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영문요약

Purpose: To evaluate the agreement and reproducibility of proton density fat fraction (PDFF) 

measurement using commercial magnetic resonance (MR) sequences across different 

imagers, vendors, and field strengths through a phantom experiment.

Materials and Methods: Eleven fat-water emulsion phantoms of varying fat proportion (i.e.,

0-50 weight %) were constructed. Phantom PDFF was estimated using commercial chemical 

shift-based MR imaging (CS-MRI) sequences with Siemens 1.5T and 3.0T, Philips 3.0T, and 

GE 1.5T and 3.0T imagers and using MR spectroscopic sequence (HISTO) with Siemens

1.5T and 3.0T imagers. Agreement in estimated PDFF values between commercial sequences 

was evaluated with Bland-Altman analysis. Reproducibility of PDFF measurement across 

commercial sequences was evaluated using the reproducibility coefficient. Test-retest 

repeatability of PDFF measurement was evaluated using the repeatability coefficient. 

Results: Repeatability coefficients of PDFF measurement was 0.31% - 1.58% in absolute 

PDFF value for commercial sequences. Statistically significant biases in the estimated PDFF 
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were noted in 19 of 21 pairwise comparisons of commercial sequences (range of mean biases, 

-4.48% to 8.15% in absolute PDFF value). Reproducibility coefficient of PDFF 

measurement was 9.0% in absolute PDFF value (95% confidence interval, 8.4%, 9.7%) over 

all commercial sequences and 10.6% in absolute PDFF value (95% CI, 9.8%, 11.6%) over 

all CS-MRI sequences.

Conclusions: The measurement of PDFF with commercial MR sequences is highly 

repeatable. However, it is not reproducible across sequences, imager vendors, and field 

strengths. For longitudinal follow-up of hepatic steatosis using commercial MR sequences 

for PDFF measurement, the use of the same sequence and imager is recommended.
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Introduction

Proton density fat fraction (PDFF) measured with magnetic resonance (MR) spectroscopy 

(MRS) or MR imaging (MRI) has emerged as the noninvasive reference standard for 

quantifying hepatic steatosis. Prior researches reported a high accuracy of PDFF measured 

with MR-based methods in quantifying hepatic steatosis as well as in detecting the 

longitudinal change.1-3) Thus, PDFF has been increasingly utilized as a quantitative imaging 

biomarker for the diagnosis and follow-up of hepatic steatosis in epidemiologic cohort studies 

4,5) and clinical trials.6,7)

Accurate measurement of PDFF requires technical optimization and post-processing 

algorithm for MRS and MRI, which include multi-echo MRS with T2-correction and chemical 

shift MRI (CS-MRI) accounting for T1 and T2*-relaxation and multi-frequency signal 

interference effects.8-10) These advanced techniques have now been commercially available 

with many MRI systems,11-14) which employ automatic MR spectrum analysis for MRS-based 

techniques or in-line PDFF reconstruction for CS-MRI based techniques. Therefore, the 
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commercial MR sequences dedicated for PDFF measurement enabled PDFF measurement 

without additional post-processing and, thus, facilitating widespread use of PDFF in clinical 

practice and research.7,15-17)

Measurement repeatability (i.e., agreement between repeated measurements under 

identical conditions) and reproducibility (i.e., agreement between repeated measurement under 

different conditions involving different sequences, imagers, vendors, and/or field strengths) 

are prerequisite for successful clinical application of imaging biomarkers,18) especially for 

longitudinal follow-up. Previous studies reported high test-retest repeatability of PDFF 

measurement using commercial MR-based sequences.19,20) However, the reproducibility of 

PDFF measured using different commercial sequences have not been well understood. A few 

prior studies which evaluated the reproducibility of PDFF measurement using CS-MRI across 

multiple imagers, analyzed PDFF with a single PDFF reconstruction algorithm.21-24) Thus, 

they do not address the reproducibility of PDFF measurement across different commercial 

sequences which employ imager vendor-specific in-line PDFF reconstruction algorithms. To 
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our knowledge, one clinical study specifically evaluated this issue and reported a high 

reproducibility of PDFF measurement using commercial CS-MRI sequences across imagers 

and field strengths.15) However, this study only including volunteers with mild hepatic 

steatosis, did not evaluated full expected range of PDFF in hepatic steatosis. Furthermore, the 

results of this study actually showed a small but significant bias in PDFF values (1.6% – 1.9%) 

between different sequences. Thus, it has not been proven yet how PDFF measurement is 

reproducible across different commercial sequences and whether PDFF values obtained using 

different commercial sequences are interchangeable.

Therefore, the purpose of our phantom experiment was to evaluate the agreement 

and the reproducibility of PDFF measurement with commercial MR sequences for PDFF 

measurement across different imagers, vendors, and field strengths. .

Materials and methods

Phantoms
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To simulate human fatty liver containing fat vacuoles in hepatocytes, we utilized fat-in-water 

emulsion gels, in which fat micelles are homogeneously distributed within agar water gel (Fig. 

1). Eleven phantoms of varying fat proportion, i.e., 0, 3, 6, 10, 15, 20, 25, 30, 35, 40, and 50 

weight % (w %) were constructed to represent the range of fat proportion in the human liver.

5,25) We chose the lard oil as the fat substance for our phantoms, since the lard oil has a lipid 

profile similar to fat in human liver (Appendix). To prepare 50g fat-in-water emulsion gels, 2% 

w/v agar (Sigma-Aldrich, Saint Louis, MO, USA) was melted into 25-50g (i.e., varying 

amount according to fat proportions of phantoms) deionized, demineralized water at 70°C for 

30 minutes using a magnetic stirrer hotplate (RCT basic, IKA-Werke GmbH, Staufen, 

Germany). The surfactant, i.e., 620 mg sodium dodecyl sulfate (AMRESCO, Solon, OH, 

USA), the preservatives, i.e., 300 mg sodium benzoate (Santa Cruz Biotechnology, Dellas, TX, 

USA) and 40 mg citric acid (Sigma-Aldrich, St. Louis, MO, USA), and the stabilizer, i.e.,

350 uL formaldehyde, were added to the solution. Then, 3-25g (i.e., varying according to the 

fat proportion of phantoms) lard oil was added dropwise to the solution until reaching desired 
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fat proportions of phantoms. Finally, 0.1 mM (0.02 ml) gadoxetic acid (Bayer Health Care, 

Berlin, Germany) was added to adjust T1 relaxation time of the phantoms. The fat-in-water 

mixture was emulsified by heating and stirring at 70°C for 90 minutes using the magnetic 

stirrer hotplate. The emulsion was poured into a 50-mL centrifuge tubes. The agar 

polymerized upon cooling, forming a solid gel at room temperature. The phantom with 0 w% 

fat was made without the surfactant, i.e., sodium dodecyl sulfate (i.e., CH3(CH2)11SO4Na), 

since it contains methylene (CH2) and methyl (CH3) units which produce fat MR peaks at 1.3 

and 0.9 ppm, respectively. For MR examinations, phantoms were arranged and fixed in the 

plastic container (Fig. 1), which was filled with tap water to minimize susceptibility artifact. 

MR Spectroscopy and reference proton density fat fraction

Fat proportions of the phantoms expressed in w% may not be directly translated PDFF 

because of different proton densities of per unit weights of water and lard oil, possible water 



6

evaporation during phantom construction, and the contribution of methylene and methyl units 

of additives (e.g. sodium dodecyl sulfate as mentioned above) to PDFF. Therefore, we 

measured reference PDFF of the phantoms using MR spectroscopy. MR spectroscopy was 

performed at a 3.0T MRI system (Skyra, Siemens Healthineers, Erlangen, Germany) using 18-

channel torso array coil. Using three-plane localizing images, a 15 x 15 x 15-mm voxel was 

placed centrally in each phantom. After semi-automatic shimming, single-voxel, mult-echo 

proton MR spectroscopy was performed with a stimulated-echo acquisition mode (STEAM) 

sequence. Five echoes were collected at TEs of 12, 15, 20, 25 and 30 msec, with the TR of 

5000 msec, the mixing time of 10 msec, and eight-signal averaged. The same sequence was 

repeated five times for each phantom. A single experienced radiologist analyzed the MR 

spectra using the AMARES algorithm included in the Magnetic Resonance User Interface 

software package (http://www.mrui.uab.es/mrui/). Water at 4.7 ppm and measurable fat peaks 

at 0.9, 1.3, 2.1, 2.7, 4.2, and 5.3 ppm were modeled by multiple Gaussian resonances as 

described previously26). For all measured peaks, T2-corrected peak areas were calculated by 
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nonlinear least-squares fitting of peak areas at multiple TEs. Since the fat peaks at 4.2-5.3 

ppm overly the water peak and the fat peak at 2.7 ppm is very small, the direct quantification 

of these fat peaks is unreliable.26) Thus, instead of direct measurement of these peaks, we 

extrapolated the areas of fat peaks at 2.7 ppm and 4.2-5.3 ppm using the measured areas of fat 

peaks at 0.9, 1.3, and 2.1 ppm and known MR fat spectrum of lard oil (fat peaks at 0.9 ppm, 

1.3 ppm, 2.1 ppm, 2.7 ppm, and 4.2-5.3 ppm comprising 20.9%, 61.3%, 9.1%, 0.3%, and 8.4% 

of total area of fat peaks, respectively (Appendix Table 1, Appendix Figure 1, Appendix). The 

sum of the areas of the fat peaks at 2.7 ppm and 4.2-5.3 ppm was calculated as the sum of T2-

corrected areas of fat peaks at 0.9, 1.3, and 2.1 ppm multiplied by 0.0953. PDFF was 

calculated as (total area of the fat peaks)/(the area of water peak + total area of the fat peaks). 

PDFF measurement using commercial MR sequences 

The phantoms were scanned using the commercial MR sequences dedicated for PDFF 
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measurement with three 3.0-T scanners (Skyra [Siemens Healthineers, Erlangen, Germany], 

Ingenia [Philips Healthcare, Best, The Netherlands], and Discovery MR 750W [GE Healthcare, 

Waukesha, Wis]) and two 1.5-T scanners (AVANTO [Siemens Healthineers] and Signa HDxt 

[GE Healthcare]) in three institutions (Siemens 3.0T and Philips 3.0T in Asan medical center, 

GE 1.5T and 3.0T in Ajou university medical center, and Siemens 1.5T in Yonsei university 

Gangnam Severance hospital). The commercial sequences for PDFF measurement evaluated in 

our study were CS-MRI sequences including Multi-echo Dixon for Siemens 1.5T and 3.0T 

systems, mDIXON Quant for Philips 3.0T system, and IDEAL-IQ for GE 1.5T and 3.0T 

systems and high-speed T2-corrected multiple echo 1H- MR spectroscopy (HISTO) sequences 

for Siemens 1.5T and 3.0T systems. All CS-MRI sequences were 3-dimensional spoiled 

gradient-echo techniques dedicated for T1-independent, T2*-corrected PDFF measurement 

based on Dixon method,27) incorporating six echo acquisition for T2*-correction, low flip 

angle (3-5°) for minimizing T1 bias, and multi-peak fat modeling according to the relative 

amplitudes of seven fat peaks reported previously.28) However, each vendor employed vendor-
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specific scheme for signal acquisition and PDFF reconstruction.11-13) HISTO is a multi-echo 

single voxel proton MRS method, which offers T2-corrected PDFF measurement using five 

echoes acquired within a 15-second single breath hold.14) All pulse sequences were executed 

using the default parameter settings for liver imaging as recommended by the vendors except 

for the field-of-view for CS-MRI sequences and voxel size for HISTO sequence. Upon 

scanning, the CS-MRI sequences automatically generate PDFF map and the HISTO sequence 

returns summary image showing PDFF and T2 relaxation time of water and fat (Fig. 2). 

Detailed imaging parameters for CS-MRI sequences were summarized in Table 1. The HISTO 

sequence was performed using the parameters as follows; voxel size, 15x15x15 mm; TR, 3000 

msec; TE, 12,15,20,25 and 30 msec for Siemens 3T and 12,24,36,48 and 72 msec for Siemens 

1.5T, respectively; mixing time, 10 msec; single signal acquired. . Each sequence was repeated 

five times for each phantom. 

One radiologist measured PDFF of each phantom on the PDFF maps for the CS-MRI 

sequences using a DICOM image viewer (RadiAnt DICOM viewer; Medixant, Poznan, 
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Poland); PDFF was measured by averaging the values of three 2.0 cm circular regions-of-

interest (ROIs) drawn in the center of each phantom on three consecutive middle sections of 

the phantoms. For HISTO, the PDFF result of each phantom was recorded. 

Statistical analysis

Test-retest repeatability of PDFF measurement over five repeated examinations was evaluated 

for MR spectroscopy (for reference PDFF) and each of commercial sequences using the 

repeatability coefficient.29,30) The agreement between phantom PDFF values estimated using 

each commercial sequence and the reference PDFF was evaluated using linear regression 

analysis 30) and the 95% Bland-Altman limit of agreement (LOA).31,32) The agreement of the 

phantom PDFF values between two of seven commercial sequences was evaluated using the 

95% Bland-Altman LOA. Reproducibility of PDFF measurement was evaluated over all 

commercial sequences, over CS-MRI sequences (CS-MRI for Siemens 3T, Siemens 1.5T, GE 

3T, GE 1.5T, and Philips 3T), and over the sequences of the same imager vendor and different 
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field strengths (i.e., HISTO with Siemens 3T and 1.5T imagers, CS-MRI with Siemens 3T and 

1.5T imagers, and CS-MRI with GE 3T and 1.5T imagers) using the reproducibility 

coefficient.29,32) For repeatability and reproducibility analyses, all PDFF values obtained by 

five repeated scans for each sequence were used. For Bland-Altman analysis, an average of 

PDFF values over five repeated scans were used as the representative PDFF value for each

sequence. A P-value of < .05 was considered to indicate a statistical significance. Statistical 

analyses were performed with MedCalc software version 14.8.1 (MedCalc, Ostrend, Belgiun) 

and SPSS software version 21.0 (IBM, Armonk, NY).

Results

Agreement of the PDFF measured using commercial sequences with the reference PDFF

The reference PDFFs of the phantoms with 0, 3, 6, 10, 15, 20, 25, 30, 35, 40, and 50 w% fat 

were 0.6%, 5.3%, 7.3%, 13.8%, 15.9%, 21.7%, 25.4%, 28.2%, 34.0%, 38.7%, and 51.0%, 

respectively. As shown in the regression plot in Figure 3, the estimated PDFFs for all 
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commercial sequences showed strong correlation with the reference PDFF with correlation 

coefficients of 0.996-0.998 (P<.001 for all). However, Bland-Altman analysis revealed that no 

commercial sequence resulted in a perfect agreement of estimated PDFF with the reference 

PDFF (Table 2). Compared with the reference PDFF, the estimated PDFF using commercial 

sequences exhibited statistically significant mean biases ranging from -4.56% to 3.59% in 

absolute PDFF value for all CS-MRI and HISTO sequences. 

Agreement in estimated PDFF between commercial sequences 

Table 3 summarizes Bland-Altman 95% limits-of-agreement of estimated PDFF between 

commercial sequences. There were statistically significant biases in the estimated PDFF in 

most pairwise comparisons between commercial sequences (range of mean biases, -4.48 to 

8.15% in absolute PDFF value; P < .001) except for the comparisons of CS-MRI for Philips 

3T and CS-MRI for GE 3T (P = .51) and the comparison of HISTO for Siemens 3T and 
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HISTO for Siemens 1.5T (P = .86). There was a tendency toward smaller biases for the 

comparisons of the sequences of the same imager vendor between different field strengths 

(range of mean biases, -0.02% to 2.15% in absolute PDFF value) than the comparisons 

between different sequences and/or different imager vendors. 

Reproducibility of PDFF measurement across different commercial sequences

When all commercial sequences were considered, the reproducibility coefficient of PDFF 

estimation was 9.0% in absolute PDFF value (95% CI, 8.4%, 9.7%). When only CS-MRI 

sequences (CS-MRI for Siemens 3T, Siemens 1.5T, GE 3T, GE 1.5T, and Philips 3T) were 

considered, the reproducibility coefficient was 10.6% in absolute PDFF value (95% CI, 9.8%, 

11.6%). When reproducibility was evaluated across different field strengths for the sequences 

of the same imager vendors, the reproducibility coefficient was 1.24% (95% CI, 1.1%, 1.4%)

with HISTO for Siemens 3T and 1.5T imagers, 2.99% (95% CI, 2.6%, 3.5%) with CS-MRI for 
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Siemens 3T and 1.5T imagers, and 3.73% (95% CI, 3.3%, 4.3%) with CS-MRI for GE 3T and 

1.5T imagers. 

Test-retest repeatability of PDFF measurement using commercial sequences

Table 4 summarizes repeatability coefficient of PDFF measurements over five repeated 

examinations. For reference PDFF measurement with MRS, the repeatability coefficient over 

five repeated MRS examinations was 1.15% in absolute PDFF value (95% confidence interval 

[CI], 0.95-1.45). For PDFF measurement using the commercial sequences, repeatability 

coefficients ranged from 0.31% to 1.58% in absolute PDFF value. 

Discussion

Our study demonstrated that the measurement of PDFF using commercial sequences was 

highly precise over repeated measurements, when the measurement was repeated using the 

same sequence, the same field strength, and the same imager (i.e., repeatability condition). 
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However, the measurement of PDFF was not as precise as in repeatability condition, when the 

measurement was repeated across different sequences, different field strengths, and/or 

different imagers (i.e., reproducibility condition). The reproducibility coefficient of PDFF 

measurement was 9.0% in absolute PDFF value when all commercial sequences were 

considered. This was obviously poorer than the repeatability coefficient of PDFF 

measurement ranging from 0.31% to 1.58% in absolute PDFF value. 

We consider that a poor reproducibility of PDFF measurement across commercial 

sequences in our study may have been caused by systematic bias in estimated PDFF between 

different commercial sequences in addition to random error. In our study, statistically 

significant bias was observed in estimated PDFF for all commercial sequences compared with 

the reference PDFF and in most pairwise comparisons of estimated PDFF between commercial 

sequences. Of note, bias in estimated PDFF was also present among the CS-MRI sequences 

which share a common strategy in PDFF measurement, i.e., T1-independent and T2*-

corrected PDFF estimation based on multi-fat peak signal modeling. Though not fully 
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understood, we assume that the use of vendor-specific signal acquisition and PDFF 

reconstruction algorithm may have been a probable reason for the systematic bias in estimated 

PDFF between commercial CS-MRI sequences. This assumption was supported by our 

observation that the reproducibility of PDFF measurement across different field strength for 

the sequences of the same imager vendor (i.e., 1.24% - 3.73% in absolute PDFF value) was 

better than the reproducibility of PDFF measurement across all CS-MRI sequences (i.e., 10.6% 

in absolute PDFF value).

The results of our study argue against the conclusion of a recent meta-analysis 

research which claimed high precision of PDFF measurement using CS-MRI across different 

field strengths, imager vendors, and reconstruction methods.33) However, the data used for the 

reproducibility assessment in this meta-analysis were not adequate to address the 

reproducibility of PDFF measurement using commercial sequences. Most studies included in 

this meta-analysis did not use commercial sequences for PDFF measurement; they acquired 

image data using different imagers but analyzed PDFF using the same PDFF reconstruction 
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method for each study,21,23,24) thus not addressing the variability resulting from the use of 

vendor-specific PDFF reconstruction algorithms. One volunteer study specifically addressed 

the reproducibility of PDFF using commercial CS-MRI sequences on GE and Philips 

imagers,15) while the relatively low PDFF ranges of the volunteers (mean PDFF of 4.9% - 7.1% 

according to imagers) included in this study made the study results less conclusive.  

Our findings obtained from fat-water phantoms covering full range of expected 

PDFF in human hepatic steatosis, indicated that PDFF values measured using different 

commercial sequences are not interchangeable. Thus, when commercial MR sequences for 

PDFF measurement were used for longitudinal follow-up of hepatic steatosis, it is 

recommended to perform follow-up imaging with the same sequence and with the same 

imager as the initial imaging. Based on our findings, follow-up examination with the same 

sequence of the same imager manufacturer at different field strength would be a practical 

alternative method. A few previous studies reported good reproducibility of PDFF 

measurement across different imagers and field strengths when PDFF analysis was performed 
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using a single PDFF reconstruction algorithm.21-24) Thus, a central PDFF reconstruction of 

image data obtained in multiple centers would be a reasonable method for multi-center 

clinical trials involving MR-based imaging follow-up of hepatic steatosis. 

Our study has limitations. First, the results of our phantom experiment did not 

account for potential errors in PDFF measurement resulting from regional heterogeneity of HS, 

motion artifact, image noise, and magnetic field inhomogeneity, which may occur in in-vivo 

measurement of PDFF in human liver. Thus, our results may have overestimated the 

repeatability and reproducibility of PDFF measurement. Second, although we tried to create 

our phantoms closely simulating human fatty liver, the MR fat spectrum of lard oil used for 

constructing our phantoms was not completely identical to that of fat in human liver. This may

have impaired the accuracy of CS-MRI sequences which model fat signals based on known 

relative amplitudes of fat MR peaks in human. Finally, we performed MR experiments with 

phantoms filled with tap water, not adjusting the temperature of the phantoms to the body 

temperature. Given a significant influence of temperature on MR-based PDFF measurement,34)
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this may have confounded our results. 

In conclusion, the measurement of PDFF with commercial MR sequences is highly 

repeatable. However, it is not reproducible across sequences, imager vendors, and field 

strengths. For longitudinal follow-up of hepatic steatosis using commercial MR sequences for 

PDFF measurement, the use of the same sequence and imager is recommended. 

.
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Table 1. Imaging parameters for commercial chemical shift MR imaging sequences

Vendor,      

field strength

Siemens, 

3.0T

Siemens, 

1.5T

Philips, 

3.0T

GE,   

3.0T

GE,   

1.5T

Scanner name Skyra AVANTO Ingenia Discovery 

MR 750W

Signa HDxt

Sequence name Multi-echo 

Dixon

Multi-echo 

Dixon

mDIXON 

Quant

IDEAL IQ IDEAL IQ

Matrix 160 x 160 256 x 256 160 x 160 160 x 160 160 x 160

Field of view 

(mm)

380 x 314 420 x 315 350 x 350 400 x 360 400 x 360

Number of echoes 6 6 6 6 6

TE, first (msec) 1.23 1.03 1.06 0.8 0.7
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Table 1. Continue

TE, interval 

(msec)

1.23 1.27 0.8 0.7 1.36

TR (msec) 9.0 9.17 6.1 5.1 8.9

Flip angle 

(degree)

4 5 3 3 5

Bandwith 

(Hz/pixel)

1080 1090 1164 694 781

Slice thickness 

(mm)

3 4 3 10 10

Number of slices 72 60 67 16 16

Note. - TE = echo time, TR = repetition time
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Table 2. Correlation and agreement of PDFF estimated using commercial sequences with the 

reference PDFF

Linear regression Bland-Altman analysis

Correlation 

coefficient

95% LOA* P value†

HISTO

Siemens 3T 0.998 -0.87% ± 2.27% <.001

Siemens 1.5T 0.998 -0.89% ± 1.99% <.001

CS-MRI

Siemens 3T 0.998 -4.56% ± 5.06% <.001

Siemens 1.5T 0.997 -2.95% ± 2.85% <.001

GE 3T 0.998 1.44% ± 3.26% <.001

GE 1.5T 0.996 3.59% ± 5.71% <.001
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Table 2. Continue

Philips 3T 0.997 1.52% ± 3.88% <.001

Note. – Bland-Altan 95% Limit of agreement was expressed in absolute PDFF value. PDFF = proton 

density fat fraction, CI = confidence interval, CS-MRI = chemical shift magnetic resonance imaging, 

HISTO = high-speed T2-corrected multiple echo 1H MRS sequence, LOA = limit of agreement, SD = 

standard deviation.

*95% LOA was expressed in mean bias ± 1.96·standard deviation in absolute PDFF value 

†P value for statistically significant difference of bias from zero
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Table3. Bland-Altman 95% limits-of-agreement of estimated PDFF between commercial 

sequences. 

95% LOA*

(mean bias ± 1.96·SD)

P-value†

CS-MRI (Siemens 3T)

vs. CS-MRI (GE 3T) 6.01% ± 7.69% < 0.001

vs. CS-MRI (Philips,3T) 6.08% ± 8.02% < 0.001

vs. HISTO (Siemens, 3T) 3.69% ± 5.11% < 0.001

vs. CS-MRI (Siemens,1.5T) 1.61% ± 3.69% < 0.001

vs. CS-MRI (GE,1.5T) 8.15% ± 10.25% < 0.001

vs. HISTO (Siemens, 1.5T) 3.67% ± 5.23% < 0.001

CS-MRI (Philips,3T)

vs. CS-MRI (GE,3T) -0.07% ± 1.67% 0.51

vs. HISTO (Siemens, 3T) -2.39% ± 3.29% < 0.001

vs. CS-MRI (Siemens,1.5T) -4.47% ± 5.47% < 0.001

vs. CS-MRI (GE,1.5T) 2.07% ± 2.73% < 0.001

vs. HISTO (Siemens, 1.5T) -2.41% ± 3.21% < 0.001

CS-MRI (GE,3T)
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Table 3. Continue

vs. HISTO (Siemens, 3T) -2.32% ± 3.02% < 0.001

vs. CS-MRI (Siemens,1.5T) -4.40% ± 5.3% < 0.001

vs. CS-MRI (GE,1.5T) 2.15% ± 2.75% < 0.001

vs. HISTO (Siemens, 1.5T) -2.33% ± 3.13% < 0.001

CS-MRI (Siemens,1.5T)

vs. HISTO (Siemens, 3T) 2.08% ± 3.22% < 0.001

vs. CS-MRI (GE,1.5T) 6.54% ± 7.66% < 0.001

vs. HISTO (Siemens, 1.5T) 2.06% ± 2.84% < 0.001

CS-MRI (GE,1.5T)

vs. HISTO (Siemens, 3T) -4.46% ± 5.46% < 0.001

vs. HISTO (Siemens, 1.5T) -4.48% ± 5.38% < 0.001

HISTO (Siemens,3T)

vs. HISTO (Siemens, 1.5T) -0.02% ± 1.52% 0.86

Note. – Bland-Altan 95% Limit of agreement was expressed in absolute PDFF value. 

Comparisons of the sequences of the same imager vendor between different field strengths 

were underlined. CS-MRI = chemical shift magnetic resonance imaging, HISTO = high-

speed T2-corrected multiple echo 1H MRS sequence, LOA = limit of agreement.
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*95% LOA was expressed in mean bias ± 1.96·standard deviation in absolute PDFF value 

†P value for statistically significant difference of mean bias from zero
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Table 4. Repeatability coefficient of PDFF measurement 

Repeatability coefficient (95% CI)

MRS* 1.15% (0.95%-1.45%)

HISTO

Siemens 3T 1.11% (0.92%-1.41%)

Siemens 1.5T 0.64% (0.53%-0.81%)

CS-MRI

Siemens 3T 0.31% (0.26%-0.40%)

Siemens 1.5T 0.99% (0.82%-1.25%)

GE 3T 0.63% (0.52%-0.80%)

GE 1.5T 0.92% (0.76%-1.17%)

Philips 3T 1.58% (1.31%-2.00%)

Note. - Repeatability coefficient was expressed in absolute PDFF value. CI = confidence 

interval, CS-MRI = chemical shift magnetic resonance imaging, HISTO = high-speed T2-

corrected multiple echo 1H MRS sequence, MRS = MR spectroscopy, PDFF = proton density 

fat fraction.

*For the measurement of reference PDFF
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Figure 1: Phantoms for MR examination. (a) Microscopic image (x400 magnification) of the 

50 weight % fat phantom shows 5-10 um of fat vacuoles homogeneously distributed in agar 

gel. (b-c) Photographs of the phantoms arranged in test tube rack (b) and those fixed in the 

plastic container (c). For MR examination, the plastic contained was filled with tap water 

and sealed with the dedicated cover. 

(a)
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 (b) 

(c)
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Figure 2: Representative MR images of phantoms. (a) Multi-echo MR spectroscopic spectra 

of 30 w% fat phantom for reference proton density fat fraction (PDFF) measurement. The 

MR spectroscopic spectra were acquired at 3.0T with TEs of 12,15,20,25 and 30msec, TR of 

5000msec, and eight signal averaged. (b) A proton density fat fraction map of the phantoms 

obtained with a commercial chemical shift-based imaging sequence (mDIXON Quant) using 

a Philips 3.0T scanner. 

(a)
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(b)
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Figure 3: Scatterplots of proton density fat fraction (PDFF) estimated using the commercial 

sequences versus the reference PDFF. Black solid line is the reference line indicating 

complete agreement with the reference PDFF (intercept = 0, slope = 1). Dashed lines are 

regression lines for estimated PDFF with commercial sequences. Correlation coefficients, 

slopes, and intercepts for these regression lines were presented in Table 3. HISTO = high-

speed T2-corrected multiple echo 1H MRS sequence, CS-MRI = chemical shift-based MRI. 
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Appendix

Magnetic resonance (MR) spectrum of fat consists of multiple fat peaks. The relative 

magnitude of each fat peak is variable according to chemical structures of fat substances, 

largely depending on their number of double bonds and fatty acid chain length.1) To construct 

our phantoms using a fat substance having a similar MR spectrum to that of human liver fat, 

we first searched lipid profiles of various oil products on National Nutrient Database for 

Standard Reference Legacy Release website provided by United States Department of 

Agriculture (https://ndb.nal.usda.gov/ndb/search) to find a commercially available oil 

product which have similar lipid profiles to human liver fat (saturated, monounsaturated, and 

polyunsaturated fat ratio, 0.46:0.39:0.15) reported in a previous study,2) Lard oil with 

saturated, monounsaturated, and polyunsaturated fat ratios of 0.41:0.47:0.12 was selected as 

the candidate oil for constructing our phantoms. MR spectrum was evaluated for lard oil as 

well as for coconut oil (saturated fat proportion, 0.91) and canola oil (saturated fat proportion, 

0.07) as the controls with a high and low saturated fat proportions, respectively. Multi-echo 

MR spectroscopy was performed at a 3.0T MRI system (MAGNETOM Skyra, Siemens 
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Healthcare, Erlangen, Germany) using stimulated-echo acquisition mode (STEAM) 

sequence (TEs, 12, 15, 20, 25 and 30 msec; TR, 5000 msec; mixing time, 10 msec; and eight 

signals acquired) five times for each oil contained in 50 ml plastic test tube. A single 

experienced radiologist analyzed the spectra using the AMARES algorithm included in the 

MRUI software package. All measurable fat peaks were modeled by multiple Gaussian 

resonances, specifically the 1.3 ppm peak with three Gaussians; each of 0.9 ppm and 2.1 

ppm peaks with two Gaussians, 2.7 ppm peak with a single Gaussian, 4.2 ppm peak with a 

single Gaussian, and 5.3 ppm peak with two Gaussians. For each fat peaks, T2-corrected 

peak areas were calculated by nonlinear least-squares fitting. Relative magnitude of each fat 

peak to all fat peaks was calculated for each oil product. Analysis results of five repeated MR 

spectroscopic examinations were averaged and used as representative result for each oil 

product. Figure E1 shows MR spectrum of lard oil. Table E1 summarizes fat spectra of three 

oil products compared with the spectrum of human liver fat reported in a previous study.1)

Although all oil products had some differences to human liver, the lard oil showed most 

similar fat spectrum to human liver fat among three oil products, especially for the relative 
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proportion of fat peaks at 5.3 and 4.2 ppm which may overlie water peak.1) Therefore, we 

finally selected the lard oil as the fat substance for our phantoms. 

References 

1 Hamilton G, Yokoo T, Bydder M, et al. In vivo characterization of the liver fat (1)H 

MR spectrum. NMR Biomed 2011;24(7):784-790.

2 Puri P, Baillie RA, Wiest MM, et al. A lipidomic analysis of nonalcoholic fatty liver 

disease. Hepatology 2007;46(4):1081-1090.
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Appendix Table 1: Fat spectra of human fatty liver and the oil products

Peak 

number

Peak 

location

Relative magnitude of each fat peak to all fat peaks (%)

Human liver* Lard oil Coconut oil Canola oil

1

2

5.3 ppm

4.2 ppm

8.6† 8.4† 2.7† 9.8†

3 2.7 ppm 0.6 0.3 0 0.9

4 2.1 ppm 12 9.1 4.3 11.9

5 1.3 ppm 70 61.3 70.5 58.6

6 0.9 ppm 8.8 20.9 22.5 18.8

* Spectrum of human liver fat was adapted from the study of Hamilton et al 1.

† Relative proportion of the sum of fat peaks at 5.3 ppm and 4.2 ppm to all fat peaks
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Appendix Figure 1: Fat MR spectra of lard oil. MR spectra obtained at 3.0T with 

stimulated-echo acquisition mode (TE = 12, 15, 20, 25, and 30 msec, TR = 5000 msec, and 

eight signals averaged) demonstrates six fat peaks at 5.3ppm (peak 1), 4.2ppm (peak 2), 2.7 

ppm (peak 3), 2.1 ppm (peak 4), 1.3 ppm (peak 5), and 0.9 ppm (peak 6). The location of 

water peak is indicated with the arrow. The relative magnitude of each fat peak to all fat 

peaks were 8.4%, 0.3%, 9.1%, 61.3%, and 20.9% for peak 1 and 2, peak 3, peak 4, peak 5, 

and peak 6, respectively. .
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국문 요약

연구 목적: 다양한 제조사의 다양한 외부자장 및 기술을 이용한 상용 자기 공명

영상 기법을 이용해 측정한 양성자 밀도 지방 분획 (PDFF)의 일치도 및 재현성

평가를 위한 팬텀 연구 (phantom study). 

연구 방법: 라드 (Lard) 오일을 이용하여 만든 11종류의 지방 중량 퍼센트를 가지

는 (0, 3, 6, 10, 15, 20, 25, 30, 35, 40, and 50 weight %) 팬텀을 제작하여 사람 간의 지

방 분율을 모방하였다. 팬텀 PDFF의 측정은 다양한 제조사의 1.5T, 3T의 총 7종

류의 상용 자기 공명 영상 기법을 (chemical shift-based MR imaging[CS-MRI] 와

MR spectroscopic sequence[HISTO]) 이용하여 측정하였다. 각 측정한 PDFF들간의

일치도는 Bland-Altman 분석을 이용하였다. 각 영상 기법에서의 반복성

(repeatability)은 반복성 계수(repeatability coefficient)로 모든 영상 기법에서의 재현

성 (reproducibility)은 재현성 계수(reproducibility coefficient)로 측정하였다.

연구 결과: 각 영상 기법에서, 측정 PDFF 대한 반복성 계수의 범위는 0.31~1.58

로 측정되어 높은 반복성을 보였다. 모든 상용 영상 기법 (CS-MRI and HISTO)의
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재현성은 9.0%, 상용 CS-MRI간의 재현성은 10.6%로 상대적으로 높게 측정 되었

다. 21개의 두 PDFF 조합 중 19개의 조합에서 c측정 PDFF에 통계적으로 유의한

오차가 존재하였다 (오차범위: -4.48% ~ 8.15%). 

연구 결론: 같은 제조회사, 같은 상용 기법을 이용한 PDFF 측정의 반복성은 높

지만, 다른 기관, 다른 제조회사의 상용 자기 공명 영상을 이용한 PDFF의 측정

에서의 재현성은 상대적으로 낮다. 따라서 지방간 환자의 경과 관찰을 위한 MR 

PDFF 측정에 있어서 같은 제조회사 같은 영상 기법의 사용이 요구되는 바이다. 

* 중심 단어: 양성자 밀도 지방 분획 (PDFF), 상용 자기 공명 영상, 재현성, 팬텀

연구, 지방간
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