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Background: The objective of this study was to evaluate the accuracy and
reproducibility of real-time ultrasound steatometry using attenuation coefficient
measurement (ACM) in comparison with magnetic resonance imaging proton
density fat fraction (MRI-PDFF) and chemical fat analysis. Specifically, we
assessed the diagnostic performance and reproducibility of ultrasound-based
ACM against MRI-PDFF and laboratory fat quantification using multimodal liver
fat phantoms (LFPs) with varying fat-to-water ratios.

Methods: Sixty LFPs with different fat concentrations were examined in two
radiology centers and one chemical laboratory. Each phantom underwent three
assessments: MRI-PDFF, ultrasound ACM, and laboratory-based chemical fat
quantification. Correlation coefficients, intraclass correlation coefficients (ICC),
receiver operating characteristic (ROC) analyses, and Bland—Altman analysis
were performed to evaluate the relationships and agreement among the
measurement methods.

Results: Median values of ACM, MRI-PDFF, and laboratory fat content were
2.39 (1.87-2.84), 3.88 (2.46-7.60), and 1.24 (0.51-3.90), respectively. Strong
correlations were observed between ACM and laboratory fat quantification (r =
0.878, p < 0.001) and between MRI-PDFF and laboratory analysis (r = 0.881, p
< 0.001). ACM also correlated strongly with MRI-PDFF (r = 0.846, p < 0.001).
The intraobserver reproducibility of ACM was excellent (ICC = 0.956, p < 0.001).
AUROC values were 0.984 for ACM and 0.996 for MRI-PDFF, both indicating high
diagnostic sensitivity and specificity.

Conclusions: ACM demonstrated strong agreement with MRI-PDFF and
chemical fat analysis in LFPs, supporting its potential as a reliable, accurate, and
cost-effective non-invasive technique for hepatic steatosis quantification.
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Introduction

Metabolic
(MASLD) represents a major and continuously rising global health

dysfunction-associated steatotic liver disease
concern (1). The growing incidence of MASLD underscores the
urgent need for effective diagnostic techniques enabling early
detection and timely intervention (2). MASLD typically results
from excessive lipid accumulation within hepatocytes, which may
progress to inflammation, fibrosis, and ultimately cirrhosis. Its
rising prevalence—closely linked to modern lifestyle and dietary
patterns—highlights the importance of developing accurate and
efficient diagnostic methods for the prompt identification of
MASLD (3).

In its early stages, MASLD is often asymptomatic, which
complicates its detection and diagnosis. A histopathological
hallmark of steatotic liver disease (SLD) is observed when the
proportion of hepatocytes containing fat vacuoles exceeds 5% of
the total hepatocyte population in the liver (4). However, if SLD
remains undetected and preventive or therapeutic interventions
are not implemented at an early stage, the condition may progress
to metabolic dysfunction-associated steatohepatitis (MASH),
eventually leading to fibrosis, cirrhosis, and hepatocellular
carcinoma (5). Radiologic imaging modalities, including
ultrasound (US), computed tomography (CT), and magnetic
—particularly MRI-PDFF
for the

staging of SLD (6). Furthermore, these imaging techniques

resonance imaging assessment—

serve as essential non-invasive tools detection and

provide comprehensive insights into hepatic morphology
and facilitate the identification of localized fat deposition
patterns, such as focal steatosis and fat-sparing areas (7, 8).
Recent clinical studies have confirmed that ultrasound-based
strongly with MRI-PDFE,

supporting its use as a quantitative biomarker of hepatic

attenuation imaging correlates
steatosis (9).

MRI demonstrates excellent reproducibility across different
platforms and manufacturers in liver fat quantification using MRI-
PDFF technology (10). Compared with liver biopsy, various MRI-
based techniques have demonstrated reliable quantification of
hepatic steatosis in patients with MASLD (11). Importantly, the
sensitivity of MRI-PDFF to detect mild hepatic steatosis is crucial
for the early diagnosis of SLD (12).

MRI-PDFF has emerged as a reliable non-invasive standard
for hepatic fat quantification, offering high reproducibility and
cross-platform consistency. However, despite its accuracy, few
studies have directly compared imaging-based steatometry with
physical or chemical fat quantification in controlled liver-
mimicking models. Incorporating laboratory-based fat analysis
as an independent reference standard provides a more objective
validation framework for assessing the diagnostic accuracy of US
attenuation measurements.

However, despite significant progress in quantitative
ultrasound research, previous studies have mainly relied on MRI-
based validation and lacked standardized physical models that
allow reproducible calibration and cross-technology comparison.
Incorporating laboratory-based chemical fat quantification
provides an objective validation framework that bridges this
methodological gap and supports accurate benchmarking of

ultrasound steatometry techniques.

Frontiersin Medicine

10.3389/fmed.2025.1698952

The aim of this study was to evaluate the accuracy and
reproducibility of ultrasound ACM in comparison with MRI-PDFF
steatometry and laboratory-based chemical fat quantification in a
series of LFPs with varying fat-to-water ratios.

Materials and methods

Study design

A comparative evaluation of SLD imaging methods was
performed using a LFP simulating various fat-to-water ratios,
which was developed at a medical center. Two radiology centers
and a fat analysis laboratory participated in the study. Another
medical center conducted MRI examinations of the same LFP
using a 1.5T scanner. The fat content of samples from the
same LFP was determined in the laboratory by exhaustive fat
extraction using petroleum ether as the solvent. Ultrasound ACM
was performed five times for each LFP volume, and median values
were calculated. On the same day, MRI-PDFF assessments and
laboratory fat composition analyses were conducted using the same
LFP samples.

A multimodal phantom structure was developed using a
container made of non-magnetic material (plastic or waxed
paper). A 300-mL beaker was filled with a mixture of semolina,
water, and a fat suspension (either natural milk or cream) in
varying proportions. The beaker had an open top to allow
acoustic coupling with the ultrasound transducer. A flat sponge
(foam rubber) 3-4mm thick was soaked in water and placed
at the bottom of the beaker to serve as a damper, reducing
ultrasonic reverberation artifacts. Boiled semolina produced a
finely granulated homogeneous pattern in B-mode, resembling the
echotexture of liver parenchyma. For this study, 60 LFPs were
prepared with different concentrations of whole milk diluted with
water (1%, 2.5%, 3.2%) and cream ranging from 5% to 20%. The
natural composition of milk consists of a suspension of spherical
triglyceride droplets stabilized by proteins, closely resembling
hepatocellular fat vacuoles (0.2-10 wm) (13). The ultrasound-
based steatometry method using ACM relies on evaluating the
integral attenuation of the US signal within the medium, which
results from reflection, scattering, and absorption of ultrasonic
waves of specific frequencies by fat droplets of varying sizes
and concentrations. By adjusting the concentration of milk with
different fat contents, various degrees of hepatic steatosis were
simulated (Figure 1).

Researchers performing diagnostic and laboratory assessments
were not informed of the exact milk concentrations in advance,
ensuring that the study remained blinded. The inherent variability
and uncertainty of fat content within the liver fat phantoms
(LEPs) closely simulated real-world conditions, reflecting the
unpredictability of hepatic steatosis severity in clinical settings,
where the examiner cannot anticipate the degree of liver steatosis
beforehand. To minimize temporal variability, all imaging and
chemical analyses were performed within 48h after phantom
preparation. Due to the use of natural ingredients, the shelf life of
each LFP was limited to 2-3 days, after which the phantoms were
no longer suitable for use.
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FIGURE 1

preparation date and fat content.

Paper cups filled with semolina-based mixtures of milk or cream (1%—20% fat) used as LFP to simulate different degrees of steatosis. Labels indicate

US steatometry

We conducted an investigation using our LFP in accordance
with the standardized human US steatometry protocol. The US
transducer was positioned perpendicularly to the upper surface of
the LFP, with the phantom’s surface displayed horizontally on the
device monitor. An acoustic window was used to obtain optimal
B-mode imaging quality.

The image capture was performed only in areas where the
selected ROI was free from artifacts such as reverberations
and shadowing, enabling accurate ACM. Modern US systems
facilitate precise ROI navigation and artifact avoidance to enhance
measurement reliability and reproducibility. To assess the ACM,
we utilized specific parameters and US scanning settings tailored
for evaluating LS with the Soneus P7 stationary US system.
The region of interest (ROI) was positioned at a standardized
depth of 5-6.cm, measured from the phantom surface to the
center of the ROI, in accordance with WFUMB and EFSUMB
quantitative ultrasound recommendations (14). This depth range
was selected to ensure optimal acoustic penetration, minimize
near-field and reverberation artifacts, and maintain a stable
signal-to-noise ratio for ACM. The lateral width of the ROI
was fixed at 4.5cm. Standardized ROI navigation for ACM was
guided by a specialized attenuation profilogram displayed on
the system interface, enabling consistent positioning across all
measurements. The upper boundary of the ROI for the ACM was
set 1 cm beneath the LFP surface to minimize interference from
reverberation artifacts originating from the anterior plane of the
LFP. The median ACM value was calculated from five consecutive
measurements (15).
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To evaluate the visual and quantitative expression of fat content
using ACM, color mapping patterns in the LFPs were analyzed.
The color of the ROI in ACM mode on the Soneus 7 system
changed progressively with increasing fat concentration, closely
resembling the appearance of hepatic parenchyma in clinical
imaging. Phantoms with minimal fat exhibited low attenuation and
were characterized by a uniform green hue, whereas higher fat
concentrations resulted in progressively greater attenuation and a
shift in the color map toward yellow and red shades (Figure 2).

MRI steatometry

MRI was performed using a Philips Ingenia 1.5 T magnetic
resonance system equipped with a multichannel abdominal coil.
The protocol for LFP quantification included five imaging series:
water-only T1-TFE (W), fat-only T1-TFE (F), transverse relaxation
rate. maps (R2 and T2*),* and fat fraction (FF) mapping.
Acquisition parameters were as follows: flip angle, 5°; field of view
(FOV), 400 mmy; slice thickness, 6.0 mm; slice gap, —3.0 mm. Post-
processing was performed on a dedicated workstation and included
segmental liver volumetry (cm?), calculation of mean fat fraction
(FF %), transverse relaxation times (T2, R2), and generation of
histograms for quantitative analysis (Figure 3).

Gravimetric determination of fat content

Approximately 15g of the model sample was weighed in a
metal container and dried at 105 °C until it reached a stable
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AC, dB/cm/MHz dB/cm

Mean 0.43 1.52
SDev 0.06 0.20

Min 0.34 1.
Max 0.49 1.71

Assign To Protocol

FIGURE 2
ACM: fat-free LFP (A), LFP filled with fat solution (B)

Mean 1.04 3.64
SDev 0.05 0.17

Min 0.97 3.39
Max 111 3.87

Assign To Protocol

FIGURE 3

MRI steatometry mDIXON_Quant, Liver Health postprocessing—color map showing different degrees of fat in LFP in the FF range from 0%—100%

(shades from dark blue-light blue).

mass. The dry samples were quantitatively transferred to filter
paper shells, weighed and placed in a Soxhlet extractor. The
fat was extracted with n-hexane in a water bath for 20h. The
duration of the extraction cycle was approximately 20 min. The
shells were withdrawn from the extractor, dried and weighed
after extraction. The fat content was calculated according to the
following equation:
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where m; represents the initial mass of the paper shell, g; ms
represents the mass of the paper shell after extraction, g; and m
represents the mass of the sample, g.

Statistical analysis

Quantitative data were expressed as the median and
interquartile range (25th—75th percentiles). The normality of
variable distributions was assessed using the Shapiro-Wilk test. A
p-value > 0.05 indicated a distribution consistent with normality,
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FIGURE 4

Plots of LFP measurements by ACM (A), MRI-PDFF (B), and chemical analysis (C). The lines in each diagram represent the median value.
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Correlation analysis between ACM by chemical analysis (A), ACM vs. MRI PDFF (B) and MRI-PDFF vs. chemical analysis (C).

whereas p < 0.05 suggested deviation from normality. The Pearson
correlation coeflicient (CC) (r) was calculated to evaluate the
strength of association between variables. Correlation strength was
classified as strong for r > 0.8 and excellent for r > 0.9. A p-value
< 0.05 was considered statistically significant. The intraclass
correlation coefficient (ICC) was computed to assess intraobserver
reproducibility, since all ACM measurements were performed
by a single experienced operator. ICC values were interpreted
as follows: <0.5 — poor, 0.5-0.75 — moderate, 0.75-0.9 —
good, and >0.9 — excellent consistency. A p-value < 0.05 was
considered statistically significant. To further evaluate agreement
between quantitative methods (MRI-PDFE, ACM, and chemical
fat analysis), a Bland-Altman analysis was performed. Mean
bias and 95% limits of agreement were calculated and presented
graphically to visualize systematic differences and variability
between measurement techniques.

The laboratory determination of fat content served as the
reference standard for calculating the area under the receiver
operating characteristic curve (AUROC). ROC analysis was
performed to evaluate the diagnostic performance of the ACM. For
ROC analysis, the continuous ACM and MRI-PDFF values were
binarized according to the histological definition of steatosis (<5%
— normal, >5% — steatotic), providing the reference framework
for assessing diagnostic accuracy. The AUROC value was calculated
to assess the overall accuracy of the diagnostic model, while
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sensitivity and specificity were derived from optimal threshold
values determined by the Youden index.

Results

The B-mode appearance of the LFP closely resembled that
of normal liver parenchyma, displaying a homogeneous, fine-
grained gray echotexture. The overall median values (25th—75th
percentiles) of the ACM (dB/cm), fat fraction determined by MRI-
PDFF (%), and chemically quantified fat content in the LFPs
(%) were 2.39 (1.87-2.84), 3.88 (2.46-7.60), and 1.24 (0.51-3.90),
respectively (Figure 4).

The laboratory fat content, used as the reference standard,
correlated strongly with ACM (p = 0.878; 95% CI: 0.803-0.925;
p < 0.001) and MRI-PDFF (p = 0.881; 95% CI: 0.805-0.926; p <
0.001), respectively. Likewise, ACM and MRI-PDFF demonstrated
a strong positive correlation (p = 0.846; 95% CI: 0.754-0.909;
p < 0.001; Figure 5). The ICC for ACM demonstrated excellent
intraobserver reproducibility, with a value of 0.956 (95% CI: 0.917-
0.981; p < 0.001). Comparative analysis using the Mann-Whitney
U-test revealed a statistically significant difference between normal
and steatotic liver fat phantoms for both ACM (p < 0.001)
and MRI-PDFF (p < 0.001). These findings confirm that both
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Bland-Altman Plot: MRI-PDFF vs Chemical Fat Analysis
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FIGURE 6
Bland—Altman plot comparing MRI-PDFF and laboratory fat analysis.
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FIGURE 7

Receiver operating characteristic (ROC) curves illustrating the
diagnostic performance of ACM and MRI-PDFF for detecting hepatic
steatosis, using laboratory fat content as the reference standard.

imaging modalities effectively distinguish between different fat
content levels.

Bland-Altman analysis was performed to evaluate the
agreement between MRI-PDFF and laboratory-based chemical
fat quantification, as both methods express hepatic fat content
in percentage (%). The analysis demonstrated a mean bias of
+2.81%, with 95% limits of agreement ranging from —0.86%
to +6.48% (Figure 6). These findings indicate that MRI-PDFF
slightly overestimated fat content relative to the chemical reference
method. However, the differences remained within narrow and
clinically acceptable limits, confirming excellent concordance
between MRI-based and laboratory quantification of hepatic
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fat. The graphical distribution of the data points did not reveal
any proportional bias, suggesting homogeneity of measurement
differences across the full range of fat content values.

The AUROC for ACM was 0.968 (95% CI: 0.916-1.000; p <
0.001), with a sensitivity of 100% (95% CI: 66.4-100.0; p < 0.001)
and a specificity of 94.1% (95% CI: 83.8-98.8; p < 0.001). For MRI-
PDFE, the AUROC was 0.986 (95% CI: 0.950-1.000; p < 0.001),
with a sensitivity of 100% (95% CI: 63.1-100.0; p < 0.001), and a
specificity of 98.0% (95% CI: 89.7-100.0; p < 0.001; Figure 7).

Discussion

Previous research by Kobyliak et al. (10) utilized LFPs to
evaluate ultrasound ACM, computed tomography (CT), and MRI-
PDFF for the non-invasive quantification of hepatic steatosis.
Building upon this methodology, our study further incorporated
laboratory-based chemical fat analysis, thereby providing an
additional and objective reference standard for validation of
imaging-based fat quantification.

Radiological imaging techniques—including US, CT, MRI, and
elastography—are increasingly recognized as reliable and widely
adopted non-invasive alternatives to liver biopsy for the diagnosis
and management of SLD (16-18). These imaging modalities
enable accurate and quantitative assessment of key pathological
features, including hepatic steatosis and progressive liver fibrosis
(19). In line with previous work, Di Lascio et al. (20) proposed
the Steato-Score, a composite ultrasound index for quantifying
liver fat content, which demonstrated a strong correlation with
MRI-PDFF and provided an accurate, noninvasive alternative
for assessing hepatic steatosis. These findings further support
the clinical relevance of quantitative ultrasound approaches in
evaluating liver fat burden. A major advancement in abdominal
US is the ACM, which enables quantitative assessment and
staging of SLD (15). One of the main points of discussion
is which radiological technology—US, CT, or MRI—is best
suited for different clinical applications, such as screening,
primary and secondary diagnosis, liver transplant evaluation, or
monitoring disease progression, and the effectiveness of SLD
treatment (21). Currently, the evaluation of US capabilities
in assessing SLD—both semiquantitative (traditional B-mode
imaging, the Hamaguchi scoring system, and the hepatorenal
index) and quantitative (ACM, backscatter analysis, and ultrasound
wave velocity within the liver parenchyma)—is primarily based
on comparative studies using MRI-PDFF as the reference
standard (22).

The criteria for high-quality visualization and accurate
ROI navigation include color coding, attenuation degree, and
attenuation depth graphs (profilograms). These technologies
facilitate clear delineation of the liver parenchyma, enabling
the operator to avoid artifacts such as reverberations and
acoustic shadows, and to exclude measurements from unwanted
anatomical structures. Such technical features of modern US
systems may enhance measurement performance and overall
diagnostic accuracy (10). Reducing the cost of US technology—
particularly through the development of portable and handheld
devices equipped with ACM capabilities—facilitates broader
studies of SLD and

implementation in population-based
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supports point-of-care diagnostic protocols. In a recent pilot
study, handheld point-of-care ultrasound systems (POCUS)
were successfully utilized to measure the attenuation and
backscatter coefficients, demonstrating both feasibility and
validity when compared with MRI-PDFF in adults at risk for
SLD (23).

Our study, in line with previous research, demonstrates
that ACM is an informative and accessible technique for the
early detection and staging of SLD. Accurate and non-invasive
stratification of hepatic steatosis therefore represents a topic of
substantial clinical importance. The key advantage of US systems
lies in their cost-effectiveness and widespread availability compared
with other radiological modalities. These results further confirm
the discriminative reliability of ACM in differentiating normal
and steatotic fat content levels, supporting its diagnostic value for
quantitative assessment of hepatic steatosis.

LFPs facilitate the training process for emerging US
technologies, enabling operators, including beginners, to acquire
practical skills more efficiently. The absence of typical scanning
challenges—such as artifacts from ribs or gas within the lungs and
intestines—allows the operator to concentrate on the essential
aspects of steatometry, thereby improving measurement accuracy
and reproducibility.

This study has several limitations. First, it was conducted
using LFPs that, although closely simulating hepatic parenchyma,
cannot fully reproduce in vivo physiological conditions such
as perfusion and respiratory motion. Second, the natural
composition of the LFPs limited their stability to 2-3 days,
which may have influenced measurement reproducibility. Third,
all ACM assessments were performed by a single operator,
precluding evaluation of interobserver variability. Additionally,
the study utilized a single US system (Soneus P7), and further
cross-platform validation is warranted. Finally, the absence
of in vivo data limits the direct clinical translation of the
proposed findings, which should be addressed in future patient-
based studies.

Future studies should focus on clinical validation of ACM
in real-world patient populations with varying degrees of hepatic
steatosis. Such investigations will help confirm the diagnostic
performance of ACM under physiological conditions and facilitate
its broader implementation as a quantitative ultrasound tool for
non-invasive liver fat assessment.

Conclusions

Modeling liver steatosis using multimodal LFPs with
varying fat-to-water ratios demonstrated the high accuracy
reproducibility of ACM compared with MRI-PDFF
and laboratory-based chemical fat analysis. ACM showed

and

a strong correlation with both MRI-PDFF and laboratory
results, confirming its potential as a robust, accurate, and cost-
effective ultrasound-based biomarker for quantifying hepatic
steatosis. Furthermore, the use of LFPs contributes to the
methodological standardization and training in quantitative
ultrasound steatometry.

Frontiersin Medicine

10.3389/fmed.2025.1698952

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

Author contributions

MZ: Writing - original draft, Visualization, Software,
Resources, Data curation, Conceptualization, Validation. OD:
Conceptualization, Resources, Writing — review & editing, Project
administration, Methodology, Supervision. ND: Software, Formal
analysis, Methodology, Writing — original draft, Resources. TN:
Writing - review & editing, Data curation, Resources, Formal
analysis, Methodology. NK: Resources, Conceptualization, Writing
- review & editing, Data curation, Project administration,
Supervision, Methodology.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

OD was employed by “Institute of Elastography” Medical
Center LLC.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no impact
on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Gen AI was used in the creation
of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fmed.2025.1698952
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Zhaivoronok et al.

References

1. Ginés P, Serra-Burriel M, Kamath PS. Metabolic dysfunction-associated
steatotic liver disease—the new epidemic of chronic liver disease. JAMA
Netw Open. (2025) 8:22516381-e2516381. doi: 10.1001/jamanetworkopen.2025.
16381

2. Ma Y, Wang J, Xiao W, Fan X. A review of MASLD-related hepatocellular
carcinoma: progress in pathogenesis, early detection, and therapeutic interventions.
Front Med. (2024) 11:1410668. doi: 10.3389/fmed.2024.1410668

3. Dicker D, Frithbeck G, Vettor R, Gastaldelli A, Yki-Jirvinen H, Schick E
et al. EASL-EASD-EASO Clinical Practice Guidelines on the management of
metabolic dysfunction-associated steatotic liver disease (MASLD): executive summary.
Diabetologia. (2024) 67:2375. doi: 10.1007/s00125-024-06196-3

4. Sharma B, John S. Nonalcoholic Steatohepatitis (NASH). StatPearls (2023).
Available online at: https://www.ncbi.nlm.nih.gov/books/NBK470243/ (Accessed
August 13, 2025).

5. Rinella ME, Neuschwander-Tetri BA, Siddiqui MS, Abdelmalek MEF,
Caldwell S, Barb D, et al. Practice guidance on the clinical assessment
and management of nonalcoholic fatty liver disease. Hepatology. (2023)
77:1797. doi: 10.1097/HEP.0000000000000323

6. Dulai PS, Sirlin CB, Loomba R, MRI. and MRE for non-invasive quantitative
assessment of hepatic steatosis and fibrosis in NAFLD and NASH: clinical trials to
clinical practice. ] Hepatol. (2016) 65:1006-16. doi: 10.1016/j.jhep.2016.06.005

7. Ozer G, Ozcan HN, Oguz B, Haliloglu M. Focal fatty sparing areas of the pediatric
steatotic liver: pseudolesions on hepatobiliary phase magnetic resonance images. Diagn
Interv Radiol. (2024) 30:135. doi: 10.4274/dir.2023.232447

8. Décarie P-O, Lepanto L, Billiard J-S, Olivié D, Murphy-Lavallée J, Kauffmann C,
et al. Fatty liver deposition and sparing: a pictorial review. Insights Imaging. (2011)
2:533. doi: 10.1007/s13244-011-0112-5

9. Jeon SK, Lee JM, Joo I, Yoon JH, Lee DH, Lee JY, et al. Prospective
evaluation of hepatic steatosis using ultrasound attenuation imaging in patients
with chronic liver disease with magnetic resonance imaging proton density
fat fraction as the reference standard. Ultrasound Med Biol. (2019) 45:1407-
16. doi: 10.1016/j.ultrasmedbio.2019.02.008

10. Kobyliak N, Dynnyk O, Savytska M, Solodovnyk O, Zakomornyi O, Omelchenko
O, et al. Accuracy of attenuation coefficient measurement (ACM) for real-
time ultrasound hepatic steatometry: comparison of simulator/phantom data with
magnetic resonance imaging proton density fat fraction (MRI-PDFF). Heliyon. (2023)
9:20642. doi: 10.1016/j.heliyon.2023.e20642

11. Qadri S, Vartiainen E, Lahelma M, Porthan K, Tang A, Idilman IS, et al. Marked
difference in liver fat measured by histology vs. magnetic resonance-proton density fat
fraction: a meta-analysis. JHEP Rep. (2024) 6:100928. doi: 10.1016/j.jhepr.2023.100928

Frontiersin Medicine

08

10.3389/fmed.2025.1698952

12. Zhaivoronok MM, Dynnyk OB. Multiparametric ultrasound steatometry in
hepatic steatosis: a literature review and own data. Curr Asp Mil Med. (2025) 32:171-94.
doi: 10.32751/2310-4910-2025-32-1-14

13. Lopez C, Briard-Bion V, Ménard O, Beaucher E, Rousseau F, Fauquant J, et al.
Fat globules selected from whole milk according to their size: different compositions
and structure of the biomembrane, revealing sphingomyelin-rich domains. Food Chem.
(2011) 125:355-68. doi: 10.1016/j.foodchem.2010.09.005

14. Ferraioli G, Raimondi A, Maiocchi L, De Silvestri A, Poma G, Kumar V, et al.
Liver fat quantification with ultrasound: depth dependence of attenuation coefficient. J
Ultrasound Med. (2023) 42:2247-55. doi: 10.1002/jum.16242

15. Zhaivoronok M, Dynnyk O, Livkutnyk O, Yerokhovych V, Yuzvenko V,
Serednia I, et al. Inter- and intraobserver variability of attenuation coefficient
measurement in innovative ultrasound diagnosis of metabolic dysfunction-
associated steatotic liver disease: a cross-sectional study. Front Med. (2025)
12:1457960. doi: 10.3389/fmed.2025.1457960

16. Fraczek ], Sowa A, Agopsowicz P, Migacz M, Dylinska-Kala K, Holecki M. Non-
invasive tests as a replacement for liver biopsy in the assessment of MASLD. Medicina.
(2025) 61:736. doi: 10.3390/medicina61040736

17. Tantu MT, Farhana FZ, Haque FE Koo KM, Qiao L, Ross AG,
et al. Pathophysiology, noninvasive diagnostics and emerging personalized
treatments for metabolic associated liver diseases. npj Gut Liver. (2025)
2:1-15. doi: 10.1038/s44355-025-00030-2

18. Jang W, Song JS. Non-invasive imaging methods to evaluate non-
alcoholic fatty liver disease with fat quantification: a review. Diagnostics. (2023)
13:1852. doi: 10.3390/diagnostics13111852

19. Kazi IN, Kuo L, Tsai E. Noninvasive Methods for Assessing Liver Fibrosis and
Steatosis. Gastroenterol Hepatol. (2024) 20:21-9.

20. Di Lascio N, Avigo C, Salvati A, Martini N, Ragucci M, Monti S, et al.
Steato-score: non-invasive quantitative assessment of liver fat by ultrasound imaging.
Ultrasound Med Biol. (2018) 44:1585-96. doi: 10.1016/j.ultrasmedbio.2018.03.011

21. Zeng KY, Bao WYG, Wang YH, Liao M, Yang J, Huang JY, et al. Non-invasive
evaluation of liver steatosis with imaging modalities: new techniques and applications.
World ] Gastroenterol. (2023) 29:2534-50. doi: 10.3748/wjg.v29.i17.2534

22. Kaliaev A, Chavez W, Soto J, Huda E Xie H, Nguyen M, et al
Quantitative ultrasound assessment of hepatic steatosis. J Clin Exp Hepatol. (2022)
12:1091. doi: 10.1016/j.jceh.2022.01.007

23. Tamayo-Murillo D, Weeks JT, Keller CA, Andre M, Gonzalez C, Li A, et al.
Quantitative liver fat assessment by handheld point-of-care ultrasound: a technical
implementation and pilot study in adults. Ultrasound Med Biol. (2025) 51:475-83.
doi: 10.1016/j.ultrasmedbio.2024.11.005

frontiersin.org


https://doi.org/10.3389/fmed.2025.1698952
https://doi.org/10.1001/jamanetworkopen.2025.16381
https://doi.org/10.3389/fmed.2024.1410668
https://doi.org/10.1007/s00125-024-06196-3
https://www.ncbi.nlm.nih.gov/books/NBK470243/
https://doi.org/10.1097/HEP.0000000000000323
https://doi.org/10.1016/j.jhep.2016.06.005
https://doi.org/10.4274/dir.2023.232447
https://doi.org/10.1007/s13244-011-0112-5
https://doi.org/10.1016/j.ultrasmedbio.2019.02.008
https://doi.org/10.1016/j.heliyon.2023.e20642
https://doi.org/10.1016/j.jhepr.2023.100928
https://doi.org/10.32751/2310-4910-2025-32-1-14
https://doi.org/10.1016/j.foodchem.2010.09.005
https://doi.org/10.1002/jum.16242
https://doi.org/10.3389/fmed.2025.1457960
https://doi.org/10.3390/medicina61040736
https://doi.org/10.1038/s44355-025-00030-2
https://doi.org/10.3390/diagnostics13111852
https://doi.org/10.1016/j.ultrasmedbio.2018.03.011
https://doi.org/10.3748/wjg.v29.i17.2534
https://doi.org/10.1016/j.jceh.2022.01.007
https://doi.org/10.1016/j.ultrasmedbio.2024.11.005
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

	Accuracy of attenuation coefficient measurement (ACM) for hepatic steatosis: comparison with MRI proton density fat fraction (MRI-PDFF) and chemical fat analysis using multimodal liver fat phantoms
	Introduction
	Materials and methods
	Study design
	US steatometry
	MRI steatometry
	Gravimetric determination of fat content
	Statistical analysis

	Results
	Discussion
	Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


