation rate (R2*) and the proton density fat fraction
(PDFF), which has been widely used in clinical practice.
Studies have confirmed that R2* values are highly correlated
with liver iron content as determined by biopsy results
(R’=0.95-0.98), and are even superior to liver biopsy in
the continuous monitoring of changes in liver iron content
(13-15). Thus, R2* values are a reliable tool for the non-
invasive quantitative assessment of liver iron overload.
The PDFF is widely recognized as an MRI quantitative
imaging biomarker for the non-invasive assessment of
hepatic steatosis. The PDFE, which is derived from gDixon
techniques, exhibits high diagnostic accuracy and sensitivity
to small changes in fat content. Currently, it stands as an
accurate, standardized, and objective indicator for the non-
invasive measurement of liver tissue fat content (16-19).
However, these multiparametric images are typically
acquired by independent scans during different breath-
holding processes, which can lead to patient fatigue.
Additionally, this approach has a number of drawbacks, such
as the potential misalignment of multiparametric images
due to variations in respiratory movement and imaging
parameters between subjects (20).

Several methods have been developed to acquire
hepatic parametric maps. For example, high-dimensional
model-guided deep dictionary learning has recently been
developed to accelerate free-breathing four-dimensional
whole-liver water-fat MRI (21). The simultaneous water-
fat separation and T'1 mapping of the whole-liver sequence
simultaneously achieves water-fat separation and T1
mapping of the liver under free-breathing conditions (22).
Additionally, multitask multi-echo MRI is used to quantify
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T1, PDFF, and R2* values during free-breathing (23).
These methods address the critical challenges of balancing
motion robustness, acquisition speed, and multiparametric
accuracy in hepatic MRI to varying extents, while advancing
the clinical utility of quantitative liver imaging.
Simultaneous multi-relaxation-time imaging (TXI) has
recently been used in the liver and spine, with preliminary
studies confirming its repeatability and accuracy in the
quantitative diagnosis of disc degeneration (24,25). TXI
allows for the simultaneous acquisition of liver T'1, R2*,
and PDFF values during a single breath-hold, avoiding the
problems associated with misalignment in multiparameter
imaging. However, the application of TXI technology
in quantitative liver studies is still in its early stages, and
its accuracy is unknown. Thus, this study aimed to verify
the accuracy of TXI in liver quantitative evaluation by
comparing TXI with VFA T1 localization and qDixon
sequences. We present this article in accordance with the
STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-1786/rc).

Methods
Theory

TXI is an advanced MRI technique designed to
simultaneously quantify multiple parameters, including the
PDFF, R2*, and T'1 values, in a single imaging protocol.
Unlike conventional methods that require separate
acquisitions for different relaxation parameters, TXI
integrates a multi-echo gradient-echo (ME-GRE) sequence
with a VFA approach to acquire the PDFF, R2*, and T
maps. However, rather than acquiring all data in a single
breath-hold, TXI performs two separate ME-GRE scans,
each acquired in an independent breath-hold, one at a
lower flip angle (typically 4°), and one at a higher flip angle
(typically 10°). This dual-acquisition strategy allows for the
simultaneous quantification of multiple tissue properties,
while ensuring signal accuracy for T'1 mapping.

In each breath-hold, multiple gradient echoes are
acquired to facilitate PDFF and R2* quantification. The
multi-echo signal model used in TXT can be represented as:

m 5
270 t,n 27yt e
Sn:[MW+MfZape , je’ e 1]
p=l

where S, represents the signal at the nth echo time (TE);
M, and M are the magnitudes of the water and fat signals,
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respectively; a, denotes the relative contributions of the
individual fat peaks; and m is the number of fat peaks,
when Z;:l it represents the total fat peak. Different values
of m can be selected for different parts of adipose tissue
(26,27). According to the nine-peak fat model proposed
by Hamilton ez a/l. (27), the chemical shifts (8) and relative
contribution percentages are as follows: 5.29 ppm (3.70%),
5.19 ppm (1.00%), 4.20 ppm (3.90%), 2.75 ppm (0.60%),
2.24 ppm (5.80%), 2.02 ppm (6.20%), 1.60 ppm (5.80%),
1.30 ppm (64.20%), and 0.90 ppm (8.80%). In addition, Af,
represents the chemical shifts of each fat peak relative to the
water proton, and y represents the inhomogeneity of the
BO field.

The multi-echo signals collected at different TEs are
critical for the separation of water and fat signals, a process
that is central to TXI. By analyzing the phase differences
induced by the chemical shift between water and fat, TXI
uses a qDixon-based approach to separate the water and
fat signals. This separation is essential for calculating
the PDFE, which is determined by dividing the fat signal
magnitude M, by the total signal magnitude M,, + M,

The R2* parameter, which reflects the rate of signal
decay due to magnetic field inhomogeneities and tissue-
specific relaxation properties, is obtained by analyzing how
the signal intensity decreases across the different TEs (28).
The decay is modeled as an exponential function of TE,
with the decay rate directly proportional to R2*. To quantify
R2*, a logarithmic transformation of the signal intensity
is performed, converting the exponential decay into a
linear relationship. The slope of the linear fit to the log-
transformed data is the negative of the R2* value, allowing
for the generation of a R2* map that details the spatial
distribution of transverse relaxation rates in the tissue.

The T1 relaxation time is quantified using a VFA
approach based on the method described by Fram ez a/. (29).
This method solves a linearized steady-state gradient-echo
signal equation using two different flip angles, ensuring
accurate and efficient T'1 estimation. The signal intensity at
each flip angle can be described by the following equation:

S(Fa")= M, Sin(FA')[Lef%]

T (2]
l—cos(FA')-e T
where M, is the equilibrium magnetization, TR is the
repetition time, and FA’ is the actual flip angle, which
may differ from the nominal value due to Bl field
inhomogeneities. As T'1 estimation requires measuring
signal intensities at two different flip angles, TXI uses
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two separate breath-hold acquisitions, ensuring consistent
acquisition parameters, while allowing for the precise
estimation of T'1 values. Bl inhomogeneity is accounted
for through an additional B1 mapping scan, which further
improves the accuracy of the T'1 quantification.

Study participants

The study was conducted in accordance with the
Declaration of Helsinki and its subsequent amendments.
The study was approved by the Institutional Review
Board of Sichuan Academy of Medical Sciences &
Sichuan Provincial People’s Hospital, University of
Electronic Science and Technology of China (No. 2023-
550), and written informed consent was obtained from all
participants before MRI. Healthy volunteers (n=40) and
NAFLD patients (n=10) were enrolled in the study. All
the participants underwent routine MRI and liver TXI
examinations between December 2023 and March 2024. To
be eligible for inclusion in the study, the healthy volunteers
had to meet the following inclusion criteria: (I) be aged
18 to 75 years; (II) have no history of liver-related diseases
(e.g., fatty liver, hepatitis, cirrhosis, or hepatocellular
carcinoma); (III) have a body mass index (BMI) of 30 kg/m’
or less. To be eligible for inclusion in the study, the patients
had to meet the following inclusion criteria: (I) have
histopathologically confirmed NAFLD; and (II) be aged 18
to 75 years. Participants in both groups were excluded from
the study if they met any of the following exclusion criteria:
(D) had contraindications to MRI examination or an inability
to complete the MRI examination; (II) had other acute
diseases or critical illnesses; and/or (III) had poor quality
images. Three healthy volunteers with incidental fatty
liver disease, two healthy volunteers, and one patient were
excluded from the study due to severe breathing artifacts.
Thus, ultimately, 35 healthy volunteers and 9 patients were
included in the image analysis.

Imaging acquisition

Liver MRI scanning was performed using a 3.0T MRI
scanner (Magnetom Vida, Siemens Healthineers, Erlangen,
Germany). The participants were instructed to fast for at
least 4 hours before the examination. All the participants
underwent total liver TXI, VFA T1 mapping, and qDixon
sequence scanning. For each participant, the localization
for the TXI, VFA T1 mapping, and qDixon sequences was
consistent. The TXI acquisition used a ME-GRE sequence,
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which included multiple echoes collected at the same TE
for different flip angles (4° and 10°), ensuring uniformity
in timing across acquisitions. Additionally, a separate Bl
mapping scan was performed to correct Bl inhomogeneities.
The scan parameters for each sequence are detailed in Table 1.

Imaging reconstruction and analysis

The image reconstruction and quantitative mappings of
T1, R2*, and the PDFF were performed on all the TXI
data using an in-house postprocessing software based on
MatLab (R2018b, Mathworks, Inc., Natick, MA, USA) and
Python ver.3.5 (Python Software Foundation, Delaware,
USA). The outputs from the VFA T1 mapping and qDixon
sequences were obtained directly from the workstation
(Syngo via, Siemens Healthineers). The quantitative liver
maps generated from TXI were labeled as TXI_T1, TXI_
R2*, and TXI_PDFF mapping. Results from the VFA T1
mapping sequence were labeled as VFA_T'1 mapping, while
those from the qDixon sequence were labeled as Q_R2* and
Q_PDFF mapping.

Two radiologists, with five and 30 years of experience in
abdominal MRI, respectively, manually delineated a circular
region of interest (ROI) of approximately 200-300 mm’
on three slices of the right lobe of the liver (above, at, and
below the hepatic hilum). The ROI placement included
as much liver parenchyma as possible, while excluding
large blood vessels, liver edges, and artifacts. For the TXI
quantitative imaging, the ROIs were first delineated on the
TXI_R2* mapping and then directly copied to the TXI_T1
and TXI_PDFF mappings to calculate the corresponding
T1, R2, and PDFF values, which were then averaged across
all the ROIs. For the qDixon imaging, the ROIs were
plotted on the Q_R2* mapping and subsequently copied to
the Q_PDFF and VFA_T1 maps to calculate the mean R2%,
PDFF, and T1 values. The positioning of these ROIs was
consistent with those used in the TXI imaging (Figure I).
All delineations and parameter calculations were performed
manually using 3D Slicer ver. 5.2.1 (Slicer Community,
Brigham and Women’s Hospital, Boston, MA, USA). The
measurements of the two radiologists were averaged for
further analysis.

Statistical analysis

SPSS software ver.26.0 (IBM Corporation, Armonk, NY,
USA) and MedCalc ver.22.01 (Medcalc software Ltd.,
Ostend, Belgium) were used for the statistical analysis. The
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Table 1 Imaging parameters for TXI, VFA, gDixon, and B1 mapping sequences using 3.0 T MRI

Parameters TXI VFA gDixon B1 mapping
Coil 18-channel body array 18-channel body array 18-channel body array 18-channel body array
FOV (mm) 336x380 380x380 309x380 310x380
Matrix size 156x224 120x160 62x128 31x64
Slice thickness (mm) 4 4 4 8
No. of slices 52 52 52 18
Sequence dimensionality 3D 3D 3D 2D
Parallel imaging method CAIPIRINHA CAIPIRINHA CAIPIRINHA -
Acceleration factor 4 3 4 -
Phase encoding 2 1 2 -
Slice encoding 2 2 2 -
Phase partial Fourier - 7/8 - -
Phase resolution (%) 79 75 60 60
Slice resolution (%) 50 50 50 64
Flip angle (degrees) 4 and 10 3and 15 4 8
TR (ms) 11.00 5.00 9.00 5,050.00
TE (ms)
No. of echoes 6 1 6 1
First echo 1.07 2.20 1.05 1.83
Echo spacing 1.72 - 1.41 -
Acquisition time (s) 19 16 8 10

2D, two-dimensional; 3D, three-dimensional; CAIPIRINHA, controlled aliasing in parallel imaging results in higher acceleration; FOV, field of
view; MRI, magnetic resonance imaging; gDixon, quantitative Dixon; TE, echo time; TR, repetition time; TXI, multi-relaxation-time imaging;
VFA, variable flip angle.

T-test was employed for the normally distributed data, while tests, a P value <0.05 indicated a statistically significant
non-parametric tests were employed for the non-normally difference.

distributed data. Descriptive statistics were used for the
participant characteristics. For the healthy volunteers,

Bland-Altman plots and intraclass correlation coefficients Results

(ICCs) were used to assess the consistency of measurements A total of 35 healthy volunteers (mean age: 52+13 years;
between the TXI observers. A paired 7T-test was used to age range: 2472 years; 21 women, 14 men; average BMI:
evaluate the differences between the T'1, R2*, and PDFF 22.8+2.6 kg/m’; BMI range, 19.2-29.3 kg/m’; average
values obtained using the TXI technique and those obtained abdominal circumference: 79.3+7.8 cm; abdominal
using the reference quantitative MRI. Pearson correlation circumference range, 63.1-93.5 cm) and nine NAFLD
coefficients were used to evaluate the correlations between patients (mean age: 48+13 years; age range, 32-69 years;
the two groups. The correlation values were categorized 6 women, 3 men; average BMI: 25.0£2.0 kg/m’; BMI

as follows: 0-0.19: very poor; 0.20-0.49: poor; 0.50-0.69: range, 22.6-28.8 kg/m’; average abdominal circumference:
moderate; 0.70-0.89: strong; 0.90-1.00: excellent (30). An 86.1+7.0 cm; abdominal circumference range, 72.8-93.3 cm)
independent sample 7-test was used to compare the results were included in this study. All the data were confirmed to
of the healthy volunteers and patients. For all the statistical follow a normal distribution.
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Figure 1 Schematic diagram of manually delineated ROIs for each parametric map. The green circles in (A-C) represent the ROI at the

level above, level, and level below the hepatic portal in the TXI_R2* image, respectively. Similarly, the green circles in (D-F) represent the

ROI at the level above, level, and level below the portal in the Q_R2* image, respectively. ROI, region of interest; TXI, multi-relaxation-

time imaging.

In the clinical healthy volunteers, the TXI measurements
yielded the following T1 values: mean: 889.1 ms,
median: 898.4 ms, minimum: 716.8 ms, and maximum:
963.7 ms. While the R2* values were as follows: mean:
45.6's”', median: 44.1 s™', minimum: 27.1 s™', and maximum:
67.4 s™'. The PDFF values were as follows: mean: 2.6%,
median: 2.7%, minimum: 1.5%, and maximum: 3.9%. The
Bland-Altman analysis (Figure 2) showed the consistency
of the TXI-derived T'1, R2*, and PDFF measurements,
and the ICC values between the two observers were 0.985
[95% confidence interval (CI): 0.971-0.993], 0.999 (95%
CI: 0.998-1.000), and 0.995 (95% CI: 0.990-0.997),
respectively. These high ICC values indicated excellent
agreement across all parameters.

The regression analysis (Figure 3) of the TXI measurements
and reference quantitative MRI measurements in the healthy
volunteers showed strong correlations for the T1 (R’=0.895,
P=0.713), R2* (R*=0.984, P=0.090), and PDFF (R*=0.894,
P=0.072). No statistically significant differences were
observed between the TXI and reference measurements for
any parameter, confirming the validity of the TXI method.
Figure 4 provides multiparametric TXI images of the liver
of a representative healthy volunteer, which showed strong
alignment with the reference quantitative MRI images.

In the patient cohort, the TXI-measured T'1 values were
as follows: mean: 920.0 ms, median: 870.0 ms, minimum:

© AME Publishing Company.

734.2 ms, and maximum: 1219.7 ms. While the R2* values
were as follows: mean: 55.0 s, median: 54.6 s™', minimum:
28.0 s, and maximum 75.8 s”'. Notably, the PDFF values
of the patients were high (mean: 8.2%; median: 8.7%,
minimum: 2.4%, and maximum: 15.8%), much higher than
healthy subjects.

Boxplots illustrating the T1, R2*, and PDFF values
obtained from the TXI, VFA, and qDixon sequences in both
the healthy volunteers and patients are shown in Figure 5.
While there was no statistically significant difference in
the T1 values between the two groups (P=0.965), the
differences in the R2* (P=0.045) and PDFF (P<0.001)
values were statistically significant, indicating that these
parameters are sensitive to pathological changes. Figure 6
provides a multiparametric image of a patient diagnosed
with NAFLD, where elevated PDFF levels were detected
using both the qDixon and TXI methods.

Discussion

With the global epidemic of chronic liver disease, an
accurate, rapid, and safe method urgently needs to be
established to determine the type and extent of chronic liver
disease. As a non-invasive diagnostic tool, quantitative MRI
can evaluate liver fibrosis, inflammation, iron overload, and
steatosis using T'1, R2*, and PDFF measurements, and has
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Figure 2 Bland-Altman analysis of liver TXI measurements in healthy volunteers by two independent observers. (A-C) Bland-Altman
analyses and ICCs in TXI_T1, TXI_R2*, and TXI_PDFF for two observers, with ICCs of 0.985 (95% CI: 0.971-0.993), 0.999 (95% CI:
0.998-1.000), and 0.995 (95% CI: 0.990-0.997), respectively. CI, confidence interval; ICC, intraclass correlation coefficient; PDFFE, proton

density fat fraction; SD, standard deviation; TXI, multi-relaxation-time imaging.

been widely used in clinical practice. This study used the
TXI imaging method to perform whole-liver T1, R2*, and
the PDFF mapping in 19 seconds. In addition, additional B1
mapping was used to internally correct the inhomogeneity
and stability of B1. All the parameters were measured in a
single scan, eliminating the need for re-alignment that is
often required when using multiple imaging methods.

qDixon is a well-established technique in the MRI
system for quantifying the PDFF and R2*, and is known for
its excellent reproducibility and clinical applicability (31).
It has been shown to have high accuracy in the quantitative
assessment of hepatic steatosis and iron deposition, can
accurately stage severity, and even outperforms liver biopsy
in the longitudinal assessment of disease changes (16-19).
The T'1 value obtained from the VFA T'1 sequence is highly
correlated with liver biopsy and MRE measurements,
and has shown low bias, excellent reproducibility, and
consistency across multiple vendors (32).

In this study, we found that the T'1, PDFF, and R2*

© AME Publishing Company.

values measured using the TXI method were highly
correlated with those obtained from VFA and qDixon in
healthy volunteers (R? values of 0.895, 0.984, and 0.894,
respectively). No significant differences were observed
between the methods (P values of 0.713, 0.090, and 0.072,
respectively). Previously, studies have reported that the
T1, R2, and PDFF values of healthy liver tissue at 3.0T
are approximately 948 ms, 51.8 s, and 2.1%, respectively
(23,33,34). In our study, the TXI-measured values in the
healthy volunteers were 889.1+46.3 ms for T1, 45.6+8.7 s
for R2*, and 2.6%+0.6% for the PDFF. These values
are comparable to those reported in the literature,
indicating that the TXI-derived measurements align well
with previously established data. Additionally, this study
enrolled nine patients, and the T1, R2*, and PDFF values
were calculated using the TXI method. In comparisons
between the healthy volunteers and patients, no statistically
significant differences in the T'1 values were observed. This
may be due to the limited sample size and the potential
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Figure 3 The correlation of the TXI with the VFA and qDixon measurements in the liver. The regression analysis comparing TXI with

reference quantitative MRI showed good agreement between the T1 (A), R2* (B), and PDFF (C) values in the clinically healthy volunteers,

with R’ values of 0.895, 0.984, and 0.894, respectively. MRI, magnetic resonance imaging; PDFF, proton density fat fraction; qDixon,

quantitative Dixon; R’, Pearson correlation coefficients; TXI, multi-relaxation-time imaging; VFA, variable flip angle.

heterogeneity of liver diseases, which could also explain
the presence of outliers in Figure 5A. Future studies should
include a larger cohort of patients with liver diseases to
validate these findings.

Reeder et al. proposed the iterative decomposition
of water and fat with echo asymmetry and least-squares
estimation (IDEAL), an improved water-fat separation
technique based on Dixon’s concept, which incorporates
multiple fat subpeaks and allows flexible TEs to enhance
the signal-to-noise ratio (35). However, the IDEAL
assumes that only water, fat, and BO inhomogeneity affect
the signal, and neglects the effect of R2* decay. As a result,
it performs poorly in tissues with high iron deposition,
where R2* significantly attenuates the signal. To address
this, Yu et al. introduced the T2*-IDEAL method, which
incorporates R2* estimation into the water-fat separation
process, improving the accuracy of fat quantification and

© AME Publishing Company.

enabling the simultaneous assessment of hepatic steatosis
and iron overload (36). Despite these improvements, the
IDEAL remains sensitive to phase errors, particularly when
fat content is low (<20%), leading to PDFF estimation
inaccuracies (37,38). To address this issue, modulus-based
reconstruction methods use the Levenberg-Marquardt (LM)
least-squares algorithm to eliminate BO inhomogeneity
effects. This approach refines R2* estimation and improves
PDFF quantification, but it requires an initial water-fat
estimate, and performs best in regions with large water-
fat differences. In areas with minimal water-fat contrast,
modulus-based reconstruction often suffers from poor
signal-to-noise ratio (38).

To optimize PDFF and R2* estimation, we adopted
a hybrid reconstruction method. First, the T2*-IDEAL
algorithm generates an initial water-fat separation while
accounting for R2* effects. This preliminary result is then used
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PDFF mapping

Figure 4 Original images of TXI and conventional MRI sequences (top two rows) are presented alongside their corresponding false color
representations (bottom two rows) for a 24-year-old healthy male. The mean T1, R2*, and PDFF values measured by TXI were 946 ms,
3257, and 1.6%, respectively, and those measured by reference quantitative MRI were 948 ms, 31 s™', and 1.4%, respectively. MRI, magnetic

resonance imaging; PDFF, proton density fat fraction; TXI, multi-relaxation-time imaging.

as an input for LM modulus fitting, which iteratively refines
the water-fat quantification and R2* values. By integrating the
strengths of both approaches, this method improves accuracy
and robustness in hepatic fat and iron quantification.

TXI eliminates the need for cardiac gating, which is
required in the modified look-locker inversion recovery
(MOLLI) sequence for T1 mapping. MOLLI relies on

© AME Publishing Company.

electrocardiogram triggering and multiple cardiac cycles
for accurate T1 estimation, making it more complex and
less suitable for non-cardiac applications such as liver
imaging (39). Conversely, TXI allows for the simultaneous
acquisition of T'1, R2*, and PDFF maps in a single scan,
enabling comprehensive liver characterization, while
maintaining efficiency and accuracy. Additionally, a
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Figure 5 Box plots of TXI, VFA, and qDixon derived T1 (A), R2* (B), and PDFF (C) values for healthy volunteers and patients. In each box,
the center marker represents the median, and the bottom and top edges represent the 25th and 75th percentiles, respectively, while the end

of the line represents the maximum and minimum values, respectively. qDixon, multi-point quantitative Dixon; PDFF, proton density fat

fraction; TXI, multi-relaxation-time imaging; VFA, variable flip angle.

key limitation of conventional VFA T1 mapping is its
sensitivity to Bl inhomogeneity, which can lead to T1
underestimation by up to 30% at 3T (40). This variability
affects measurement accuracy and reproducibility,
particularly in abdominal imaging. To address this issue, a
separate low-resolution B1+ map was acquired in this study
to improve spatial uniformity and ensure more reliable T'1
quantification (41).

This study had several limitations. First, while TXI
integrates multiple quantitative MRI parameters into a
single acquisition, it ends up with only one less breath hold
compared to capturing PDFF/R2* and T1 maps separately.
While this improves efficiency, the overall reduction in
patient effort may be modest, and further advancements in
motion compensation or accelerated imaging techniques
may reduce breath-holding frequency/duration and

© AME Publishing Company.

improve work efficiency. Second, this study was conducted
in vivo without phantom validation using reference T'1
and PDFF values. As a result, the absolute accuracy of the
TXI measurements could not be fully established. Future
studies should include phantom experiments to confirm the
reliability of TXI-derived parameters. Third, our study was
limited by a small sample size, particularly in the patient
cohort. A larger cohort would improve the statistical power
and generalizability of our findings. Future studies with
an expanded sample size, including patients with a wider
range of liver pathologies, need to be conducted to further
validate the clinical utility of TXI.

Conclusions

The liver TXI technique is a rapid and promising non-
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Figure 6 Original images of TXI and conventional MRI sequences (top two rows) are presented alongside their corresponding false

color representations (bottom two rows) for a 56-year-old NAFLD patient. The mean T1, R2*, and PDFF values measured by TXI were

859 ms, 60 5™, and 10.9%, respectively. The mean T1, R2*, and PDFF values measured by reference quantitative MRI were 852 ms, 60 5™,

and 10.6%, respectively. MRI, magnetic resonance imaging; NAFLD, non-alcoholic fatty liver disease; PDFF, proton density fat fraction;

TXI, multi-relaxation-time imaging.

invasive method for characterizing liver tissue. It provides
comprehensive qualitative and quantitative information,
including T1, R2*, and PDFF maps, which were highly
consistent with reference quantitative values. This suggests
that the method has the potential to serve as a biomarker

for fibrosis, liver fat, and liver iron overload simultaneously.

© AME Publishing Company.

Its ability to obtain liver quantitative parameters in only
19 seconds highlights its potential significance in the
diagnosis and treatment of liver diseases. Future research
should include a larger sample size of liver disease patients
and biopsy samples to further evaluate the role of TXI

technology in the detection and treatment of liver diseases.
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