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Objective: The study aimed to compare and evaluate the accuracy of three magnetic resonance imaging (MRI) sequences—MR liver
spectroscopy, 2-point Dixon, and multi-echo T2*—in assessing hepatic fat fraction in patients with various body mass indexes (BMlIs).
Methods: 167 participants were recruited, including 110 healthy subjects with diverse BMIs and 57 bariatric surgery candidates. The
MRI protocol involved three sequences: multi-echo single voxel STEAM 1H spectroscopy, 2-point mDixon, and multi-echo T2*
sequence. Hepatic fat fraction was measured using these sequences and analyzed statistically to determine correlations and agreement
between the methods.

Results: A strong positive correlation was observed between BMI and waist circumference ratio (WCR) (r5(165) = 0.910, p<0.001).
MRS obtained hepatic fat fraction numerical values in 13.33% of the normal BMI group, 48.48% of the overweight group, and 72.97%
of the obese group. Strong correlations were found between all methods, with significant agreement, particularly between MRS and
multi-echo T2*.

Conclusion: Robust correlations were observed between MR spectroscopy, 2-point Dixon, and multi-echo T2* methods for liver fat
fraction measurement, especially in patients with higher BMI and WCR. These findings highlight the importance of BMI and WCR in
interpreting fat fraction measurements, as method performance can vary across body composition profiles.
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Introduction

Hepatic steatosis, characterized by fat accumulation in liver cells, is a prevalent health concern associated with various
metabolic disorders. The occurrence of hepatic steatosis is closely tied to the increasing rates of obesity and metabolic
syndrome across diverse populations worldwide.

Obesity, characterized by an excess accumulation of body fat, is a primary risk factor for the development and progression
of hepatic steatosis. It is typically determined by the body mass index (BMI), calculated by dividing an individual’s weight in
kilograms by the square of their height in meters. A BMI of 30 or higher is commonly used to define obesity. Obesity is
a significant public health concern worldwide, associated with an increased risk of various chronic conditions such as
cardiovascular diseases, diabetes, and certain cancers. According to WHO, in 2016, 39% of adults were overweight and
13% were obese, and between 1975 and 2016, the worldwide prevalence of obesity nearly tripled.'

Metabolic syndrome is a well-established precursor to hepatic steatosis. The presence of three out of five abnormal
components qualifies a patient for metabolic syndrome: central obesity, high blood pressure, elevated fasting plasma
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glucose level, high triglyceride level, and decreased high-density lipoprotein cholesterol level. Individuals with metabolic
syndrome often exhibit insulin resistance, contributing to glucose and lipid metabolism dysregulation. Lifestyle factors
such as sedentary behaviour, poor diet, and genetic predisposition play vital roles in the development of metabolic
syndrome, making it a critical public health concern.*®

BMI is a commonly used metric for assessing body fat based on an individual’s weight in relation to their height. While
BMI does not directly measure body fat percentage, it is a convenient and widely accepted indicator of body fat levels in
population studies. In hepatic steatosis studies, BMI plays a crucial role. It provides a quick and standardized way to categorize
individuals into different weight classes, such as underweight, normal weight, overweight, and obese. Elevated BMI is often
associated with an increased risk of hepatic steatosis.” However, it may not capture variations in body composition, and
additional assessments may be needed for a more comprehensive understanding of an individual’s health status.'”

As societies transition in dietary habits and experience sedentary lifestyles, the global burden of hepatic steatosis is
expected to rise further. Not only does this prevalence pose a substantial public health challenge but it also contributes to
the overall burden of liver-related morbidity and mortality.""

Accurate assessment of hepatic fat content is crucial for understanding disease progression and guiding therapeutic
interventions.'> Among various diagnostic tools, Proton Magnetic Resonance Spectroscopy (1H MRS) stands out for its
accuracy in assessing hepatic steatosis, as evidenced by its strong correlation with biopsy results.'*'® However, precision
in both the acquisition and post-processing stages is critical, requiring skilled operators to ensure accurate results.
Variability in the positioning of the spectroscopy voxel and susceptibility to motion artifacts can introduce errors in the
data. Additionally, factors such as the presence of iron in the liver or the coexistence of other liver pathologies can
complicate the interpretation of spectroscopic signals, potentially leading to inaccuracies.'”

Another MRI sequence commonly used for hepatic fat assessment is the two-point Dixon method. Noteworthy for its
ease of acquisition and reduced post-processing demands compared to 1H MRS, the two-point Dixon method is widely
available, can be acquired in one breath-hold, and its diagnostic performance remains robust for most nondemanding
cases. However, its reliance on only two echo times may lead to inaccuracies, especially in tissues with varying fat
composition or elevated iron content, as it does not fully account for T2* decay.'®'?

It is also possible to use a vendor-neutral alternative such as MRQuantif, the quantification software developed by
Rennes University Hospital. MRQuantif enables consistent fat fraction and iron quantification across different MRI
systems, enhancing accessibility and potentially broadening clinical application without requiring specific calibration for
each MRI vendor. The software uses a standardized multi-echo 2D sequence for steatosis and iron overload quantifica-
tion. The multi-echo imaging technique enhances the ability to correct for T2 relaxation effects, offering superior
accuracy in hepatic fat fraction quantification compared to the two-point Dixon method, especially in patients with
varying hepatic composition.”® A recent study showed that the fat fraction provided by this software correlates well with
the values obtained by histomorphometry.>' However, the multi-echo sequence used with this software is a single-slice
technique, and thus, variability in slice positioning can introduce errors in fat quantification.

The challenges in different magnetic resonance (MR) hepatic fat assessment methods can be influenced by patients’
diverse body mass index (BMI) ranges. One significant challenge is achieving consistent image quality across varying BMIs.
Increased adiposity in patients with higher BMI can lead to signal attenuation, particularly in liver regions farther from the
MRI coil. This signal loss reduces the signal-to-noise ratio (SNR) and can impair image resolution, which may contribute to
inaccuracies in fat quantification.”> However, these challenges - related to RF penetration, tissue composition, and signal
attenuation - are common across all MRI sequences used for hepatic fat assessment. Additionally, the accuracy of fat
quantification may be affected by variations in tissue composition related to BMI, leading to potential biases in the
assessment.”> Patient positioning and motion artifacts, particularly challenging in individuals with higher BMIs, can also
compromise the precision of MR fat quantification. It is crucial to address these BMI-related challenges systematically to
ensure the reliability and applicability of MR hepatic fat assessment across a broad spectrum of patients.

This study aimed to compare and evaluate the efficiency of MR liver spectroscopy, 2-point Dixon, and multi-echo
T2* sequences in patients with various BMIs.
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Materials and Methods

Participants

The study was conducted in accordance with the Declaration of Helsinki. The protocol was approved by the Independent
Bioethics Commission for Research at the Medical University of Gdansk, Poland. Before undergoing abdominal
magnetic resonance imaging, all participants were informed about the procedures, risks, and expected outcomes and
gave their written informed consent for participation.

110 healthy subjects with various BMIs were recruited for the abdominal MRI. Additionally, to expand the group and
include cases with higher BMI, 57 patients from the Department of General, Endocrine and Transplant Surgery, University
Clinical Centre in Gdansk, who were referred for bariatric surgery, were also enrolled in the study. All bariatric patients had
their abdominal circumference measured before being referred for imaging to ensure that the bore diameter of the MR scanner
was sufficient. A medical interview was collected from all participants to rule out any health problems (other than obesity),
excessive alcohol consumption, or any existing metal implants and pacemakers. The selection of subjects was not planned
statistically. Recruitment for this study and all the MRI examinations were conducted between 1 July 2018 and
31 August 2019 at the Department of Radiology, University Clinical Centre in Gdansk, Poland. Prior to data analysis, liver
iron concentration (LIC) was calculated for all participants using MRQuantif, as described in the Data analysis section. One
participant with a liver iron concentration above the normal range was excluded from the study to avoid potential interference
with fat fraction measurements. Ultimately, the study involved 167 patients (114 women, mean age 40.18+11.42 years, range
19-71, and 53 men, mean 39.45+11.59 years, range 18-65).

For all participants, Body Mass Index (BMI) was computed by dividing weight in kilograms by the square of height
in meters, with recognized BMI ranges applied: underweight (<18.5 kg/m?), normal weight (18.5-24.9), overweight
(25-29.9), and obese (=30 kg/m?).

Waist circumference was measured horizontally midway between the lower rib margin and the iliac crest. Central
obesity was determined using ethnicity-specific waist circumference values in Europe, which is >80 cm for women and
>94 c¢m for men. Due to the gender-dependent variations in reference values, a universally applicable metric called Waist
Circumference Ratio (WCR) has been applied as previously.**** The WCR [%] is calculated as the ratio of the patient’s
waist circumference to the respective reference value (80 cm for women and 94 cm for men). For women, a WCR of
100% corresponds to the limit value of 80 cm, with values below 100% indicating a normal waist circumference
(<80 cm) and those exceeding 100% indicative of central obesity. Similarly, for men, a WCR of 100% corresponds to the
limit value of 94 cm, with values below 100% indicating a normal waist circumference (<94 cm) and those exceeding
100% indicative of central obesity. Detailed data on participants’ BMI and WCR are provided in Table 1.

Magnetic Resonance Imaging

All MRI examinations were performed on a 3.0 T scanner (Achieva TX, Philips, Best, The Netherlands) using the 16-
channel Sense XL Torso Coil. The study protocol included three sequences to evaluate hepatic fat fraction (FF): multi-
echo single voxel STEAM 1H spectroscopy, 2-point mDixon, and multi-echo T2* sequence.

Planning for 1H single-voxel MRS was performed on transversal T2-weighted turbo spin-echo, coronal T2-weighted
SPAIR, and sagittal BTFE images. The STEAM technique was used for MRS to enable short TE. 5 TEs (12, 24, 36, 48,
and 72ms) were acquired during separate one breath-hold acquisitions without water suppression. 20x20x30 mm voxels
were placed in the homogeneous liver parenchyma, avoiding enlarged bile ducts and large vessels. Other acquisition
parameters were TR 2000ms, 8 averages, and 1024 points.

2-point mDixon parameters were as follows: TR 3.6ms, TE 1.31 and 2.3ms, slice thickness 5 mm, FoV 385x385 mm,
matrix size 320 x 190, transversal orientation. Acquisition time below 20s allowed for one breath-hold acquisition.
Water-only and fat-only images were also created.

A single gradient echo T2* sequence, designed for the Philips Achieva scanner and compatible with the MRQuantif
software, was downloaded directly from the University of Rennes website.>® Only the system body coil was selected for
acquisition as recommended. The sequence included 10 echoes with TEs multiple of 1.2ms starting from 1.2ms. Two or
three single-slice acquisitions were performed for each patient to cover the same liver region selected for MRS.
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Table | Characteristics of the BMI Groups in the Study

BMI group

18.5-24.9 [%8] | 25-29.9 [%5] >30 [45]

(normal) (overweight) (obese)
Number of patients 60 33 74
Gender 40F20 M IS5F18M S9FISM
(F-female, M-male)
Age Range 18-65 26-71 21-59

Mean £ SD | 3822+ 12.24 | 42.58 = 12.94 40.18 + 9.88

Median 34.50 42.00 38.00

Ql, Q3 28.00, 45.25 31.00, 52.00 32.25, 49.00

BMI Range 18.59-24.97 25.00-29.74 30.07-47.83

kg

L Mean * SD 22.07 £ 1.78 26.96 + 1.45 37.45 = 4.07
Median 2241 26.59 37.53

Ql, Q3 20.71, 23.24 25.59, 28.16 35.22, 39.13

WCR [%] Range 76.77-119.38 91.05-130.34 109.10-160.00
Mean * SD 96.57 + 7.89 110.09 £9.60 | 137.71 £ 11.71
Median 96.20 111.23 138.75

Ql, Q3 90.71, 100.81 102.29, 117.49 | 129.04, 146.10

Data Analysis

The acquired MRS spectra were analyzed in the java-based MR user interface (jMRUI) spectroscopic analysis package
using the Advanced Magnetic Resonance (AMAREYS) fitting algorithm. For all TEs amplitudes of water (4.7 ppm) and
fat (1.3 ppm) peaks were measured (Figure 1). Peak integrals were quantified by fitting to a Gaussian line shape. T2
relaxation times and theoretic peak areas for Oms TE (A,) of water and fat were determined from their peak amplitudes at
each TE using an exponential least-squares fitting algorithm. To correct for T2 effects, A of fat and water were used to

calculate the hepatic percentage fat content:*’

Frequency (ppm)

Figure | Left: Positioning of MRS voxel on T2 turbo spin echo transversal MR image. Right: "HNMR spectra with 5 TE to calculate T2 relaxation times of water and fat.
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Ao fur

Fygrs = 100 [%]

Ao far + Ao water
Three regions of interest (ROIs) were placed on the water- and fat-only images to assess the liver fat content from Dixon
images. ROIs were as large as possible, avoiding large vessels and bile ducts. Mean signal intensity for water-only and fat-only
images was used to calculate the liver fat fraction by dividing the fat signal intensity by the sum of the fat and water signals.

The multi-echo T2* sequence data were analyzed in MRQuantif software by placing three ROIs of 5 cm? in the liver,
in the same locations as in the Dixon analysis. Two smaller ROIs were placed on the paraspinal muscles as the reference
for the iron quantification, and one additional ROI was placed outside of the body to measure the background noise. The
software propagates all the ROIs to the exact location to all different TE images and generates an automatic report about
iron overload and fat content in selected organs.

Statistical Analysis

The normality assumption of the data was assessed by the Kolmogorov-Smirnov and Shapiro—Wilk tests, depending on the size of
the variable. Linear regression was performed to present a graphic correlation between BMI and WCR. Spearman’s rank correlation
was calculated to estimate the strength of the relation between BMI, WCR, and different steatosis assessment methods. The
agreement between these methods was evaluated with a Bland-Altman plot. The level of significance was set at p<0.05. All statistical
analyses were performed using Statistical Package for Social Sciences (SPSS) software, version 29 (IBM, New York, US).

Results

There was a strong, positive correlation between BMI and waist circumference ratio (WCR) (r(165) = 0.910, p<0.001) in the study

population. Linear regression graph (Figure 2) showed that when BMI increased by one unit, WCR increased by 2.57% (R=0.92).
Of 167 patients, only 78 patients (47%) had a measurable fat peak on at least 2 TEs from the acquired MRS spectra, which

made it possible to calculate the hepatic fat fraction with the T2 correction. For 89 patients, the fat peak was visible only on

72ms TE or was not visible in any spectra. In the group with a normal BMI, hepatic FF from MRS was obtained in 13.33% of

the group; in overweight patients, it was 48.48%, and in obese patients, it was 72.97%. Similarly, for patients with WCR below

100%, the FF from MRS was obtained in 10% of the patients, while it was 47.73% in patients with WCR between 100 and

120%, 59.46 in patients with 120—140% WCR, and 83.33% in the group of WCR above 140%.

Detailed information is provided in Table 2.
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Figure 2 Linear correlation between Waist Circumference Ratio and BMI.
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Table 2 MR Spectroscopy Performance in Different BMI and WCR Groups

Group of Patients | Number of | Number of Patients with | % of the Group
Patients Sufficient Information to
Obtain FF from MRS
BMI Normal 60 8 13.33
Overweight 33 16 48.48
Obese 74 54 72.97
WCR <100% 50 5 10.00
100%-120% 44 21 47.73
120%-140% 37 22 59.46
>140% 36 30 83.33

For 89 patients with no outcome from MRS, the mean fat fraction in other methods was 1.22+0.93% for multi-echo
T2* and 6.37£1.88% for the 2-point Dixon method.

To examine differences between patients with and without measurable MRS outcomes, Mann—Whitney U-test was
conducted on key variables, including Dixon FF, T2* FF, BMI, and WCR. The results indicated statistically significant
differences (p < 0.001) between the two groups across all variables.

Further analyses were performed for 78 patients for whom all fat fraction measurements, including MRS, provided
a numerical value. Descriptive statistics on MRS, multi-echo T2*and 2-point Dixon fat fractions in various BMI and
WCR groups are presented in Table 3. Scatter plots showing the relationship between BMI and WCR and hepatic fat
fraction for each imaging method (MRS, 2-point Dixon, and multi-echo T2*) are presented in Figure 3a and b.

Table 3 Descriptive Statistics on MRS, Multi-Echo T2*, and 2-Point Dixon Fat Fractions in
Various BMI (a) and WCR (b) Groups

a)
BMI [
18.5-24.9 25-29.9 =30
(normal) (overweight) (obese)
MRS FF [%] Range 0.27-1.39 0.27-15.57 0.33-32.89
Mean + SD | 0.91 £ 041 4.04 £ 4.59 9.94 £ 7.69
Median 0.93 1.99 8.75
Ql, Q3 0.70, 1.25 0.84, 6.58 3.77, 1461
Multi-echo T2* FF [%] Range 1.00-4.00 0.00-17.00 1.00-28.00
Mean £ SD | 2.13 £ I.13 4.88 + 4.24 10.30 + 6.68
Median 2.00 3.50 9.00
Ql, Q3 1.00, 3.00 2.00, 6.25 5.00, 15.75
2-point Dixon FF [%] Range 5.38-10.05 5.51-30.72 7.33-46.67
Mean +sd | 7.22 + 1.39 13.16 + 6.77 24.13 £10.92
Median 7.07 12.36 22.74
Ql, Q3 6.48, 7.60 8.05, 15.30 15.67, 32.75

(Continued)
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Table 3 (Continued).

b)
WCR [%]
<100 100-120 120-140 =140
MRS FF [%] Range 0.46—-1.32 0.27-15.57 0.27-18.89 0.33-32.89
Mean £+ SD | 1.00 £ 035 | 538 +5.14 | 7.02+ 577 | 11.22 £9.02
Median 1.15 321 6.26 9.33
Ql, Q3 0.87, 1.23 0.88, 8.72 2.45,9.12 3.99, 17.44
Multi-echo T2* FF [%] Range 1.00-3.00 0.00-17.00 2.00-18.00 1.00-28.00
Mean £ SD | 220+ 084 | 58] £ 466 | 786 +5.18 | 11.50 +7.70
Median 2.00 5.00 6.00 9.00
Ql, Q3 2.00, 3.00 2.00, 8.00 3.25, 10.00 6.00, 18.00
2-point Dixon FF [%] Range 5.38-10.05 | 6.53-30.72 5.51-36.12 7.33-46.67
Mean £SD | 736 £ 1.87 | 1545 +8.14 | 19.04 £9.7] | 26.38 £ 12.05
Median 6.6l 14.06 18.17 2333
Ql, Q3 6.34, 8.45 7.76,20.96 | 11.52,24.89 | 1642, 36.33

Spearman’s rank correlation between different steatosis methods was calculated, revealing a strong, significant
correlation between all methods (rs(76) = 0.904 for multi-echo T2* and Dixon (Figure 4), 0.936 for multi-echo T2*
and MRS (Figure 5), and 0.937 for MRS and Dixon (Figure 6), p<0.001). Agreement between methods was checked with
Bland-Altman plots. One-sample 7-test showed a p-value < 0.001 for the difference between Dixon FF and MRS FF and
between Dixon FF and multi-echo T2* FF. The P-value for the MRS FF and multi-echo T2* FF difference was not
statistically significant (p=0.06), so the Bland-Altman plot was constructed to compare these methods (Figure 7). Mean
difference of hepatic fat fraction between MR spectroscopy and multi-echo T2* was —0.54 + 2.5% (95% CI
—5.44%, 4.36%).

The relationships among the three MR methods for obtaining fat fraction in different BMI and Waist Circumference
Ratio groups were investigated using Spearman correlation analysis. In patients with normal BMI, the group was
restricted to only 8 patients, and in patients with a WCR below 100%, the group size was 5. As a result of these
small sample sizes, Spearman correlation analysis in these groups was omitted due to inadequate statistical power and the
unreliability in estimating correlations. Correlations between MRS, multi-echo T2*and two-point Dixon fat fractions in
various BMI and WCR groups are presented in Table 4.

Discussion

The present study aimed to compare and evaluate the efficiency of three magnetic resonance imaging sequences — MR
liver spectroscopy, 2-point Dixon, and multi-echo T2* - in assessing hepatic fat fraction across a diverse range of Body
Mass Index (BMI) and Waist Circumference Ratio (WCR) values. The study included 167 participants, combining
healthy subjects and bariatric surgery candidates, which allowed for a broad representation of BMI values.

The observed strong, positive correlation between BMI and WCR in the study population (ry(165) = 0.910, p<0.001)
reaffirms the well-established association between central obesity and elevated BMIL.” The linear regression analysis
demonstrated that for every one-unit increase in BMI, there was a corresponding 2.57% increase in WCR, emphasizing
the interdependence of these anthropometric measures.
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Figure 3 (a) Scatter plot of BMI vs hepatic fat fraction (b) Scatter plot of WCR vs hepatic fat fraction.
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Notably, the study reported differences in the ability of each imaging method to provide numerical values of hepatic
fat fraction. While MRS often did not yield a quantitative FF in some cases, the 2-point Dixon method and multi-echo
T2* sequences more consistently produced numerical fat fraction values across different BMI categories. In the group of
patients with a normal BMI, MRS provided measurable fat fraction values in only 13.33% of cases. Similarly, for
patients with WCR below 100%, MRS produced a quantitative FF value in only 10% of cases. This absence of
a measurable value, particularly in patients with low BMI and WCR, may itself be informative, potentially indicating
minimal hepatic fat content, possibly near 0%.

To explore the potential differences between patients with and without measurable MRS outcomes, the Mann—
Whitney U-test was conducted for key variables, including Dixon FF, T2* FF, BMI, and WCR. The results showed
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statistically significant differences (p < 0.001) across all variables between the groups. This finding supports the

interpretation that measurable characteristics differ between patients with and without MRS outcomes, indicating that

the absence of measurable MRS values corresponds to minimal hepatic fat content in most cases.

Table 4 Spearman Correlation Factors Between FF Methods in Various BMI and

WCR Groups
rs MRS FF | Multi-echo T2* FF | Dixon FF
BMI Overweight | MRS FF 1.000 0.886* 0.950%*
Multi-echo T2* FF | 0.886* 1.000 0.835%
Dixon FF 0.950%* 0.835*% 1.000
Obese MRS FF 1.000 0.927* 0.943*
Multi-echo T2* FF | 0.927* 1.000 0.884*
Dixon FF 0.943* 0.884* 1.000
WCR | 100-119.9% | MRS FF 1.000 0.942* 0.918%*
Multi-echo T2* FF | 0.942* 1.000 0.859*
Dixon FF 0.918%* 0.859* 1.000
120-139.9% | MRS FF 1.000 0.942* 0.971*
Multi-echo T2* FF | 0.942%* 1.000 0.937*
Dixon FF 0.971* 0.937* 1.000
>140% MRS FF 1.000 0.939* 0.949*
Multi-echo T2* FF | 0.939* 1.000 0.874*
Dixon FF 0.949* 0.874* 1.000

Note: ¥p<0.001 (2-tailed).
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Although a lack of measurable MRS outcomes may indicate minimal hepatic fat, assigning a uniform 0% fat fraction
is not always accurate. The analysis showed that the two other methods (2-point Dixon and multi-echo T2) provided
different numerical values for hepatic fat in patients without measurable MRS outcomes, indicating that these cases may
not uniformly represent 0% fat content. The mean fat fraction in patients with no outcome from MRS was 1.22+0.93%
for multi-echo T2 and 6.37+1.88% for the 2-point Dixon method. Additionally, some cases without measurable MRS
values may have been impacted by practical challenges during acquisition, such as inconsistent breath-holding between
MRS and imaging sequences, which can alter the voxel position relative to the liver. This may lead to non-quantifiable
results in MRS even when hepatic fat is present. For these reasons, these cases were excluded from the correlational
analysis to avoid introducing assumptions that might bias the results.

Nevertheless, the limited number of cases with measurable MRS values in this study’s low BMI and WCR groups
posed challenges to making meaningful comparisons with other methods. Thus, in patients with low BMI, if the objective
is simply to exclude hepatic steatosis, MRS may be sufficient, as a lack of measurable values likely reflects minimal
hepatic fat. However, if precise quantitative tracking is required, such as for follow-up assessments, the 2-point Dixon or
multi-echo T2 sequences may be preferred for their consistency in providing numeric fat fraction values.

For 78 patients for whom all fat fraction measurements, including MRS, provided numerical values, correlation
analysis demonstrated strong, significant correlations between all methods (rs>0.9, p<0.001). It revealed strong inter-
method correlations in assessing steatosis, supporting the interchangeability of these techniques in clinical settings.
Despite strong correlations, we showed a statistically significant difference between mean fat fraction results between
two-point Dixon and MRS and between 2-point Dixon and multi-echo T2*. There was no statistically significant
difference between MRS and multi-echo T2* methods, and the Bland-Altman analysis found a mean difference of
—0.54 + 2.5% (95% CI —5.44%, 4.36%) between these two methods, indicating a strong agreement.

The primary source of the lack of agreement between the 2-point Dixon and other methods (MR spectroscopy and multi-
echo T2%*) is the consistent observation of elevated hepatic fat fraction values obtained from the 2-point Dixon compared to the
other two techniques due to the inherent differences in the underlying principles and sensitivities of the imaging sequences.

Higher hepatic fat fraction values from the 2-point Dixon method were initially interpreted as an overestimation. This
sequence, incorporating only 2 TE values, may not effectively account for variations in T2 relaxation times. This
limitation can lead to inadequate correction for T2 relaxation effects on the signal, especially in tissues with varying fat
compositions. Li et al’s findings support this concern, highlighting that IP and OP images from the 2-point Dixon may
inaccurately estimate hepatic fat content, especially when the liver fat content is lower than 5%.?* Additionally, the study
points out the intrinsic incorrectness of the fat fraction calculation based on IP and OP images due to the assumption that
water and fat have a single resonance frequency, which is not valid for fat.

In contrast, MRS, with its acquisition of data at 5 different TEs, and multi-echo T2* sequence with 10 TEs, are
designed to capture the complex T2 relaxation processes more comprehensively. The absence of sufficient T2 correction
in the 2-point Dixon sequence may result in an overestimation of fat fraction, emphasizing the importance of under-
standing and addressing the potential limitations associated with the number of echo times employed in different imaging
sequences. Kuhn et al’s insights caution against potential biases in measurements, stating that accurate quantification of
liver fat with chemical shift-encoded MRI, such as the 2-point Dixon, requires correction for T2* decay, T1 recovery, and
spectral modelling of fat.>” They highlight the necessity of correcting for confounding factors, particularly T2* decay, to
avoid errors in calculating fat fraction. Kuhn et al’s analysis recommends T2* correction for accurate fat quantification,
contradicting assumptions that adequate correction necessitates using more than three echoes.

Despite these concerns, the convenience of the 2-point Dixon sequence being widely available on most MRI scanners
makes it a pragmatic choice for routine clinical use Its strong correlation with both MRS and multi-echo T2* (correlation
coefficients >0.9) suggests that it remains a reliable and clinically feasible option for many applications. However, its
consistently higher hepatic fat fraction values compared to MRS and multi-echo T2* further underscore the importance
of understanding its limitations. To ensure consistency in serial follow-ups and avoid misinterpreting method-dependent
differences—such as Dixon’s higher FF values—as true disease progression, patients should be monitored using the same
imaging method throughout their follow-up examinations.
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Interestingly, recent evidence by Qadri et al*® provides an alternative interpretation. Their meta-analysis demonstrated
that histological steatosis values often exceed MR-derived proton density fat fraction (PDFF), particularly at higher
steatosis levels. While MR techniques quantify tissue triacylglycerol concentration, histology measures the fraction of
lipid-containing hepatocytes, leading to discrepancies in results. Qadri et al reported that at higher levels of steatosis,
histological measurements can exceed PDFF by up to 3.4-fold. This suggests that the higher values observed with the
Dixon method may not represent overestimation but could align more closely with histological fat quantification.

Both explanations—overestimation due to insufficient T2 correction and alignment with histological scales—high-
light the need for further research. Future studies should aim to resolve these discrepancies, validate MR methods against
biopsy results, and establish conversion factors or thresholds that enable meaningful comparisons between imaging and
histology-based fat quantification techniques.

The results of the correlation analysis among three fat fraction acquisition methods in different BMI and Waist
Circumference Ratio groups show consistent findings. In patients with a normal BMI and those with a Waist
Circumference Ratio below 100%, the group sizes were notably limited, comprising only 8 and 5 patients, respectively.
As a result, Spearman correlation analysis was not conducted due to insufficient statistical power and the potential
unreliability of correlation estimates from such small sample sizes.

In overweight and obese patients, robust and significant correlations were observed across all three fat fraction
measurement techniques. The strongest correlations were found in the obese group, which suggests that the increased fat
content in this population may enhance the sensitivity of the imaging methods.

Regarding WCR groups, all methods showed strong correlations, with the highest correlations seen in patients with
a WCR between 120-140%. This suggests that central obesity, as reflected by WCR, may have a more pronounced effect
on hepatic fat distribution and composition.

While higher fat content can indeed reduce RF penetration, the observed correlations in the obese group suggest that
the increased hepatic fat still provided an adequate signal for these imaging methods. This may indicate that the methods
are capable of capturing hepatic fat fractions effectively across a wide range of fat levels, despite potential limitations in
RF penetration. Therefore, it is likely that the broader fat content range within the obese group contributed to the
observed sensitivity of each method. Additionally, the larger variability in hepatic fat fraction values within the obese
group may have contributed to the stronger correlations observed. The broader range of fat fraction values in this group
likely increases the statistical relationship between methods, suggesting that the higher correlation coefficients may partly
reflect the greater variability in hepatic fat content. This underscores the importance of considering variability when
interpreting correlation strength across different body composition profiles.

Limitations

The sample size, especially in certain BMI and WCR groups, may affect the generalizability of the results. Additionally,
the study’s reliance on a single geographic location may limit the extrapolation of findings to diverse populations.
Including participants undergoing bariatric surgery may introduce selection bias, and future studies should aim for more
diverse and representative samples. We acknowledge that the differences in sampling volume across MRS, 2-point
Dixon, and multi-echo T2* methods may introduce variability, as the overlap in tissue sampling cannot be precisely
controlled and may be a source of measurement error. Lastly, the study’s focus on specific hepatic fat assessment
methods may exclude consideration of emerging technologies or alternative approaches.

Conclusion
In conclusion, this study highlights the robust correlations between MR spectroscopy, 2-point Dixon, and multi-echo T2*
methods for assessing liver fat fraction, particularly in participants with higher BMI and WCR. These findings emphasize
the importance of considering body composition profiles when interpreting and applying fat fraction measurement
techniques.

For participants with suspected low hepatic fat content, Dixon and multi-echo T2* are preferable due to their ability to
provide precise numerical fat fraction values, even in cases with minimal hepatic fat. MRS can still be a useful alternative
when a numerical value is not required, particularly if the absence of a fat peak is deemed sufficient to exclude steatosis.
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In cases of suspected high hepatic fat content, all three methods perform reliably. However, Dixon tends to provide
systematically higher values compared to MRS and multi-echo T2*a consideration that should be factored into its use.
Nonetheless, Dixon remains a strong option for stratifying high-fat participants or conducting population-level compar-
isons due to its robust correlation with the other methods.

For follow-up studies, maintaining consistency in the method used across assessments is critical to ensure reliable
longitudinal comparisons. If a change in methodology is unavoidable, careful selection of alternative methods is
necessary to minimize discrepancies, with multi-echo T2* and MRS serving as the most closely aligned substitutes.
However, Dixon should be avoided as an alternative in follow-up settings where consistency with initial MRS or T2*
measurements is required, due to its tendency to overestimate fat fraction values.
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