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Abstract

Purpose—To examine the reproducibility of quantitative magnetic resonance (MR) methods to 

estimate hepatic proton density fat-fraction (PDFF) at different magnetic field strengths.

Materials and Methods—This Health Insurance Portability and Accountability Act (HIPAA)-

compliant study was approved by the Institutional Review Board. Following informed consent, 25 

severely obese subjects (mean body mass index [BMI]: 45 ± 4, range: 38–53 kg/m2) were scanned 

at 1.5T and 3T on the same day. Two confounder-corrected multiecho chemical shift-encoded 

gradient-echo-based imaging methods were acquired to estimate PDFF over the entire liver: 3D 

complex-based (MRI-C) and 2D magnitude-based (MRI-M) MRI. Single-voxel MR spectroscopy 

(MRS) was performed in the right liver lobe. Using linear regression, pairwise comparisons of 

estimated PDFF were made between methods (MRI-C, MRI-M, MRS) at each field strength and 

for each method across field strengths.

Results—1.5T vs. 3T regression analyses for MRI-C, MRI-M, and MRS PDFF measurements 

yielded R2 values of 0.99, 0.97, and 0.90, respectively. The best-fit line was near unity (slope(m) = 
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1, intercept(b) = 0), indicating excellent agreement for each case: MRI-C (m = 0.92 [0.87, 0.99], b 

= 1.4 [0.7, 1.8]); MRI-M (m = 1.0 [0.90, 1.08], b = −1.4 [−2.4, −0.5]); MRS (m = 0.98 [0.82, 

1.15], b = 1.2 [−0.2, 3.0]). Comparing MRI-C and MRI-M yielded an R2 = 0.98 (m = 1.1 [1.02, 

1.16], b = −1.8 [−2.8, −1.1]) at 1.5T, and R2 = 0.99 (m = 0.98 [0.93, 1.03], b = 1.2 [0.7, 1.7]) at 

3T.

Conclusion—This study demonstrates that PDFF estimation is reproducible across field 

strengths and across two confounder-corrected MR-based methods.

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver 

disease, affecting between 20% to 30% of the U.S. population1,2 and an even greater 

percentage of the obese population.3 NAFLD can progress to liver inflammation, fibrosis, 

and eventually cirrhosis with complications including liver failure, portal hypertension, and 

hepatocellular carcinoma.4 Recent studies have shown that hepatic fat content demonstrates 

a strong link to metabolic complications in the obese population,5,6 and individuals with 

elevated liver fat are at higher risk of heart disease and diabetes.7 Unfortunately, definitive 

diagnosis of NAFLD currently requires biopsy, which is expensive, carries some risk, and 

most important suffers from sampling variability.8,9 Noninvasive, whole-liver fat 

quantification is critical for early detection and grading of NAFLD, and holds considerable 

potential to facilitate early intervention to prevent or reverse progression, as well as monitor 

treatment.

In recent years, confounder-corrected chemical-shift-encoded quantitative magnetic 

resonance imaging (MRI) methods have shown promise as a noninvasive biomarker of 

hepatic steatosis.10–14 These methods exploit the fact that hydrogen protons in water precess 

at a different resonance frequency than hydrogen protons in triglycerides. When all 

confounding factors are addressed (vide infra), the proton density fat-fraction (PDFF), an 

inherent property of tissue, can be quantified.15

The first MR technique to demonstrate good correlation of hepatic fat content with tissue 

reference standards was MR spectroscopy (MRS),16–18 and it is widely accepted as the 

noninvasive reference standard for fat-quantification in tissue. In recent years, the most 

common approach has combined a stimulated echo acquisition mode (STEAM) acquisition 

scheme with T2 correction and spectral modeling that accounts for the multipeak spectral 

structure of hepatic triglycerides.10 MRS has several inherent drawbacks, however, that limit 

its clinical utility. Spatial coverage is limited to a single voxel, leading to sampling 

variability, which may be problematic for longitudinal follow-up and treatment monitoring. 

Further, most MRS methods require advanced postprocessing by individuals with 

experience in MRS.

Three-dimensional imaging methods are necessary to assess fat content across the entire 

liver. Two independently developed confounder-corrected multiecho chemical-shift-based 

MRI techniques have shown promise for whole-liver PDFF quantification. One is a 

multislice 2D magnitude-based gradient echo method,13,14 referred to as MRI-M for brevity, 

while the other is a 3D complex-based gradient echo method, referred to as MRI-C.19 To 

quantify PDFF from multiple images acquired at increasing echo times, both techniques 

incorporate a multipeak spectral model of liver fat10,20 and T2* correction,21 and both use 
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low flip angles to mitigate T1 bias.22,23 Because MRI-C uses complex data, it also corrects 

for eddy currents24 and noise-related bias.23 Numerous validation studies have been 

performed assessing accuracy and repeatability in phantoms, animal models, and patients for 

MRI-M and MRI-C.11–14,25–29 Two MRI vendors (GE Healthcare, Waukesha, WI, Philips, 

Best, Netherlands) now offer MRI-C as a commercial product for quantifying hepatic fat-

fraction.

Most commercially available clinical MRI scanners have 1.5T or 3T field strength. Since 

1.5T and 3T field strengths are associated with different resonant frequencies, relaxation 

parameters, and B0 and B1 inhomogeneities, it is important to verify that PDFF 

measurements are reproducible across field strength. Because known confounders of PDFF 

have been addressed using MRI-M, MRI-C, and MRS, these methods should provide 

consistent estimates of hepatic PDFF. Some investigations have shown encouraging 

preliminary 1.5T vs. 3T results for one or more methods similar to those described 

above.30,31 The purpose of this work was to compare MRI-C, MRI-M, and MRS hepatic 

PDFF measurements in obese patients at high risk for NAFLD and examine each technique's 

reproducibility across field strengths, specifically 1.5T and 3T.

Materials and Methods

This Health Insurance Portability and Accountability Act (HIPPA)-compliant study was 

approved by our institutional Human Subjects Review Committee and written informed 

consent was obtained from all subjects. Obese patients that were selected for weight-loss 

surgery were informed of the study in consecutive order during routine clinic appointments. 

When a patient indicated interest in further information and he/she met the inclusion criteria, 

recruitment commenced by telephone. We included adults (>18 years of age) who were 

severely obese (body mass index [BMI] >35 kg/m2) and being evaluated for weight loss 

surgery. Exclusion criteria were contraindications to MRI or history of known liver disease 

besides potential NAFLD.

Between March 2012 and December 2013, a total of 25 subjects (21 Caucasian females; 

three Caucasian males; one African-American male) participated in this study (age: 48 ± 13 

years; weight: 116 ± 14 kg; BMI: 45 ± 4 kg/m2 with range 38–53 kg/m2 and median 44 

kg/m2). Each subject was scanned at both 1.5T and 3T (Signa HDx and Discovery MR750, 

respectively, GE Healthcare) on the same day within a 1-hour period. The diameter of the 

bore was 60 cm for each scanner. An eight-channel phased array cardiac coil and a 32-

channel phased array abdominal coil were used at 1.5T and 3T, respectively. At each field 

strength, three separate liver fat quantification methods were performed within a scanning 

session that was 15 minutes or less (including patient setup, localization, and calibration).

3D Complex-Based Gradient Echo Imaging (MRI-C)

A 3D complex-based multiecho chemical shift-encoded method was performed.19 

Acquisition parameters at 3T included: 6 total echoes acquired in two interleaved shots, TR 

= 8.6 msec, TE1 = 1.2 msec, ΔTE = 1.0 msec, flip = 3°, BW = ±125 kHz, FOV = 44 cm, 

slice = 8 mm, 256 × 128 matrix, 32 slices, ARC parallel imaging acceleration = 2 × 2, and a 

total scan time of 20 seconds (single breath-hold). The true spatial resolution at 3T was 1.7 × 
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3.4 × 8.0 mm3, interpolated to 1.7 × 1.7 × 8 mm3 through zero-filling. Parameters at 1.5T 

were similar except for the following: TR = 13.4 msec, 6 echoes all in one shot, 256 × 160 

matrix, flip = 5°, TE1 = 1.2 msec, ΔTE = 2.0 msec. The true spatial resolution at 1.5T was 

1.7 × 2.8 × 8 mm3, interpolated to 1.7 × 1.7 × 8 mm3 through zero-filling. At both 1.5T and 

3T, the choice of flip angle was based on the TR of each acquisition to minimize T1 related 

bias.26,32

2D Magnitude-Based Gradient Echo Imaging (MRI-M)

A 2D magnitude-based gradient echo method13,14 was also performed at both field 

strengths: acquisition parameters at 3T included the following: 6 echoes/TR in one shot, TR 

= 150 msec, TE1 = 1.15 msec, ΔTE = 1.15 msec, flip = 10°, BW = ±125 kHz, FOV = 44 cm, 

slice = 8 mm, 224 × 160 matrix, 28 slices, ASSET factor = 2, for a total scan time of 26 

seconds (split into two breath-holds). The true spatial resolution at 3T was 2.0 × 2.8 × 8.0 

mm3, interpolated to 1.7 × 1.7 × 8 mm3 through zero-filling. Parameters were adjusted at 

1.5T as follows: TR = 170 msec, TE1 = 2.3 msec, ΔTE = 2.3 msec, BW = ±83 kHz, matrix = 

256 × 160, ASSET factor = 1.5, total scan of 42 seconds (split into three breath-holds).

Single Voxel MRS

Single breath-hold STEAM MRS was performed in a single voxel (without spatial or water 

suppression) as previously described10 at both 1.5T and 3T. A 20 × 20 × 20 mm3 voxel was 

placed in the posterior segment of the right hepatic lobe (Couinaud segment 6 or 7) avoiding 

large biliary and vascular structures. 3T acquisition parameters included: TR = 3500 msec, 

five echoes with TEs (10, 15, 20, 25, 30 msec), spectral width ±2.5 kHz, 2048 points, 1 

signal average, 21 seconds breath-hold. 1.5T parameters were the same except for the echo 

times: 10, 20, 30, 40, 50 msec.

PDFF Determination and Image Analysis

MRS—T2-corrected MRS spectra were analyzed to estimate PDFF by a single observer 

with 14 years of experience (G.H.) using the AMARES algorithm, also as previously 

described.10

MRI—Reconstruction of PDFF maps from source echo images were performed online using 

investigational versions of the algorithms previously described for MRI-M33 and for MRI-

C.12,29 Both algorithms use spectral modeling of fat10,11 and T2* correction.12 MRI-C also 

corrected for eddy currents and noise-related bias.13,14 A 3.14 cm2 region-of-interest (ROI) 

was placed on the PDFF map in each of the nine Couinaud liver segments (1, 2, 3, 4a, 4b, 5, 

6, 7, 8) while colocalizing the placement between 1.5T and 3T images.

The average of these nine ROI measurements was used to compare MRI-M and MRI-C at 

each of the field strengths and to compare each method across field strengths.

To compare MRI-M and MRI-C with MRS, additional ROIs were colocalized with the MRS 

voxel coordinates and averaged across the three 8 mm slices centered on the 20 mm MRS 

voxel. A data storage failure occurred for one 1.5T MRS file in one of the 25 subjects, 

precluding its use in relevant analyses.
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Statistical Analyses

Univariate linear regression was used to assess agreement, pairwise, between methods and 

between field strengths in this study. The following relationships were evaluated in separate 

models: MRI-C at 3T vs. MRI-C at 1.5T, MRI-M at 3T vs. MRI-M at 1.5T, MRS at 3T vs. 

MRS at 1.5T, MRI-C at 1.5T vs. MRI-M at 1.5T, MRI-C at 3T vs. MRI-M at 3T, MRS at 

1.5T vs. MRI-C at 1.5T, MRS at 3T vs. MRI-C at 3T, MRS at 1.5T vs. MRI-M at 1.5T, 

MRS at 3T vs. MRI-M at 3T. For each regression model the intercept and slope of the 

regression line, the coefficient of determination R2, and the average bias were computed. 

Average bias is defined as the square root of the average squared difference between the 

regression line and the Y = X line of unity. Bootstrap-based bias-corrected accelerated 95% 

confidence intervals (CI) were computed for each parameter.

Results

Representative PDFF maps are displayed in Fig. 1 for MRI-M and MRI-C at 1.5T and 3T 

for a subject with low hepatic fat content and in a subject with high hepatic fat content. 

Excellent agreement was observed both qualitatively and quantitatively, with minimal 

variation between colocalized liver PDFF measurements. Note that MRI-M is capable of 

measuring PDFF from 0 to 50%, while MRI-C can measure PDFF from 0–100%. This 

difference in dynamic range between MRI-C and MRI-M explains the difference in 

appearance of adipose tissue outside the liver, which typically has PDFF exceeding 90%.

Excellent correlation and agreement was observed between 3T and 1.5T for all three MR-

based PDFF techniques (Fig. 2). The R2 values for MRI-C, MRI-M, and MRS were 0.99, 

0.97, and 0.90, respectively, suggesting that MRS may demonstrate the most variability 

between the two field strengths. The slope and intercept (m = slope [95% CI], b = intercept 

[95% CI]) were also near one and zero for MRI-C (m = 0.92 [0.87, 0.99], b = 1.4 [0.7, 1.8]) 

and MRI-M (m = 1.0 [0.90, 1.08], b = −1.4 [−2.4, −0.5]), although perfect agreement (m = 1 

and b = 0) was not achieved in either case. At low fat-fractions, 3T MRI-C measurements 

were slightly larger than those at 1.5T, leading to a positive intercept and slope less than 

one. MRI-M measurements exhibited an average bias of 1.4% between field strengths. 

Despite more variability and lower correlation, confidence intervals for 3T MRS vs. 1.5T 

MRS included a slope of one and intercept of zero (m = 0.98 [0.82, 1.15], b = 1.2 [−0.2, 

3.0]).

Comparison of complex-based and magnitude-based PDFF measurements (Fig. 3) yielded 

excellent correlation at 1.5T (R2 = 0.98) and 3T (R2 = 0.99). Agreement was very good at 

1.5T (m = 1.1 [1.02, 1.16], b = −1.8 [−2.8, −1.1]), but not perfect, as MRI-C measured lower 

values compared to MRI-M in the region of low PDFF. 3T MRI-C vs. 3T MRI-M also 

agreed very well (m = 0.98 [0.93, 1.03], b = 1.2 [0.7, 1.7]), although an average bias of ~1% 

existed across all measured fat-fractions.

MRS-based PDFF measurements were also compared to those made by MRI-C at 1.5T and 

3T (Fig. 4) and MRI-M at 1.5T and 3T (Fig. 5). The goodness of fit was excellent (R2 ≥ 

0.94) in all cases. MRS and MRI-C PDFF measurements at 1.5T deviated with larger fat-

fractions, causing the slope to differ marginally from unity (m = 0.86 [0.78, 0.96], b = −0.03 
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[−0.9, 1.3]). Regression for MRS vs. MRI-C at 3T (m = 0.98 [0.90, 1.06], b = −1.1 [−2.0, 

−0.05]) fell only slightly below unity with an average bias of ~1.4% for all fat-fractions. 

Comparing MRS to MRI-M at 1.5T (m = 0.95 [0.83, 1.10], b = −2.3 [−3.8, −0.5]) yielded a 

consistent bias averaging ~2.9% for all fat-fractions. Near-perfect agreement was observed 

between MRS and MRI-M at 3T (m = 1.00 [0.91, 1.08], b = 0.2 [−0.6, 1.3]) where the best-

fit line was not statistically different from the line of unity.

Discussion

This work demonstrates that MR-based estimation of hepatic PDFF is reproducible across 

the two most common clinically available field strengths (1.5T and 3T) in obese subjects. 

Although agreement was not perfect in all cases, only small biases led to deviation from 

unity. Further, excellent reproducibility between two different MRI methods, a 2D 

magnitude-based method (MRI-M) and a 3D complex-based method (MRI-C), was shown. 

This demonstrates through a direct comparison that when confounders are addressed, 

estimation of PDFF is reproducible across imaging method. Excellent agreement across field 

strength and method allows great flexibility for noninvasive detection, grading, and 

longitudinal evaluation of fatty liver disease.

The demonstration of reproducibility of PDFF quantification in obese subjects is clinically 

relevant. This population is at an elevated risk of NAFLD and is a patient group that may 

benefit from noninvasive detection and grading of liver fat. Further, with the increasing 

recognition of bariatric weight loss surgery as an effective means to treat the metabolic 

syndrome34,35 noninvasive methods for longitudinal evaluation of liver fat are increasingly 

relevant.

Scanning obese subjects can be challenging, particularly in smaller bore (eg, 60 cm) 

magnets with table weight limits (eg, 136 kg). In addition, the increased distance from the 

liver to elements of the radiofrequency coils reduces the signal-to-noise ratio (SNR) 

performance of MR-based methods. Further, short scanning protocols are critical, as close-

fitting conditions become rapidly uncomfortable with time. The scanning session in this 

study was ≤15 minutes.

Whole-liver PDFF measurements demonstrated higher correlation (ie, less variation) for the 

1.5T vs. 3T data compared to the single-voxel MRS technique. This is likely due to 

unavoidable variation in voxel placement between 1.5T and 3T scans, which is an inherent 

drawback of MRS when performing repeated studies. Further, numerous factors that can 

confound PDFF measurement (eg, T1, T2, T2*, spectral complexity of fat, eddy currents, 

noise) were accounted for in this study, yet small differences remain between PDFF 

techniques and between field strengths. The largest difference was between MRS and MRI-

M at 1.5T. The source of this bias is under investigation, but it is plausibly due in part to low 

SNR of the M-MRI method at 1.5T, as near-perfect agreement was observed at 3T between 

MRS and MRI-M. The small but statistically significant differences from the line of unity 

observed in this work indicate that some of the PDFF methods did not perfectly correct all 

confounding factors. It is unknown whether these small remaining discrepancies are 

clinically relevant in the low PDFF realm.
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There were several limitations to this study, including the relatively small number of 

subjects. Although the statistical results of this study demonstrate strong 1.5T vs. 3T 

agreement, additional reproducibility studies including other patient populations are needed. 

Although this study was limited to one patient population, we consider the demonstration of 

reproducibility of MR-based PDFF measurements in obese subjects a strength, given the 

challenges associated with imaging such patients. Further work is also needed to validate the 

accuracy of PDFF measurements with tissue reference standards, such as histology and 

triglyceride analysis. In addition, future validation studies should be performed at multiple 

sites and on multiple vendor platforms.

In conclusion, this study demonstrated excellent reproducibility for MR-based PDFF 

measurements in the liver across field strength (1.5T and 3.0T) and between two different 

confounder-corrected methods. These results suggest that noninvasive, longitudinal 

evaluation of whole-liver fat content can be performed interchangeably between 1.5 and 3T 

and between magnitude- or complex-based methods.
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FIGURE 1. 
Excellent qualitative and quantitative agreement was observed in whole-liver PDFF maps 

between magnetic field strengths and between MRI-M and MRI-C. Colocalized 

measurements are displayed for two subjects, one with low hepatic fat content (top) and one 

with high hepatic fat content (bottom). The differences in dynamic range for MRI-M (0–

50%) and MRI-C (0–100%) explain the difference in appearance of the subcutaneous tissue 

which typically has PDFF >90%.
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FIGURE 2. 
Excellent correlation and agreement was observed between 3T and 1.5T for all three liver 

PDFF techniques. The imaging techniques demonstrated less variability than MRS, and the 

slope (m) and intercept (b) were close to one and zero. At low fat-fractions, 3T MRI-C 

measurements were slightly larger than those at 1.5T. A small systematic bias was observed 

for MRI-M between field strengths. Confidence intervals for MRS include a slope of one 

and intercept of zero, although with higher variability.
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FIGURE 3. 
Complex-based (MRI-C) and magnitude-based (MRI-M) PDFF measurements demonstrated 

excellent agreement at 1.5T and 3T. A slight deviation from unity is observed in the lower 

fat-fractions at 1.5T, while a small (~1%), systematic bias was observed at 3T.
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FIGURE 4. 
Complex-based MRI PDFF measurements showed excellent correlation with MRS at 1.5T 

and 3T. At 1.5T, a deviation from unity with increasing fat-fractions was observed, leading 

to a slope that was statistically different than unity. The regression line for 3T was just 

below the line of unity, with an average bias of 1.4%.
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FIGURE 5. 
Magnitude-based MRI PDFF measurements demonstrated perfect agreement with MRS at 

3T, while 1.5T measurements demonstrated excellent correlation with a systematic bias of 

~2.9%.
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