
Hydrogen-1 MR Spectroscopy for Measurement and Diagnosis
of Hepatic Steatosis

Patrick Georgoff1, David Thomasson2, Adeline Louie2, Estee Fleischman3, Lauren
Dutcher1, Haresh Mani4,5, Shyamasundaran Kottilil3, Caryn Morse3, Lori Dodd3, David
Kleiner4, and Colleen Hadigan3

1University of Pennsylvania School of Medicine, Philadelphia, PA
2Radiology and Imaging Sciences, Clinical Center, National Institutes of Health, Bethesda, MD
3National Institute of Allergy and Infectious Diseases, Laboratory of Immunoregulation, National
Institutes of Health, 10 Center Dr, Bldg 10, Rm 11C103, Bethesda, MD 20892
4National Cancer Institute, National Institutes of Health, Bethesda, MD
5Department of Pathology, Penn State Milton S. Hershey Medical Center, Hershey, PA

Abstract
OBJECTIVE—Hydrogen-1 MR spectroscopy (1H-MRS) is gaining acceptance as a noninvasive
technique for assessment of hepatic steatosis, and the findings have been found to correlate closely
with histopathologic grade. The aims of this study were to validate 1H-MRS performed with a 3-T
MRI system for quantifying hepatic steatosis and to determine threshold values of 1H-MRS proton
density fat fraction corresponding to standard histopathologic grade in patients undergoing
diagnostic liver biopsy.

SUBJECTS AND METHODS—We conducted a prospective cross-sectional liver MRS study
with 52 subjects undergoing diagnostic liver biopsy. The diagnostic accuracy of 1HMRS was
evaluated with receiver operating characteristic curves.

RESULTS—The diagnostic accuracy of 1H-MRS for hepatic steatosis was high with an area
under the receiver operating characteristic curve of 0.94 (95% CI, 0.88–1.0). Results were similar
for three 1H-MRS measurements obtained at different locations in the liver, for two independent
pathologists, and whether fibrosis was present or absent. One third of participants had elevated
transaminase concentrations of unknown cause, and 1H-MRS estimates of steatosis had perfect
agreement with histopathologic grade in this group. Calculated 1H-MRS proton density fat
fraction thresholds for histologic grades were less than 17% for grade 0 or trace steatosis, 17–
38.6% for grade 1, and greater than 38.6% for grade 2 or higher.

CONCLUSION—Hydrogen-1 MR spectroscopy is an effective, noninvasive technique that can
be used to diagnose and quantify hepatic steatosis. Hydrogen-1 MR spectroscopy thresholds
corresponded with histopathologic grades and may be useful in the workup of patients with
elevated transaminase concentrations.
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Hepatic steatosis is recognized as an important contributing factor to liver disease in the
context of viral hepatitis [1] and with the rise of obesity, diabetes, and metabolic syndrome
is seen increasingly in the general population [2]. Liver biopsy with histopathologic grading
remains the reference standard for assessment of hepatic steatosis, but noninvasive
hydrogen-1 MR spectroscopy (1H-MRS) is gaining acceptance as a technique for evaluation
of hepatic steatosis. Szczepaniak et al. [3] performed hepatic 1H-MRS in the evaluation of a
large cohort of participants in the Dallas Heart Study and found with good reproducibility
that 33.6% of the participants had steatosis (defined as > 5% hepatic triglyceride content).
The reliability of 1H-MRS for quantifying hepatic fat noninvasively may prove useful in the
care of patients for whom liver biopsy is contraindicated.

A number of studies [4–9] in which 1H-MRS findings were directly compared with
histopathologic grades of steatosis in patients with and without disease associated with fatty
liver showed good agreement between the two methods. In addition, compared with
ultrasound and CT, 1H-MRS was found to have superior sensitivity and specificity for the
diagnosis of hepatic steatosis [7, 9]. Several earlier investigations also validated 1H-MRS
with chemical analysis of liver biopsy tissue and detailed morphometric assessments of
biopsy samples in a limited number of subjects [10, 11].

Although liver biopsy remains the reference standard, 1H-MRS is increasingly recognized as
a noninvasive alternative for the evaluation of hepatic steatosis and in some instances may
obviate liver biopsy. Although the utility of 1H-MRS continues to improve, the clinical
correlation between 1H-MRS proton density fat fraction and standard histopathologic grade
remains unclear. Furthermore, a uniform approach to 1H-MRS methods has yet to be
established. In this prospective cross-sectional study we further validate 1H-MRS for
quantitative analysis of hepatic steatosis, introduce 1H-MRS proton density fat fraction
thresholds for correlation with standard histopathologic grading, and outline 1H-MRS
methods for potential clinical use in a broad spectrum of patients undergoing diagnostic liver
biopsy.

Subjects and Methods
Patients

Fifty-two patients undergoing percutaneous diagnostic liver biopsy at the National Institutes
of Health Clinical Center were enrolled in this study. Participants were required to be 18
years old or older without known or recent pregnancy, have no contraindication to MRI, and
be able to complete 1H-MRS of the liver within 30 days of the liver biopsy. The median
time between liver biopsy and MRI was 15 days. No subject was known to be actively
abusing alcohol. Subjects were not included if the liver biopsy was being performed to
evaluate a specific lesion or if there had been relevant medication changes between biopsy
and 1H-MRS.

Subjects were recruited through the National Institutes of Health Intramural HIV Program
and the National Institute of Diabetes and Digestive and Kidney Diseases Intramural
Hepatology Clinic. The study was approved by the National Institute of Allergy and
Infectious Diseases institutional review board, and written informed consent was obtained
from each patient. The study was registered at clinicaltrials.gov with the identification
number NCT00594412.

Methods
Histopathologic assessment—A pathologist scored histopathologic grade of steatosis
0–3, a score of 1 or greater representing clinically relevant steatosis [12, 13]. Hepatic
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steatosis was graded on the steatosis scale of the Nonalcoholic Steatohepatitis Clinical
Research Network [12] with the caveat that a distinction was made between biopsies that
showed no steatosis at all (score of 0) and those that showed less than 5% steatosis (trace).
Estimates of steatosis were based on the proportion of hepatocytes containing fat vacuoles
visible at medium (×10) magnification. Biopsies reported to show trace amounts of steatosis
were considered grade 0 for analyses. Forty-four of the 52 biopsies were scored for steatosis
by a second independent pathologist. Percentage agreement between pathologists was 86%
in the binary classification of no steatosis versus steatosis grade 1 or greater (κ = 0.69, p <
0.001). Biopsies were also scored for degree of fibrosis (scale, 0–4), and any biopsy scored
grade 1 or higher was considered positive for fibrosis [14]. Results of 1H-MRS were not
available to the pathologists at the time of scoring.

Hydrogen-1 MR spectroscopic data acquisition and phantom validation—A 3-
T MRI system (Achieva, Philips Healthcare) was used. Patient studies were performed with
a medium-size flex surface coil for both spectroscopy and imaging. Phantom studies were
performed with a standard multichannel head coil. Phantom experiments entailed a single
measurement of each serial dilution of 10%, 15%, 17.5%, and 20% IV fat emulsion
(Intralipid, Kabi- Vitrum) in 50-mL sample tubes suspended in water at room temperature.
Phantom data were collected by imaging-based relaxometry and single-voxel spectroscopy
with protocols set to mimic subsequent clinical studies.

For accurate spectroscopic quantification, both T1 and T2 relaxation data were acquired to
correct spectroscopic raw data. T1 maps were acquired with a fat-suppressed dual flip-angle
spoiled gradient- recalled echo technique [15, 16]. Values were reviewed to ensure that T1
was less than TR. T2 relaxation measurements were performed with a fat-suppressed
respiratory triggered multiecho Carr-Purcell-Meiboom-Gill technique at 30, 40, 50, and 70
ms TE at a TR of 3 seconds. Four echoes were used to achieve a good signalto- noise ratio
without substantially increasing acquisition time. Data were corrected for T2 relaxation with
a group average of the tissue water and a reference value for T2 of fat. Spectroscopy data
were acquired with a breath-hold point-resolved spectroscopy (PRESS)-based single-voxel
technique; TR/TE, 2000/50; imaging time, 12 seconds; number of phase cycles, 4; spectral
resolution, 1.95 Hz; no water suppression.

For patient studies, voxel localization was standardized to minimize signal contamination
from adjacent structures and to avoid large intrahepatic vessels. Localization voxels (30 × 30
× 30 mm) were placed in three standardized locations—dome of right hepatic lobe, left lobe,
and right inferior lobe— by trained radiology technicians and reviewed by a single
radiologist for image quality and accuracy of voxel placement. The measurement of the
dome of right hepatic lobe was selected as the primary outcome measure because this
location most often allowed excellent intrahepatic voxel placement and yielded high-quality
spectra (Fig. 1).

Hydrogen-1 MR spectroscopic analysis—Postprocessing steps were performed on
each patient’s acquired spectroscopic data with a vendor postprocessing package requiring
approximately 10 minutes per patient. Manual phase adjustment was used, as was spectral
shift of the display before integration. Lipid and water peak integral areas were obtained at
set frequency limits and then corrected for relaxation. Finally, each spectral acquisition was
assessed by a single investigator for quality of voxel placement, ability to verify voxel
location in all three anatomic planes, and quality of spectra (i.e., signal-to-noise ratio).
Images of poor quality based on any of these three parameters were excluded. One subject
was excluded from the study because of voxel placement, and one was excluded because
MRI data were lost owing to a technical backup failure. These two subjects were not among
the 52 whose data were analyzed. Proton density fat fraction was calculated from integral
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peak areas with a standardized formula from Longo et al. [17] for determining lipid volume
fraction (Ff) in which FTSA is detectable fat-to-total signal peak area: Ff = FTSA/(1.138 –
0.339 FTSA).

Statistical Methods
For the primary analysis, the diagnosis of liver steatosis was defined as histopathologic
grade 1 or greater. The histopathologic grades provided by the primary pathologist were
used, although additional analyses were used to evaluate the performance of 1H-MRS with
respect to a second pathologist. Further analyses were performed to evaluate accuracy
relative to the indication for liver biopsy (e.g., hepatitis C infection, elevated transaminase
concentration of unknown cause), effect of fibrosis, and region of interest (ROI) (voxel
location in dome, inferior right lobe, versus left lobe).

Diagnostic accuracy was evaluated with receiver operating characteristic (ROC) curves. The
area under the ROC curve (AUC) and corresponding 95% CI were estimated with a
nonparametric estimator [18]. An AUC of 1.0 indicated perfect accuracy. In addition, the
differences in 1H-MRS proton density fat fraction between subjects with steatosis (grade ≥1)
and those with no steatosis were compared by Wilcoxon rank-sum test.

An additional analysis was performed to assess ability to distinguish steatosis according to
histopathologic grade using 1H-MRS. Because of the limited sample size, grades were
grouped as follows: grade 0 (grade 0 and trace steatosis noted at histologic examination),
grade 1, and grade 2 or 3. Optimal 1H-MRS thresholds were selected to maximize the
correct classification of grade 0 and high-grade steatosis. Analyses were conducted with
Stata software (version 9.0, StataCorp).

Results
Phantom Validation Study

The measured proton density fat fraction values were 12.1%, 15.0%, 19.2%, and 21% (for
the corresponding known concentrations of 10%, 15%, 17.5%, and 20%). These values were
within 5% of the expected values and generated a regression coefficient (r2 = 0.95, p =
0.02). After T2 relaxation coefficients were applied, the measured values were 9.65%,
12.02%, 15.56%, and 17.08%. These values were within 5% of the expected value at the low
end of the range and within 15% at the high end. Because of the long acquisition TR and the
short T1 of tissues for the patient studies, T1 correction was not necessary for clinical data.
The measured T2 of the patient data was within the expected normal range, so subsequent
T2 correction was based on a group average value (mean, 63.34 ± 4.57 [SD] ms).

Clinical Hydrogen-1 MR Spectroscopic Studies
Fifty-two patients underwent liver biopsy and 1H-MRS within 30 days of biopsy (Table 1).
One half of the subjects who participated in the study had HIV infection. The most frequent
indications for liver biopsy were hepatitis C virus (HCV) infection (48%) and transaminase
elevations of unclear cause not associated with viral hepatitis (33%). Other indications were
hemochromatosis, hepatitis B, and autoimmune hepatitis; only one patient had a diagnosis of
nonalcoholic steatohepatitis before biopsy. Thirty of the 52 patients (58%) had a biopsy
finding of grade 0 steatosis; 29%, grade 1; 8%, grade 2; and 6%, grade 3 steatosis. Sixty-
four percent of the biopsies showed grade 1 or higher fibrosis. Three participants had biopsy
evidence of cirrhosis, and 12 patients had bridging fibrosis at biopsy.

The diagnostic accuracy of 1H-MRS was very good with an AUC of 0.94 (95% CI, 0.88–
1.0) (Fig. 2). The average 1H-MRS proton density fat fraction among patients with a
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steatosis grade less than 1 was 9.4%; for those with grade 1 or higher steatosis, the average
was 31.8% (p < 0.00001). For evaluation of the performance of 1H-MRS with respect to
findings by a second independent pathologist, the diagnostic accuracy was similarly high
(AUC, 0.95; 95% CI, 0.89–1.0).

Indication for Liver Biopsy and Accuracy of Hydrogen-1 MR Spectroscopy
The diagnostic accuracy of 1H-MRS for steatosis was evaluated according to indication for
liver biopsy, in particular for patients with HCV infection and those with transaminase
elevations of unclear cause. Among the participants with HCV infection the AUC was 0.85
(95% CI, 0.69–1.0). Among participants with elevated transaminase levels of unclear cause,
eight had normal and eight had abnormal pathologic findings, and 1H-MRS measurement of
steatosis had perfect discrimination. The sample size was not sufficiently large to
statistically compare accuracy between groups.

Fibrosis and Accuracy of Hydrogen-1 MR Spectroscopy
Although there was limited power to test differences in diagnostic accuracy according to
fibrosis grade, AUCs were estimated separately for patients with no fibrosis and those with
fibrosis grade 1 or greater at liver biopsy. The AUC was 0.96 (95% CI, 0.88–1.0) for
subjects with no fibrosis and 0.92 (95% CI, 0.82–1.0) for those with fibrosis grades 1–4.

Voxel Location in the Liver
The ROI placed in the right dome of the liver was used for the primary outcome in this
study. The ROIs placed in the inferior right lobe and the left lobe had AUC estimates similar
to the estimate from the dome of the liver. Specifically, the inferior right lobe had an AUC
of 0.84 (95% CI, 0.73–0.96), and the left lobe ROI an AUC of 0.92 (95% CI, 0.83 – 1.0).
Neither of these AUCs was statistically significantly different from that obtained for ROIs in
the dome of the liver.

Thresholds of Hydrogen-1 MR Spectroscopy for Classification of Steatosis Grade
The optimal thresholds for classifying subjects as having grade 0, 1, or 2 or higher steatosis
with 1H-MRS were calculated by selection of thresholds that minimized the overall
misclassification rate. These results corresponded to a 1H-MRS proton density fat fraction
threshold of less than 17.0% for grade 0 steatosis, 17.0–38.6% for grade 1 steatosis, and
greater than 38.6% for grade 2 or higher (Table 2). The overall cross-validated
misclassification rate was 26% (13/50; 95% CI, 14.6–40.3%).

Discussion
Our study showed that 1H-MRS is an effective, noninvasive technique that can be used for
the quantitative analysis of hepatic steatosis. In agreement with recent findings in the
literature [4, 5, 7, 9], we found that 3-T 1H-MRS performed well in the diagnosis of hepatic
steatosis relative to histopathologic grading in a group of patients undergoing liver biopsy
for a broad range of indications. We also provide novel 1H-MRS proton density fat fraction
thresholds for approximation of hepatic triglyceride content using single breath-hold
sequences; these thresholds correspond to histopathologic grading and classification of
steatosis.

Although we did not attempt to colocalize voxel placement with biopsy site, we obtained
similar results from three separate locations in the liver: the right hepatic dome, the inferior
right lobe, and the left lobe. Previous studies [6, 19] have shown similar consistency
between 1H-MRS measurements in various segments of the liver. Although it is unclear
whether histologic lesions associated with steatosis are unevenly distributed throughout the
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liver [20, 21], the use of multiple voxels allows noninvasive quantification of proton density
fat fraction in any segment of the liver where a voxel can be accurately placed. Like liver
biopsy findings, 1H-MRS results may be prone to sampling error. However, a single voxel
represents 27,000 mm3 of liver tissue, which is considerably more than is sampled in a
standard needle biopsy. Emerging quantitative MRI techniques that entail chemical shift–
based approaches may surpass spectroscopy for assessment of hepatic lipid because these
techniques sample the entire liver and have high spatial resolution [22–24].

After confirming strong agreement between 1H-MRS results and the readings of two
independent pathologists, we calculated optimal 1H-MRS proton density fat fraction
thresholds for correlation with standard histopathologic grading. Szczepaniak et al. [3]
identified 5.56% as the upper limit of normal for percentage hepatic fat content based on the
95th percentile 1H-MRS triacylglycerol content of a subset of 345 individuals without
known risk factors for steatosis. This value is similar to the often used histologic cutoff of
less than 5% of hepatocytes with steatosis [12]. We identified a proton density fat fraction
threshold less than 17% for cases of grade 0 and trace steatosis, which may be higher than
5%, in part owing to the inclusion of mild steatosis cases in the category and the inclusion of
patients with medically indicated liver biopsy rather than healthy volunteers. Our threshold
for grade 2 or higher steatosis of 38.6% is consistent with findings in a previous study [4] in
which biochemical analysis, 1H-MRS, and histopathologic grading were used in the
evaluation of subjects with chronic HCV infection. That study showed subjects with grades
2 and 3 steatosis had a mean triglyceride content of 33.7 mg/g at biopsy. These observed
thresholds may have clinical utility for the diagnosis and tracking of steatosis. Studies with
larger samples are needed to validate these findings.

The participants in our study underwent liver biopsy for a broad range of indications. One
third of these participants had elevated transaminase concentrations of unknown cause. In
the United States, the most likely diagnosis in association with chronically elevated
transaminase concentrations without a known cause is steatosis [25]. In our study, 1H-MRS
measurement of proton density fat fraction performed exceptionally well in discriminating
clinically significant steatosis in participants with elevated transaminase levels. The
effectiveness of 1H-MRS in this small sample suggests a role for this technology in the
evaluation of the growing population of persons with hepatic steatosis.

With regard to our 1H-MRS technique, this study is unique in the use of breath-hold
sequences. In many previous studies spectroscopy data were obtained under free breathing
[5, 7, 8], which can introduce motion artifact related to respiratory movement and thereby
affect the quality of spectral data. Technical improvements have allowed the use of breath-
hold sequences and therefore shorter acquisition times for patients. In this study, participants
were asked to hold their breath for approximately 20 seconds, which all 52 subjects were
able to do without difficulty. In assessing appropriate voxel placement and spectral quality,
we were able optimize the 1H-MRS data generated for comparison with biopsy results.

In the context of chronic HCV infection, as fibrosis advances, steatosis tends to recede [26].
McPherson and colleagues [27] also found this inverse relation and found that with 1H-
MRS, the percentage of steatotic hepatocytes in patients with more advanced fibrosis tended
to be underestimated. However, because 1H-MRS yields an estimate of proton density fat
fraction and not a measure of the degree of hepatocellular involvement, this result would be
expected. When ROCs were generated for the diagnosis of steatosis with 1H-MRS according
to fibrosis stage, the values were only slightly lower in cases of more advanced fibrosis
(AUC, 0.97 for stage 0–1 fibrosis versus 0.95 for stage 2–3 fibrosis) [27]. Although our
sample was small, we also found only a small decrease in the ROC for 1H-MRS in subjects
with fibrosis.
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There were several limitations to this study. Because of the clinical referral base, one half of
our subjects also had HIV infection, which might have limited the generalizability of our
findings to other clinical populations. However, hepatic steatosis is an important contributor
to liver injury in the context of HIV and has been associated with antiretroviral therapy, lipid
disturbances, body fat distribution, insulin resistance, and HCV coinfection [28, 29]. The
ability to evaluate hepatic steatosis with noninvasive methods in this population is
increasingly important.

In addition to patients with HIV infection in our highly inclusive strategy, we incorporated
patients with a broad range of indications for liver biopsy. We used 3-T MRI to obtain
spectroscopic data, and although the use of 3-T machines is growing and previous studies
have been conducted with 3-T 1H-MRS of the liver [4, 7, 9], most health centers still use
1.5-T machines for hepatic imaging. It is also important to note the intrinsic difference
between histopathologic grade, which is determined by the relative physical appearance of
hepatocellular fat particles in a histologic sample, and 1H-MRS results, which are
determined by the number of fat protons versus water protons in a given region of liver
sampled. As such, the two measures of steatosis are not necessarily linearly related.
Furthermore, pathologist determination of histopathologic grade introduces the potential for
interobserver variability (although minimal in our study). We used liver biopsy and
histologic examination as the reference standard for the diagnosis of steatosis, but we did not
use more detailed morphometric or direct quantification techniques to evaluate hepatic
triglyceride content. It is also important to recognize that hepatic steatosis is not a disease
but is a component of a pathologic process, and 1H-MRS cannot be used to make the
distinction between steatosis and steatohepatitis.

Conclusion
Hydrogen-1 MR spectroscopy is an effective, noninvasive technique that can be used for
diagnosis and quantitative analysis of hepatic steatosis. The introduction of 1H-MRS proton
density fat fraction thresholds that correspond to clinical histopathologic grade is an
important step forward in establishing the clinical utility of 1H-MRS. Furthermore, the
accuracy of 1H-MRS among individuals with elevated transaminase concentrations of
unknown cause suggests its usefulness in the growing population with hepatic steatosis.
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Fig. 1.
63-year-old man with hepatitis C. A–C, Hydrogen-1 MR spectroscopic image shows
representative spectra of hepatic triacylglycerol. D, Representative spectra of hepatic
triacylglycerol.
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Fig. 2.
Receiver operating characteristic curve shows performance of hydrogen-1 MR spectroscopy
in diagnosis of hepatic steatosis.

Georgoff et al. Page 11

AJR Am J Roentgenol. Author manuscript; available in PMC 2012 August 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Georgoff et al. Page 12

TABLE 1

Demographic and Clinical Characteristics

Characteristic Value

No. of patients 52

Age (y) 50.6 ± 11.1

Body mass index 27.4 ± 4.1

Sex (%)

 Men 73

 Women 27

Race (%)

 African American 21

 American Indian, Alaskan native 2

 Asian 9

 White 60

 Other 8

Ethnicity (%)

 Hispanic 15

 Non-Hispanic 81

 Unknown 4

Liver biopsy indication (no. of patients)

 Hepatitis Ca 25

 Elevated transaminase concentrationsb 17

 Hemochromatosis 3

 Hepatitis B 5

 Nonalcoholic steatohepatitis 1

 Autoimmune hepatitis 1

Time between biopsy and MRI (d) 15 ± 9

Aspartate aminotransferase concentration (U/L) 65.4 ± 51.0

Alanine aminotransferase concentration (U/L) 90.0 ± 75.0

Alkaline phosphatase concentration (U/L) 95.9 ± 59.1

Bilirubin concentration (mg/dL)

 Total 0.8 ± 0.4

 Direct 0.17 ± 0.09

Note—Values are expressed as number of patients or mean ± SD.

a
Twelve patients had hepatitis C and HIV coinfection.

b
Fourteen patients had elevated transaminase concentrations and HIV-positive status.
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TABLE 2

Hydrogen-1 MR Spectroscopic Proton Density Fat Fraction Thresholds and Standard Histopathologic
Steatosis Grade

No. of Patients Histopathologic Grade Percentage of Hepatocytes with Steatosisa
Percentage Triacylglycerol Detected With 1H-

MRS

30 0 or trace < 5 < 17

15 1 5–33 17–38.6

7 2 or 3 > 33 > 38.6

Note—1H-MRS = hydrogen-1 MR spectroscopy.

a
Based on percentage of hepatocytes with steatosis [12].
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