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Abstract

Purpose—To assess feasibility of and agreement between magnetic resonance imaging (MRI) 

and magnetic resonance spectroscopy (MRS) for estimating hepatic proton density fat fraction 

(PDFF) in children with known or suspected nonalcoholic fatty liver disease (NAFLD).

Material and Methods—Children were included in this study from two previous research 

studies in each of which three MRI and three MRS acquisitions were obtained. Sequence 

acceptability, and MRI- and MRS-estimated PDFF were evaluated. Agreement of MRI- with 

MRS-estimated hepatic PDFF with MRS was assessed by linear regression and Bland-Altman 

analysis. Age, sex, BMI Z-score, acquisition time, and artifact score effects on MRI- and MRS-

estimated PDFF agreement were assessed by multiple linear regression.

Results—Eighty-six children (61 boys, 25 girls) were included in this study. Slope and intercept 

from regressing MRS PDFF on MRI PDFF were 0.969 and 1.591%, respectively, and the Bland-
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Altman bias and 95% limits of agreement were 1.17% ± 2.61%. MRI motion artifact score was 

higher in boys than girls (by 0.21, p = 0.021). Higher BMI Z-score was associated with lower 

agreement between MRS and MRI (p = 0.045).

Conclusion—Hepatic PDFF estimation by both MRI and MRS is feasible, and MRI- and MRS-

estimated PDFF agree closely in children with known or suspected NAFLD.

Keywords

MRI; MRS; NAFLD; proton density fat fraction; PDFF; steatosis

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the leading cause of chronic liver disease in the 

United States [1,2]. It can progress to nonalcoholic steatohepatitis (NASH) and cirrhosis as 

early as in the first decade of life [3,4], is implicated in development of type 2 diabetes and 

cardiovascular disease [5], and is associated with reduced quality of life [6–8]. NAFLD is 

estimated to affect about ten percent of the US pediatric population [9]; eight million 

children are thus at risk for long-term morbidity and potential complications of NAFLD 

unless appropriately diagnosed and treated.

Fat accumulation within hepatocytes, or steatosis, is a defining histologic feature of most 

NAFLD [10–12]. The current gold standard for NAFLD diagnosis is liver biopsy; however, 

biopsy is invasive and often requires sedation in children. These factors may contribute to 

reluctance towards NAFLD workup or follow-up in children, and may adversely affect long-

term outcome.

Non-invasive imaging modalities are needed to assess pediatric hepatic steatosis [13]. 

Possible modalities include ultrasonography (US), computed tomography (CT), magnetic 

resonance spectroscopy (MRS), and magnetic resonance imaging (MRI). Available 

published evidence does not support US to diagnose fatty liver or to grade or monitor 

hepatic steatosis [13]. CT is objective but use of ionizing radiation precludes routine 

utilization in children [14,15]. MRS allows direct estimation of proton-density fat fraction 

(PDFF; a measure of hepatic fat content), is non-invasive, and is considered to be accurate 

and precise [16–18]. However, MRS is time-consuming, technically demanding, restricted 

in spatial coverage, and currently only available in select centers. MRI is minimal risk and 

non-invasive, more rapid and easier to perform than MRS, more accurate and precise than 

ultrasound, does not use ionizing radiation, and provides spatial coverage of the entire liver. 

Awai et al concluded that available published evidence for MRI was promising, but that data 

were as yet insufficient to recommend its use in children to assess hepatic steatosis [13].

Recent clinical studies have shown close agreement of MRI with MRS for hepatic PDFF 

estimation in adults [19–23]. However, no study has systematically assessed feasibility in 

children of both MRI and MRS, together. MR examinations might be less well tolerated in 

examinations in a clinical setting and feasibility for their inclusion in clinical trials.
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Hence, the purpose of this study was to assess feasibility of and agreement between MRI 

and MRS for estimating hepatic PDFF in children with known or suspected NAFLD.

MATERIALS AND METHODS

Study design

This was a retrospective, single-site, cross-sectional, observational analysis of MRI and 

MRS examinations performed prospectively in prior research studies. The current analysis 

and the prior studies were approved by an institutional review board and compliant with the 

Health Insurance Portability and Accountability Act.

Between March 2008 and December 2009, children aged eight to eighteen years were 

referred for MR examination as part of two prior prospective observational studies by a -- 

pediatric hepatologist. The lower bound of eight years of age in the parent studies was most 

likely due to the fact that younger children often have trouble undergoing MR examinations 

without sedation. As part of those studies, children gave written informed assent, and 

parent(s)/guardian(s) gave written informed consent. Inclusion criteria for those studies were 

known diagnosis of NAFLD, or presence of risk factors for NAFLD [24–27]. Exclusion 

criteria were liver disease other than NAFLD, contraindication to MR, pregnancy, severe 

claustrophobia, or severe mental or developmental disorder. Age, sex and body mass index 

(BMI) were recorded in those studies. Biopsy data were not uniformly available from the 

parent studies from which we selected subjects, and so were not included in this 

retrospective analysis.

Subjects for this retrospective analysis were selected by review of children who had at least 

one MR examination as part of those prior studies in which at least three MRI and at least 

three MRS acquisitions were obtained. If subjects had more than one qualifying MR 

examination, the first one was reviewed for this study. If more than three MRI or MRS 

acquisitions were obtained in that examination, the first three (of each) were used for the 

current analysis.

MR examination protocol

Subjects were positioned supine on a 3T MR scanner (GE Signa EXCITE HDxt, GE 

Medical Systems, Milwaukee, Wisconsin) with an 8-channel torso phased-array coil and a 

dielectric pad placed over their upper abdomen. Before imaging, subjects practiced breath-

holding with the MR technologist. Abdominal bellows were used to monitor respiratory 

motion. No anxiolytics, sedatives, or contrast agents were administered.

MR imaging—Breath-hold axial multi-echo 2D spoiled gradient-recalled-echo (SPGR) 

liver imaging was performed using a previously described magnitude-MRI (M-MRI) PDFF-

estimation protocol [19]. Default parameters were TR of 150–175 ms and low flip angle 

(10°) to avoid T1 weighting, nominally out-of-phase and in-phase echo times (1.15, 2.3, 

3.45, 4.6, 5.75, and 6.9 ms) to permit correction for T2* signal decay, single breath-hold, 

one signal average, echo fraction of 0.8 and receive bandwidth of ± 142 kHz to permit 1.15 

ms echo spacing, 8–10 mm slice thickness, 0 mm inter-slice gap, acquisition matrix 192 × 

192, parallel imaging off, and rectangular field-of-view (FOV) adjusted for body habitus 
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(70–100% phase FOV). In children with breath-hold difficulty, default parameters were 

modified in the following order as needed: a) TR was reduced as low as 100 ms to shorten 

acquisition time, b) number of phase-encoding steps was reduced as low as 96 by reducing 

base matrix and/or phase FOV (as low as 65%), and c) Array Spatial Sensitivity Encoding 

Technique (ASSET) parallel imaging with an acceleration factor of 2.0 was applied. In 

subjects with good breath-hold capacity, TR and/or matrix size was increased above default 

values at MR technologist discretion. Parameters were modified to maximize liver coverage, 

keeping acquisition time within breath-hold capacity. The imaged liver volume always 

included the MRS voxel location. The MRI sequence was acquired at least three times 

covering the same volume, each in a separate breath-hold, with no change in subject 

positioning or scan parameters. MRI acquisition time was recorded.

MR spectroscopy—A single 20 × 20 × 20 mm voxel was selected in the right lobe of the 

liver, avoiding blood vessels, bile ducts, and liver edges. The MRS voxel was shimmed 

automatically with manual adjustment as necessary. A localizing axial image was stored 

showing the MRS voxel position. No frequency or spatial saturation was applied. Breath-

hold stimulated-echo acquisition mode (STEAM) proton spectroscopy was acquired with 

one signal average using a previously described PDFF estimation protocol [28]. An initial 

excitation was done to better approach steady state. Long TR (3,500 ms) was used to avoid 

T1 weighting. Short mixing time (5 ms) was used to minimize j-coupling effects. T2 

correction was permitted by acquiring TEs of 10, 15, 20, 25, and 30 ms. Spectra collected 

from each of the eight surface-coil elements were combined using singular value 

decomposition [29]. The STEAM sequence was acquired at least three times at the same 

voxel location, each in a separate breath-hold, with no change in subject positioning or scan 

parameters. MRS acquisition time was constant (21 s).

Hepatic PDFF analysis

MR imaging—M-MRI source images were post-processed to generate hepatic parametric 

PDFF maps by fitting multi-TE signal-intensity values pixel-by-pixel to a fat-water spectral 

model [23]. Water signal was modeled as a single-frequency signal (4.7 ppm). Fat signal 

was modeled as a sum of 0.9, 1.3, 2.1, 2.75, 4.2, and 5.3 ppm frequency signals with relative 

weights 0.088, 0.70, 0.12, 0.006, 0.039, and 0.047, respectively. Blinded to clinical history 

and MRS results, a trained research assistant (--; 3 yrs experience) manually placed a 

circular region-of-interest (ROI; 20 mm diameter) on source MR images at the MRS voxel 

location, propagated that ROI to the PDFF map, and recorded mean PDFF.

MR spectroscopy—MR spectra were analyzed offline, blinded to clinical history and 

MRI results, using the AMARES spectral fitting algorithm [30] in Java-based Magnetic 

Resonance User Interface (jMRUI) software [31] by an MR physicist (--; > 11 yrs 

experience) using a multi-peak spectral model based on prior knowledge [32]. T2-corrected 

peak areas were calculated by non-linear least-square fitting that minimized differences 

between observed peak areas and the exponential decay of water (4.7 ppm) and sum of 

visible fat peaks (0–3 ppm). PDFF values were corrected for fat included in the water peak 

from a previously established standard MRS liver spectrum [32]. The R2 values for each fit 

were recorded.
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Assessment of acquisition and examination acceptability

MR imaging—Motion artifact was scored subjectively on source MR images, blinded to 

clinical data, by a senior radiology resident (--; 4 yrs experience) for each MR examination 

using a modified 4-point ordinal scale (Table 1) [33]. An MRI acquisition was considered 

acceptable if motion artifact score was ≤ 2 (absent or mild motion artifact). The MRI portion 

of each MR examination was considered acceptable if at least one of the three MRI 

acquisitions was acceptable. Modifications to the MRI protocol to accommodate breath-hold 

limitations were noted.

MR spectroscopy—MRS acceptability was assessed subjectively, blinded to subject 

clinical data, by one coauthor (--; > 11 yrs experience). An MRS acquisition was considered 

acceptable if the water-peak MRS signal was normal (clearly distinct from the 0–3 ppm fat 

peaks and lacking obvious artifact) and the water-peak T2-estimation goodness-of-fit 

Pearson’s r correlation coefficient was > 0.90. The MRS portion of each MR examination 

was considered acceptable if at least one of the three selected MRS acquisitions was 

acceptable.

Statistical analyses

Pediatric age- and sex-adjusted BMI-percentile (BMI-Z) score was computed according to 

the U.S. Centers for Disease Control (CDC) guidelines and used in the analyses 

(downloaded from CDC website 05 July 2014, http://www.cdc.gov/growthcharts/

percentile_data_files.htm). Demographic, anthropometric, and MRI acquisition time data 

were summarized. Means and standard deviations of the three MRI and MRS acquisitions 

for each subject were computed and summarized.

MRI motion artifact scores, protocol modifications, and reasons for unacceptability were 

summarized. Subject factors that might affect mean MRI motion artifact score were assessed 

by multiple linear regression, using age, sex, BMI-Z score, and acquisition time as the 

predictor variables, and mean MRI motion artifact score as the response variable.

Accuracy of MRI-estimated PDFF relative to MRS-estimated PDFF (referred to hereinafter 

as MRI-PDFF and MRS-PDFF, respectively) was assessed using linear regression and 

Bland-Altman analysis. The average of the three acquisitions of MRS-PDFF was regressed 

on the average of the three acquisitions of MRI-PDFF, resulting in an equation describing 

the transformation of MRI-PDFF to predict MRS-PDFF. Four parameters were computed 

from the regression model: the intercept of the regression line, the slope of the regression 

line, average bias of the regression (defined as the square root of squared differences 

between the regression line and the y=x identity line), and the regression coefficient of 

determination R2. Bootstrap-based 95% confidence intervals (CIs) were computed around 

each of the regression parameters. Bland-Altman analysis assessed MRI-MRS differences 

over the entire range of observed mean PDFF. Bland-Altman bias (the mean of the MRS-

MRI differences) and the 95% limit of agreement were calculated.

Subject factors that may affect agreement between MRI-PDFF and MRS-PDFF were 

assessed by multiple linear regression, using age, sex, BMI, acquisition time, and mean MRI 
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motion artifact score as the predictor variables, and the size of PDFF estimation difference 

between MRI and MRS (absolute MRS-MRI difference) as the response variable.

RESULTS

Subjects

Eighty-six children, (61 boys, 25 girls; mean age 14.7 ± 2.3 yrs) were included. 

Demographic and anthropometric data are summarized in Table 2. MRI acquisition times 

were 25.5 ± 5.1 s (range 13.4 to 46.1 s).

Examination acceptability

MRI examinations—MRI examination acceptability is summarized in Table 3. In all 

(86/86) subjects, at least one MRI acquisition was acceptable, and in 93% (80/86) all three 

MRI acquisitions were acceptable. Average PDFF standard deviation of the three MRI 

acquisitions was 0.35 ± 0.21% (range 0.06 to 1.35%). Of 258 completed MRI acquisitions, 

204 had no appreciable motion artifact, whereas 45 had mild and 9 had moderate artifact. No 

acquisition had marked motion artifact. Multiple regression analysis demonstrated that only 

sex was associated with mean MRI motion artifact score (multiple regression coefficient, p 

= 0.020), with boys having a higher motion artifact score overall (Figure 1). There was no 

significant effect of age, BMI-Z, or acquisition time on motion artifact (p = 0.179, 0.286 and 

0.998, respectively).

In 8% of children (7/86) sequence parameter modification was required due to breath-hold 

limitations (Table 4).

MRS examinations—All three spectra were acceptable for all (86/86) subjects. Average 

PDFF standard deviation of the three MRS acquisitions was 0.50 ± 0 36% (range 0.06 to 

1.89%).

MRI- vs. MRS-PDFF agreement

Figure 2 plots the linear regression of MRI- vs. MRS-PDFF. Regression slope and intercept 

were 0.969 (95% CI 0.94, 0.997) and 1.591% (95% CI 0.1207, 2.043), respectively. The 

average bias and R2 were 1.212 (95% CI 0.967, 1.468) and 0.982 (95% CI 0.972, 0.988), 

respectively.

The Bland-Altman plot (Figure 3) shows close agreement between MRI- and MRS-PDFF. 

The 95% limit of agreement between MRI and MRS PDFF was 1.17% ± 2.61%. Close MRI 

and MRS agreement for estimated PDFF is illustrated in Figure 4.

Modeling confounders—Multiple regression analysis demonstrated that MRI-MRS 

PDFF estimation difference was affected by BMI-Z at a trend level (multiple regression 

coefficient p = 0.0731, higher BMI-Z is associated with greater absolute error) but not by 

age, sex, PDFF level, mean MRI motion artifact score or acquisition time (p = 0.859, 0.825, 

0.859, 0.436, and 0.213, respectively).
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DISCUSSION

To assess feasibility of MRI and MRS estimation of hepatic PDFF, and to demonstrate 

agreement between MRI- and MRS-PDFF, we performed a retrospective, single-site, cross-

sectional, observational analysis of children with known or suspected NAFLD enrolled in 

prior prospective studies. In principle, MR examinations in children can be challenging 

because of limited breath-hold capacity or tolerance for MR imaging, potentially resulting in 

unacceptable motion artifact and/or requiring MRI parameter modification to reduce breath-

hold time.

We found that both MRI and MRS estimation of hepatic PDFF are well tolerated, and thus 

feasible in children with known or suspected NAFLD. All subjects had acceptable 

examinations, defined as having at least one of three acceptable MRI, and at least one of 

three acceptable MRS acquisitions. Motion artifact was infrequent, and when present was 

mild or moderate; no acquisitions showed marked artifact. Only a minority of children 

required MRI parameter modification. Hence, planning for possible repeat sequences with 

sequence parameter modification might be necessary for children clinically and for research.

MRI-PDFF in our population of 86 children aged ten to eighteen years closely agreed with 

MRS-PDFF, independent of age, sex, BMI, acquisition time, and PDFF value. Close 

agreement with MRS suggests that MRI is accurate since MRS is widely regarded as 

accurate and has been show to correlate with hepatic triglyceride in animal studies [34,35].

Our close agreement between MRI and MRS was similar to that reported for previous adult 

or predominantly adult studies [19–23]. While statistically significant, our observed Bland-

Altman bias of 1.17% probably is not meaningful clinically. Where it may matter is in 

classification of normal vs. fatty liver, where a 1% PDFF difference could be relevant. The 

cause of this 1% bias is not clear to us. Both the MRS voxel and the MRI regions of interests 

were selected so as to avoid large vascular structures, and volume averaging with small 

blood vessels (which do not contain fat) probably also does not account for the discrepancy. 

One possible explanation is that with magnitude imaging noise is always positive and has a 

Rician distribution, which may cause systematic underestimation of the observed fat 

fraction.

Our study extends the findings of prior mainly adult studies to children, provides evidence 

that PDFF estimation by MRI is accurate in children, and supports the feasibility of its 

application in pediatric research and clinical practice. Previous studies have shown that, for 

two-dimensional MRI at 3T, keeping TR ≥ 150 ms and setting flip angle to 10° ensures 

sufficient T1 independence so that the expected T1-bias effect is less than 0.01 in absolute 

PDFF [23]. MRI examinations may be shortened by decreasing TR, using fewer phase-

encoding steps, and using parallel imaging. It has been reported that TR should not be 

decreased to below 150 ms so that PDFF is not overestimated due to T1 dependence [23]. In 

our study we decreased TR as low as 100 ms in three subjects (Table 4). That is too small a 

number of subjects to conclude that that additional T1 weighting is not meaningful. Using 

fewer phase-encoding steps results in lower spatial resolution, but resolution is not a critical 

issue for liver PDFF estimation [36].
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Both MRI and MRS are minimal risk, non-invasive methods that are well tolerated in 

children, but MRI is likely better suited for pediatric applications unless some additional 

information only available by MRS is needed. MRI can be tailored to reduce total 

examination time. By modifying MRI parameters, acquisition time in our study was reduced 

to as little as 13 s. Motion artifact and acquisition failure are readily detected during MRI 

examinations, permitting recognition of need for repeat imaging and sequence parameter 

modification.

MRS usually requires offline analysis, and so recognition of examination unacceptability 

may not occur until after the examination is over. Limited availability is another problem 

associated with MRS; by comparison, MRI is more widely available. MRI also assesses the 

entire liver which likely makes it more appropriate for longitudinal follow-up than MRS; 

hepatic PDFF can be estimated with MRI over the entire liver at different time points, 

whereas with MRS measurement voxel co-localization over different time points is 

technically challenging.

A limitation of this study is that subjects were selected from two previous clinical studies, in 

part based on their ability to tolerate three MRI and three MRS acquisitions, so our strong 

feasibility results are to some extent expected. However, our selected study population 

included children aged eighteen down to ten years, as well as both boys and girls with a 

wide range of BMI and PDFF. This study was designed mainly to show feasibility, and to 

determine whether sequence parameter modification might be helpful in children, and so this 

limitation probably does not seriously affect those goals.

Another limitation of this study is that it was performed at a single site, which over the study 

period accrued experience in performing MR examinations in children. Hence our results 

may not be generalizable to other sites with less pediatric experience. MR examinations in 

this study were obtained on a 3T General Electric MR scanner. However, recent studies 

have shown reproducibility of results obtained on MR scanners from different manufacturers 

at different field strengths, so this limitation likely is not significant [37,38].

In conclusion, this study showed that MRI and MRS examination for hepatic PDFF 

estimation is feasible in children as young as ten years of age, that MRI and MRS estimates 

of hepatic PDFF closely agree with each other, and suggest that MRI sequence parameter 

modification sometimes is necessary to obtain acceptable examinations. Extension of these 

results to longitudinal and multi-center studies should help better define the role of MRI and 

MRS for children with NAFLD.

Acknowledgments

Grant support: NCRR UL1 RR031980 for the Clinical and Translational Research Institute at UCSD, NIDDK R56 
DK090350, NIDDK R01 DK075128, NCMHD P60 MD00220

References

1. Lindback SM, Gabbert C, Johnson BL, Smorodinsky E, Sirlin CB, Garcia N, Pardee PE, Kistler 
KD, Schwimmer JB. Pediatric nonalcoholic fatty liver disease: a comprehensive review. Adv 
Pediatr. 2010; 57:85–140. [PubMed: 21056736] 

Achmad et al. Page 8

Abdom Imaging. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Schwimmer JB, Deutsch R, Kahen T, Lavine JE, Stanley C, Behling C. Prevalence of fatty liver in 
children and adolescents. Pediatrics. 2006; 118:1388–1393. [PubMed: 17015527] 

3. Feldstein AE, Charatcharoenwitthaya P, Treeprasertsuk S, Benson JT, Enders FB, Angulo P. The 
natural history of non-alcoholic fatty liver disease in children: a follow-up study for up to 20 years. 
Gut. 2009; 58:1538–1544. [PubMed: 19625277] 

4. Ko JS, Yoon JM, Yang HR, Myung JK, Kim H, Kang GH, Cheon JE, Seo JK. Clinical and 
histological features of nonalcoholic fatty liver disease in children. Dig Dis Sci. 2009; 54:2225–
2230. [PubMed: 19697129] 

5. Schwimmer JB, Pardee PE, Lavine JE, Blumkin AK, Cook S. Cardiovascular risk factors and the 
metabolic syndrome in pediatric nonalcoholic fatty liver disease. Circulation. 2008; 118:277–283. 
[PubMed: 18591439] 

6. David K, Kowdley KV, Unalp A, Kanwal F, Brunt EM, Schwimmer JB, Group NCR. Quality of life 
in adults with nonalcoholic fatty liver disease: baseline data from the nonalcoholic steatohepatitis 
clinical research network. Hepatology. 2009; 49:1904–1912. [PubMed: 19434741] 

7. Kistler KD, Molleston J, Unalp A, Abrams SH, Behling C, Schwimmer JB. Nonalcoholic 
Steatohepatitis Clinical Research N. Symptoms and quality of life in obese children and adolescents 
with non-alcoholic fatty liver disease. Aliment Pharmacol Ther. 2010; 31:396–406. [PubMed: 
19863497] 

8. Preiss D, Sattar N. Non-alcoholic fatty liver disease: an overview of prevalence, diagnosis, 
pathogenesis and treatment considerations. Clin Sci (Lond). 2008; 115:141–150. [PubMed: 
18662168] 

9. Schwimmer JB. Definitive diagnosis and assessment of risk for nonalcoholic fatty liver disease in 
children and adolescents. Semin Liver Dis. 2007; 27:312–318. [PubMed: 17682977] 

10. Fabbrini E, deHaseth D, Deivanayagam S, Mohammed BS, Vitola BE, Klein S. Alterations in fatty 
acid kinetics in obese adolescents with increased intrahepatic triglyceride content. Obesity (Silver 
Spring). 2009; 17:25–29. [PubMed: 18948971] 

11. Farrell GC, Teoh NC, McCuskey RS. Hepatic microcirculation in fatty liver disease. Anat Rec 
(Hoboken). 2008; 291:684–692. [PubMed: 18484615] 

12. Fishbein MH, Mogren C, Gleason T, Stevens WR. Relationship of hepatic steatosis to adipose 
tissue distribution in pediatric nonalcoholic fatty liver disease. J Pediatr Gastroenterol Nutr. 2006; 
42:83–88. [PubMed: 16385259] 

13. Awai HI, Newton KP, Sirlin CB, Behling C, Schwimmer JB. Evidence and recommendations for 
imaging liver fat in children, based on systematic review. Clin Gastroenterol Hepatol. 2014; 
12:765–773. [PubMed: 24090729] 

14. Chen MM, Coakley FV, Kaimal A, Laros RK Jr. Guidelines for computed tomography and 
magnetic resonance imaging use during pregnancy and lactation. Obstet Gynecol. 2008; 112 (2 Pt 
1):333–340. [PubMed: 18669732] 

15. Sodickson A, Baeyens PF, Andriole KP, Prevedello LM, Nawfel RD, Hanson R, Khorasani R. 
Recurrent CT, cumulative radiation exposure, and associated radiation-induced cancer risks from 
CT of adults. Radiology. 2009; 251:175–184. [PubMed: 19332852] 

16. Cowin GJ, Jonsson JR, Bauer JD, Ash S, Ali A, Osland EJ, Purdie DM, Clouston AD, Powell EE, 
Galloway GJ. Magnetic resonance imaging and spectroscopy for monitoring liver steatosis. J 
Magn Reson Imaging. 2008; 28:937–945. [PubMed: 18821619] 

17. Szczepaniak LS, Nurenberg P, Leonard D, Browning JD, Reingold JS, Grundy S, Hobbs HH, 
Dobbins RL. Magnetic resonance spectroscopy to measure hepatic triglyceride content: prevalence 
of hepatic steatosis in the general population. Am J Physiol Endocrinol Metab. 2005; 288:E462–
468. [PubMed: 15339742] 

18. Thomsen C, Becker U, Winkler K, Christoffersen P, Jensen M, Henriksen O. Quantification of 
liver fat using magnetic resonance spectroscopy. Magn Reson Imaging. 1994; 12:487–495. 
[PubMed: 8007779] 

19. Yokoo T, Bydder M, Hamilton G, Middleton MS, Gamst AC, Wolfson T, Hassanein T, Patton 
HM, Lavine JE, Schwimmer JB, Sirlin CB. Nonalcoholic fatty liver disease: diagnostic and fat-
grading accuracy of low-flip-angle multiecho gradient-recalled-echo MR imaging at 1.5 T. 
Radiology. 2009; 251:67–76. [PubMed: 19221054] 

Achmad et al. Page 9

Abdom Imaging. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Idilman IS, Keskin O, Celik A, Savas B, Halil Elhan A, Idilman R, Karcaaltincaba M. A 
comparison of liver fat content as determined by magnetic resonance imaging-proton density fat 
fraction and MRS versus liver histology in non-alcoholic fatty liver disease. Acta Radiol. 
201510.1177/0284185115580488

21. Meisamy S, Hines CD, Hamilton G, Sirlin CB, McKenzie CA, Yu H, Brittain JH, Reeder SB. 
Quantification of hepatic steatosis with T1-independent, T2-corrected MR imaging with spectral 
modeling of fat: blinded comparison with MR spectroscopy. Radiology. 2011; 258:767–775. 
[PubMed: 21248233] 

22. Hines CD, Frydrychowicz A, Hamilton G, Tudorascu DL, Vigen KK, Yu H, McKenzie CA, Sirlin 
CB, Brittain JH, Regan SB. T(1) independent, T(2) (*) corrected chemical shift based fat-water 
separation with multi-peak fat spectral modeling is an accurate and precise measure of hepatic 
steatosis. J Magn Reson Imaging. 2011; 33:873–881. [PubMed: 21448952] 

23. Yokoo T, Shiehmorteza M, Hamilton G, Wolfson T, Schroeder ME, Middleton MS, Bydder M, 
Gamst AC, Kono Y, Kuo A, Patton HM, Horgan S, Lavine JE, Schwimmer JB, Sirlin CB. 
Estimation of hepatic proton-density fat fraction by using MR imaging at 3.0 T. Radiology. 2011; 
258:749–759. [PubMed: 21212366] 

24. Quiros-Tejeira RE, Rivera CA, Ziba TT, Mehta N, Smith CW, Butte NF. Risk for nonalcoholic 
fatty liver disease in Hispanic youth with BMI > or =95th percentile. J Pediatr Gastroenterol Nutr. 
2007; 44:228–236. [PubMed: 17255837] 

25. Sartorio A, Del Col A, Agosti F, Mazzilli G, Bellentani S, Tiribelli C, Bedogni G. Predictors of 
non-alcoholic fatty liver disease in obese children. Eur J Clin Nutr. 2007; 61:877–883. [PubMed: 
17151586] 

26. Schwimmer JB, Deutsch R, Rauch JB, Behling C, Newbury R, Lavine JE. Obesity, insulin 
resistance, and other clinicopathological correlates of pediatric nonalcoholic fatty liver disease. J 
Pediatr. 2003; 143:500–505. [PubMed: 14571229] 

27. Schwimmer JB, McGreal N, Deutsch R, Finegold MJ, Lavine JE. Influence of gender, race, and 
ethnicity on suspected fatty liver in obese adolescents. Pediatrics. 2005; 115:e561–565. [PubMed: 
15867021] 

28. Hamilton G, Middleton MS, Bydder M, Yokoo T, Schwimmer JB, Kono Y, Patton HM, Lavine JE, 
Sirlin CB. Effect of PRESS and STEAM sequences on magnetic resonance spectroscopic liver fat 
quantification. J Magn Reson Imaging. 2009; 30:145–152. [PubMed: 19557733] 

29. Bydder M, Hamilton G, Yokoo T, Sirlin CB. Optimal phased-array combination for spectroscopy. 
Magn Reson Imaging. 2008; 26:847–850. [PubMed: 18486392] 

30. Vanhamme L, van den Boogaart A, Van Huffel S. Improved method for accurate and efficient 
quantification of MRS data with use of prior knowledge. J Magn Reson. 1997; 129:35–43. 
[PubMed: 9405214] 

31. Naressi A, Couturier C, Devos JM, Janssen M, Mangeat C, de Beer R, Graveron-Demilly D. Java-
based graphical user interface for the MRUI quantitation package. MAGMA. 2001; 12:141–152. 
[PubMed: 11390270] 

32. Hamilton G, Yokoo T, Bydder M, Cruite I, Schroeder ME, Sirlin CB, Middleton MS. In vivo 
characterization of the liver fat (1)H MR spectrum. NMR Biomed. 2011; 24:784–790. [PubMed: 
21834002] 

33. Ramalho M, Heredia V, Tsurusaki M, Altun E, Semelka RC. Quantitative and qualitative 
comparison of 1.5 and 3.0 Tesla MRI in patients with chronic liver diseases. J Magn Reson 
Imaging. 2009; 29:869–879. [PubMed: 19306415] 

34. Heger M, Marsman HA, Bezemer R, Cloos MA, van Golen RF, van Gulik TM. Non-invasive 
quantification of triglyceride content in steatotic rat livers by (1)H-MRS: when water meets (too 
much) fat. Acad Radiol. 2011; 18:1582–1592. [PubMed: 22055799] 

35. Szczepaniak LS, Babcock EE, Schick F, Dobbins RL, Garg A, Burns DK, McGarry JD, Stein DT. 
Measurement of intracellular triglyceride stores by H spectroscopy: validation in vivo. Am J 
Physiol. 1999; 276 (5 Pt 1):E977–989. [PubMed: 10329993] 

36. Hansen KH, Schroeder ME, Hamilton G, Sirlin CB, Bydder M. Robustness of fat quantification 
using chemical shift imaging. Magn Reson Imaging. 2012; 30:151–157. [PubMed: 22055856] 

Achmad et al. Page 10

Abdom Imaging. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Kang GH, Cruite I, Shiehmorteza M, Wolfson T, Gamst AC, Hamilton G, Bydder M, Middleton 
MS, Sirlin CB. Reproducibility of MRI-determined proton density fat fraction across two different 
MR scanner platforms. J Magn Reson Imaging. 2011; 34:928–934. [PubMed: 21769986] 

38. Mashhood A, Railkar R, Yokoo T, Levin Y, Clark L, Fox-Bosetti S, Middleton MS, Riek J, Kauh 
E, Dardzinski BJ, Williams D, Sirlin C, Shire NJ. Reproducibility of hepatic fat fraction 
measurement by magnetic resonance imaging. J Magn Reson Imaging. 2013; 37:1359–1370. 
[PubMed: 23172799] 

Achmad et al. Page 11

Abdom Imaging. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
MRI average motion score vs. sex
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Figure 2. 
MRS- vs. MRI-PDFF scatterplot. Linear regression analysis between MRS and MRI (n = 

86). The regression line (solid) is close to the identity line (dotted), indicating close 

agreement between MRI- and MRS-PDFF values.
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Figure 3. 
Bland-Altman plot. Assessment of difference between MRI- and MRS-PDFF as a function 

of mean PDFF. Open circle data points correspond to subjects with BMI-Z < 2.5; solid circle 

data points to subjects with BMI-Z > 2.5. The solid line is the regression line of difference 

as a function of average (illustrating the relationship of PDFF magnitude and error). Slope is 

not significantly different from zero. Note close agreement of MRI- with MRS-PDFF across 

a wide PDFF range. The nominal 95% confidence interval is 1.17% ± 2.61%.
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Figure 4. 
MRI hepatic parametric PDFF maps. MRI hepatic parametric PDFF maps of four subjects in 

this study (age-sex from left to right: 17-M, 17-M, 13-M, 11-M). Listed PDFFs are within an 

MRI ROI co-localized to the single-voxel MRS location.
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Table 1

Motion artifact assessment

Score Motion Criteria

1 Absent No motion artifact

2 Mild Some blurring of hepatic anatomy; high confidence in imaging-spectroscopic co- localization

3 Moderate Significant blurring of hepatic anatomy; low confidence in imaging-spectroscopic co-localization

4 Marked Marked motion with non-visualization of hepatic anatomy; no confidence in imaging-spectroscopic co-localization

Abdom Imaging. Author manuscript; available in PMC 2016 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Achmad et al. Page 17

Table 2

Summary of study population

Mean (SD)
Min, Max

Age (yrs) Weight (kg) BMI (kg-m−2) BMI-Z score

Total (n=86) 14.7 (2.4) 91.1 (22.3) 33.6 (7.1) 2.13 (0.76)

10.2, 18.9 31.8, 138.4 15.5, 52.8 −1.92, 3.03

Male (n=61) 14.8 (2.4) 91.7 (23.6) 32.9 (7.0) 2.10 (0.87)

10.2, 18.9 31.8, 138.4 15.5, 45.2 −1.92, 2.99

Female (n=25) 14.6 (2.3) 89.7 (19.1) 35.5 (6.9) 2.21 (0.34)

10.4, 17.8 53.5, 123.0 26.4, 52.8 1.38, 3.03

Keys: SD - standard deviation, BMI - body mass index.
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Table 3

Summary of MRI examination acceptability

Number of MRI examinations

All three MRI acquisitions acceptable 80

Two MRI acquisitions acceptable 3

One MRI acquisition acceptable 3

No MRI acquisition acceptable 0
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Table 4

Summary of MRI parameter modifications

Parameter Scanned with default parameters Scanned with modified parameters

Default parameters Number subjects Modified parameters Number subjects

TR (ms) 150 – 175 (higher if required to accommodate 
whole liver imaging) 83 100 – 110 3

% Phase FOV 70 – 100 84 65 2

Parallel imaging None 84 ASSET acceleration factor 2 2

Note: TR = repetition time, FOV = field of view, ASSET = Array Spatial Sensitivity Encoding Technique
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