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Abstract

Rationale and Objectives
To diagnose hepatic steatosis with non-invasive magnetic resonance (MR)–based measurements, 
threshold values of liver fat percentages are used. However, these differ between studies. Conse-
quently, the choice of threshold values influences diagnostic accuracy, especially in subjects with 
borderline hepatic steatosis. In this study, we compared 1H-MR spectroscopy (1H-MRS) and bioche-
mically determined liver fat content in mice with moderately elevated fat content and studied the 
diagnostic accuracy of 1H-MRS using two literature-based threshold values.

Materials and methods
Fifty mice were divided into three groups: 21 C57Bl/6OlaHSD (B6) mice on a high-fat diet, 20 B6 mice 
on a control diet, and 9 LDLr –/– mice on a high-fat high-cholesterol diet. 1H-MRS was performed 
using multi-echo STEAM at 3T to derive a fat mass fraction (1H-MRS fat content). Biochemical fat 
content was determined from liver homogenates. Correlation and agreement were assessed with 
the Pearson correlation coefficient and Bland-Altman analysis and diagnostic accuracy by calcula-
ting sensitivity, specificity, and positive and negative predictive values.

Results
All mice were pooled to form a single cohort. Mean (±standard deviation) biochemical fat content 
was 32.2 (±13.9) mg/g. Mean 1H-MRS fat content did not differ at 30.2 (±12.0) mg/g (P = 0.13). Correla-
tion r was 0.74 (P <0.0001). Bland-Altman analysis indicated that 1H-MRS fat content underestimated 
biochemical fat content by 2.1 mg/g. The diagnostic accuracy of 1H-MRS depended to a great extent 
on the chosen reference threshold value.

Conclusions
1H-MRS measurement of moderately elevated liver fat content in mice correlated substantially with 
biochemical fat content measurement. Contrary to earlier studies, diagnostic accuracy of 1H-MRS 
fat content in borderline liver fat content appears limited.
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Introduction
With the global obesity epidemic reaching epic proportions, the number of people with fatty chan-
ge of the liver—also referred to as hepatic steatosis or non-alcoholic fatty liver disease (NAFLD)—
will rise too [1]. In clinical practice, staging of steatosis on liver biopsy is the reference standard for 
assessing the amount of liver fat. However, this invasive method is rapidly being overtaken by other 
non-invasive reproducible measures that include ultrasound, computed tomography (CT), magne-
tic resonance imaging (MRI), and 1H-MRS [2, 3].

Magnetic resonance (MR)–derived measurements of liver fat are usually expressed as ratios 
between fat and water signal values. However, current threshold values based on MRI and 1H-MRS 
for diagnosing “steatosis” differ between studies, field strengths, and populations targeted. For 
example, the widely used threshold of 5.6% first described by Szczepaniak et al. was found by de-
fining the 95th percentile as threshold value for normal versus elevated in a healthy subgroup (n = 
345) of a large cohort [4]. In that study, no histologic or biochemical reference standard was used 
to define steatosis, and the authors refer to an earlier publication by Hoyumpa et al. stating that 
the normal liver contains <5.0% w/w fat [5]. In turn, however, those authors do not refer to other 
studies to back up this statement. The few studies that have investigated biochemical composi-
tion of liver tissue give considerably lower values for normal liver fat content ranging from 0.6% to 
1.94% w/w [6, 7]. Even so, the 5.6% threshold value has become a much reported reference value. 
In a recent study by Tang et al.—which compared the MRI-based proton density fat fraction (PDFF) 
with biopsy-determined steatosis levels—a 6.4% PDFF threshold was found to optimally distinguish 
between grade 0 and grade 1 or higher on liver biopsy [8]. The PDFF is the MR signal fat fraction cor-
rected for T1 and T2 bias with, at this threshold value, sensitivity and specificity of 96% and 100%. It is 
important to note that although 1H-MRS and PDFF measure signal ratios—which correspond nearly 
one-on-one with volume ratios—these are different metrics than the 5% of hepatocytes containing 
fat vacuoles on histology.

Other investigators have reported different MR threshold values. For example, Van Werven et 
al. compared steatosis grades on liver biopsy to 3T 1H-MRS-derived liver fat volume ratios and found 
a threshold value of 1.8% to identify grade 1 steatosis or higher (i.e., more than 5% of hepatocytes-
containing fat on biopsy) [3]. Applying this threshold resulted in a sensitivity and specificity of 91% 
and 87%, respectively. In a separate study in morbidly obese individuals using 1H-MRS at 1T, they re-
ported a volume ratio threshold of 5.7% with sensitivity and specificity of 85% and 94%, respectively 
[9]. Apparently, the applied threshold in these studies optimised the diagnostic accuracy for MR-
based steatosis assessment, but extrapolation of these thresholds to other studies is not possible.

In conjunction with the inconclusive definition of the threshold value for steatosis, which may 
also be age, gender, and/or ethnicity dependent, most studies thus far focused on animals or pa-
tients with (i) a wide range of liver fat content (0% to 60% fat signal fraction) and (ii) comparati-
vely high mean liver fat content levels, that is, with levels substantially higher than the common 
threshold values used to distinguish non-steatosis from steatosis (grade 0 from grade 1 or higher 
at biopsy) [10-12]. This may mask the quality of the agreement between MR results and either bi-
opsy or biochemical analysis at normal to moderately increased liver fat content levels. Investiga-
ting these borderline fat content levels is clinically relevant, as many patients undergoing routine 
MR scans of the liver have such borderline or even lower fat content levels or develop these levels 
while undergoing treatment. Subjects who are labelled “steatotic” based on MR results are more 
likely to receive—given the lack of adequate non-invasive means—a follow-up liver biopsy to iden-
tify whether non-alcoholic steatohepatitis (NASH) is present. As patients with NASH have a worse 
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prognosis compared to those with NAFLD and a doubled risk of cardiovascular disease compared 
to the healthy population, it is highly relevant to first correctly identify subjects with and without 
steatosis [13]. Given that borderline fat content levels will hover around the “real” threshold value, 
the choice of threshold value will have direct consequences for MR’s diagnostic accuracy. It might 
even be the case that the diagnostic accuracy in populations more centred on the threshold value 
is lower than reported so far.

The aim of the present study was therefore twofold. First, we used a previously reported me-
thod to convert the fat signal fraction to 1H-MRS fat content in a cohort of mice with moderately 
elevated liver triglyceride content around the threshold values. In this cohort, we compared the 1H-
MRS-based fat content in milligram liver fat per gram liver tissue to biochemically derived fat con-
tent. Second, we applied two different threshold values (5.0% and 1.94% w/w) to stratify between 
normal fat content and steatosis. The first threshold value of 5.0% represents the clinical gold 
standard of the percentage of hepatocytes-containing fat vacuoles on liver sections, as used by 
the pathologists to distinguish steatosis grade 0 from grade 1. The second threshold value of 1.94% 
represents a biochemically determined value of supposedly normal liver fat content as reported by 
Kwiterovich et al. [7]. The stratification then allowed the calculation of the diagnostic accuracies of 
steatosis assessment using 1H-MRS fat content.

Methods

Ethical Considerations
This study was approved by the Animal Ethics Committee of the Academic Medical Center in com-
pliance with national legislature.

Mice
Fifty mice were used for this study. These mice have previously been described in an article focu-
sing on the individual correlation of two histologic and three MR-based with biochemical liver fat 
content in mice with moderately elevated liver triglyceride content [14]. Mice were subdivided into 
three diet groups. Group A consisted of 21 C57Bl/6OlaHSD (B6) mice fed a high-fat (HF) diet, with 
70% of energy from lard. Group B consisted of 20 B6 mice fed a control diet based on the HF diet 
with starch as the main calorie source containing equal amounts of nutrients per calorie. Group C 
consisted of 9 LDLr –/– mice, fed a high-fat high-cholesterol (HFHC) diet. The HFHC diet was com-
posed by adding cholesterol (C8667; Sigma–Aldrich, Saint Louis, MO) to the HF diet to obtain 0.2% 
cholesterol. More details on the diet composition can be found in [14]. Diets were given for respec-
tively 4, 8, and 12 weeks (groups A and B) or 4 and 8 weeks (group C). Figure 1 shows a flowchart 
of the different groups and periods. At the end of the diet period, MRI was performed in all mice 
followed by euthanasia to obtain the organs. The liver was harvested and partly frozen in -80°C.

Magnetic Resonance Imaging
MR scanning was performed on a clinical horizontal bore (ø 60 cm) 3T Philips Intera Achieva MRI 
scanner (Philips Healthcare, Best, The Netherlands) running under software release 3.2. Isoflurane 
inhalation anaesthesia (2% in 100% O2) was administered using dedicated small animal anaesthesia 
equipment (EZ-7000; Euthanex Corp., Palmer, PA). Radiofrequency transmit was performed using 
the scanner’s inbuilt body coil, while signal was received with a dedicated small animal solenoid coil 
(Philips Research, Hamburg, Germany) with ø 40 mm bore and inbuilt heating, placed perpendicu-
lar to the scanner’s main axis. During MR scanning, mice’s respiratory frequency and temperature 
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were continuously monitored with dedicated equipment (Model 1030; SA Instruments Inc., Stony 
Brook, NY) that additionally allowed respiratory triggering.

Figure 1.  Flowchart of mice in different diet groups.

Start 4 weeks 8 weeks 12 weeks

Group A - High Fat n = 21 n = 4 n = 4 n = 13

Group B - Control n = 20 n = 4 n = 4 n = 12

Group C - LDLr -/- n = 9 n = 4 n = 5

Mice in group A (C57Bl6 on high-fat diet) and group B (C57Bl6 on control diet) were kept on diets for 4, 8 and 12 weeks. Mice 
in group C (LDLr –/– on a high-fat, high-cholesterol diet) were kept on diet for 4 and 8 weeks. Separate mice were used for 
each diet period.

1H-MR Spectroscopy
After obtaining localiser images, coronal and axial turbo spin-echo series were acquired to guide 
placement of the 1H-MRS voxel. Echo time (TE) was 39 ms for both series, whereas repetition time 
(TR) was 800–1200 ms, depending on mice’s respiratory frequency. 1H-MRS was performed using a 
multi-echo STEAM sequence with six equally spaced TEs ranging from 12 to 37 ms. TR was circa 3000 
ms, depending on respiratory frequency. Eight signal averages with one dummy scan per TE series 
were acquired. Per signal average, 1024 data points were sampled over a 2000 Hz spectral band-
width, centred over the water frequency (4.65 ppm). Shimming was performed using a second-or-
der automatic pencil-beam shim. Voxel size was 3 × 3 × 3 mm3 (0.027 mL). No outer volume or water 
suppression was applied. The main fat peak at 1.3 ppm is located 3.35 ppm downfield of the water 
peak. At 3T, this equals 428 Hz. Given the excitation pulse’s bandwidth of 2277 Hz, the chemical shift 
displacement in each direction was 3 mm × 428/2277 = 0.56 mm, giving a 53.6% overlap between the 
chemically shifted voxels of the water and the 1.3 ppm peak [15]. This displacement was visualised 
on the localizer images, and care was taken to ensure that both water and fat signals were obtained 
from inside the liver.

1H-MRS Data Analysis
Spectra were analysed offline by a research fellow (JHR, 3 years of experience in 1H-MRS analysis) 
supervised by an MR physicist (AJN, with 8 years of experience in 1H-MRS analysis). T2 relaxation 
times of the water and fat peaks at 4.65 and 1.3 ppm were calculated using a home-written script 
in MATLAB R2011b (The MathWorks Inc., Natick, MA) as this proved to be more time efficient than 
manual determination. The 1H-MRS data file containing separate spectra for each TE was loaded 
in MATLAB, and absolute water and fat peak amplitudes were automatically determined for each 
spectrum. These were fit to Equation (eq.) 1 with a least-square curve fitting procedure, where S is 
signal peak amplitude and S0 is the signal at TE = 0 ms:

(1)

To obtain areas under the water and fat peak, spectra were further analysed in the spectroscopic 
signal processing package jMRUI version 4.0 with the AMARES algorithm, using prior knowledge of 
water and fat peak locations [16]. Areas under the peak were obtained in the TE = 12 ms spectrum 
and subsequently individually corrected for T2 decay by multiplying by eq. 2 to obtain the corrected 
signal area at TE = 0 ms.
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(2)

Several studies have mentioned the MR-invisible proton fraction [17, 18]. Not taking this fraction 
into account causes an underestimation of the total water fraction and hence an overestimation of 
liver fat content, especially because these are included in biochemical analyses with lipid extraction. 
Longo et al. reported that the invisible fraction can be calculated by multiplying the visible water 
fraction by 0.339 [17]. Hence the visible and invisible water fractions together were calculated by 
multiplying the 1H-MRS-derived T2-corrected water signal by 1.339 to give the corrected water signal 
(SWATER). Furthermore, some of the fat signals—such as the 5.4-ppm peak—are non-detectable given 
their close proximity to the water peak [8, 19]. This requires correction, which depends on the mean 
chain length (CL), number of double bonds (NDB), and the number of methylene-interrupted dou-
ble bounds (NMIDB) of the average triglyceride molecule in the tissue under investigation. These in 
turn influence the relative signal percentages coming from the individual fat peaks. Hamilton et al. 
reported a mean CL of 17.45, a mean NDB of 1.92, and a mean NMIDB of 0.32 for human liver tissue 
[19]. Lacking similar data from murine liver, we applied these values and calculated that the expected 
fat signal coming from the 1.3-ppm peak was 70% of the total fat signal. Therefore, the 1H-MRS-
derived T2-corrected fat signal from the 1.3-ppm peak was divided by 0.7 to obtain the corrected 
total fat signal (SFAT). A fat signal fraction was then calculated using eq. 3:

(3)

To convert the obtained fat signal fraction to a fat mass fraction (further referred to as 1H-MRS fat 
content), we applied eq. 4 as described by Reeder et al., which uses the molecular weights (MW) 
and the number of protons (λ) per triglyceride (f) and water (w) molecule to convert the corrected 
fat and water signal (SFAT and SWATER) to mass ratio (ηm) [20]:

(4)

For water, MWw and λw were set at 18.015 g/mol and 2 protons/molecule. For fat, the mean molecu-
lar weight of triglyceride (MWf) and mean number of protons per triglyceride molecule (λf) were 
calculated based on the aforementioned mean CL, NDB, and NMIDB. MWf and λf were set at 864.4 
g/mol and 102.86 protons/molecule, respectively. The 1H-MRS fat content thus obtained was multi-
plied by 1000 to express the amount of triglycerides per unit of liver tissue in milligrams per gram.

Biochemical Liver Analysis
From the frozen liver tissue, 50 to 100 mg was used for lipid extraction as described by Srivastava 
et al. [21]. A full outline of the biochemical liver analysis is available in Appendix A. Briefly, the liver 
tissue was homogenised after adding 10 µL of cold methanol per milligram of liver tissue. Keeping 
the samples on ice during all procedures, 500 µL of the homogenate (equal to 50 mg of liver tissue) 
was transferred to a glass tube, and 500 µL of cold methanol was added. Samples were vortexed 
thoroughly for 30 seconds and sonicated on ice for 45 minutes. Three mL of chloroform were added 
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before 30 s of vortexing. Samples were kept overnight at 4°C and briefly vortexed and sonicated 
for another 45 minutes the following morning. After sonication, 2 mL of normal saline was added 
before vortexing for 30 s. The samples were subsequently centrifuged for 15 minutes at 13.250 rcf 
at 4°C to obtain two fluid layers. The lower organic phase containing all lipids was circa 2.5 mL, but 
this differed slightly between samples because of differences in water saturation. In addition, there 
was a layer of cell debris between the watery phase and organic phase. To prevent disturbing this 
cell layer—which could induce errors in the further stages of analysis—we transferred 2000 µL of 
the organic phase to a new glass tube. Nitrogen gas was passed to remove all solvents under gentle 
heating, followed by lyophilising. The remaining lipid pellets were finally dissolved in 500 µL of 2% 
Triton X-100 under sonication.

For triglyceride measurement, a commercially available “Trig/GB” kit (#11877771216; Roche Di-
agnostics, Indianapolis, IN) was used. A 96-well plate was filled with 5 µL of the lipid samples and a 
calibration curve consisting of a blank and five samples containing known concentrations of glyce-
rol. Samples were analysed using a microplate spectrophotometer (Synergy HT; Biotek Instruments, 
Winooski, VT) at 490 nm. The concentration in mg per dL was calculated using the calibration curve 
and converted to mg triglyceride per g of liver tissue as follows: the amount of triglycerides in the 
500-µL sample was calculated by multiplying with 0.005. In turn, these lipids were extracted from 
50 mg of liver tissue. Hence, this value was multiplied by 1000 mg/50 mg = 20 to obtain the liver 
fat content in mg per g. As the volume of the organic phase after centrifugation was circa 2500 µL 
and only 2000 µL was used for further analysis, further correction was applied by multiplying with 
2500/2000.

Statistical Analyses
Results are presented as mean (±standard deviation), median (interquartile range), or numbers (%) 
where appropriate. Differences between groups were tested with an analysis of variance (ANOVA) 
procedure. Differences between biochemical fat and 1H-MRS fat content were assessed with a paired 
t test, whereas correlation was assessed with the Pearson correlation coefficient. The Bland-Altman 
analysis was applied to evaluate the agreement between biochemical and 1H-MRS fat content. Cor-
relations were graded as follows: slight, 0–0.20; fair, 0.21–0.40; moderate, 0.41–0.60; substantial, 
0.61–0.80; and almost perfect, >0.80 [22]. To assess the effect of applying different threshold values 
on the diagnostic accuracy of 1H-MRS fat content, sensitivity, specificity, and positive and negative 
predictive values (PPV and NPV, respectively) were calculated using two threshold values: (i) the 
widely used value of 5.0% w/w which represents the clinical gold standard of the percentage of 
hepatocytes-containing fat vacuoles on liver sections, as used by the pathologists to distinguish 
steatosis grade 0 from grade 1 and (ii) the biochemically determined value of normal liver fat con-
tent of 1.94% w/w [5, 7, 17]. P values <0.05 were accepted as statistically significant. Statistical analyses 
were performed using SPSS Version 20 (IBM Corp, Armonk, NY) and GraphPad Prism 5.0 (GraphPad 
Software, La Jolla, CA).
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Results

Biochemical Liver Analysis
Biochemical fat contents of all mice ranged from 10.5 to 73.3 mg/g. Differences between groups—as 
depicted in Table 1—and the overall maximum biochemical fat content were low. While ANOVA tes-
ting revealed significant differences between diet groups, there were no significant differences for 
diet duration, with P = 0.01 and P = 0.27, respectively. Post-hoc Tukey analysis revealed that for diet 
groups, only HF and HFHC differed significantly with P = 0.01, whereas control and HF and control 
and HFHC did not differ, with P = 0.08 and P = 0.44, respectively. As can be seen in Table 1, HF and 
HFHC had the highest and the lowest mean biochemical fat contents, respectively. As all mean bio-
chemical fat contents were below the 50 mg/g threshold and as the mean biochemical fat contents 
of HFHC, control, and HF groups showed a steady increase (from 23.3 via 29.7 to 38.5 mg/g), mice 
from all groups were pooled to form a cohort of mice with at most moderately elevated liver trigly-
ceride levels. This allowed assessing the agreement between 1H-MRS and biochemical fat content in 
a large cohort. Mean biochemical fat content was 32.2 mg/g (±13.9 mg/g).

Table 1.  Biochemical fat content of diet groups per week in mg/g.

Diet duration High Fat Control High Fat High Cholesterol

4 weeks 29.4 (5.2) n = 4 42.2 (11.7) n = 4 14.6 (3.7) n = 4

8 weeks 53.9 (15.5) n = 4 29.6 (4.9) n = 4 30.2 (5.2) n = 5

12 weeks 36.6 (13.9) n = 13 25.5 (10.9) n = 12 —

Table 1 shows the mean (± SD) biochemical fat content divided per diet group (columns) and per diet duration (rows).

1H-MR Spectroscopy
1H-MRS was successful in 50 of 50 (100%) mice. Mean T2 of water and fat were 27.9 (±4.6) and 43.5 
(±9.7) ms respectively. Examples of a single TE = 12 ms spectrum, fit, and residuals are shown in 
Figure 2. Examples of the multi-echo spectra used to calculate T2 relaxation times are shown in Fi-

gure 3. Mean 1H-MRS fat signal fraction was 3.2% (±1.3%), ranging from 0.7% to 6.4%. Conversion to 
1H-MRS fat content resulted in a mean value of 30.2 mg/g (±12.0 mg/g). This did not differ from the 
biochemical fat content (P = 0.13).

Agreement Between Biochemical and 1H-MRS Fat Content
Biochemical and 1H-MRS fat content correlated substantially, r = 0.74 (P <0.0001). A scatter plot of 
both measures is shown in Figure 4. The line of the best fit had a slope of 0.636 (95%-confidence 
interval [CI]: 0.467–0.805) and an intercept of 9.66 (95%-CI: 3.75–15.56). The Bland-Altman analy-
sis—shown in Figure 5—indicated a mean absolute difference between individual biochemical and 
1H-MRS fat content values of 2.1 (±9.5) mg/g, indicating that on average, 1H-MRS fat content unde-
restimated the biochemical fat content. The 95% limits of agreement indicate that the reference 
biochemical fat content is between 16.6 mg/g below and 20.7 mg/g above the 1H-MRS fat content.

Sensitivity, specificity, PPV, and NPV of 1H-MRS fat content for the two threshold values are 
given in Table 2. At the widely used reference biochemical threshold value of 5.0% (which equals 50 
mg/g liver fat content) indicating steatosis, 7 of 50 (14%) mice in our cohort had steatosis. At this 
threshold, 1H-MRS fat content correctly identified 1 of 7 steatotic mice and 42 of 43 non-steatotic 
mice. At a reference threshold value of 19.4 mg/g however, 41 of 50 (82%) mice were steatotic. 1H-
MRS fat content correctly identified 37 of 41 steatotic mice and six of nine non-steatotic mice.
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Table 2.  Diagnostic accuracy of 1H-MRS fat content at two threshold values.

Threshold value 50 mg / g 19.4 mg / g

Steatosis prevalence 7/50 (14%) 41/50 (82%)

Sensitivity 14% (0–58%) 90% (77–97%)

Specificity 98% (87–100%) 67% (30–93%)

PPV 50% (3–97%) 92.5% (78–98%)

NPV 87.5% (74–95%) 60% (14–73%)

Table 2 gives the prevalence of steatosis (defined as biochemical fat content > threshold value). In addition, sensitivity, spe-
cificity, positive predictive value (PPV) and negative predictive value (NPV) of 1H-MRS fat content at two different threshold 
values of 50 mg/g and 19.4 mg/g are noted. 95%-Confidence intervals are given in parentheses for all parameters except 
prevalence.

ppm46 2 0

Figure 2.  The bottom section shows the phased, 
unsuppressed TE = 12 ms 1H-MR spectrum of 
a mouse liver with a fat signal fraction (FSF) of 
5.1%, which was converted to a fat mass fraction 
of 51.1 mg/g. Biochemical determination showed 
a fat mass fraction of 53.9 mg/g. The middle sec-
tion shows the estimate found by fitting peaks 
in the jMRUI software program, while the top 
section shows the residual signal not accounted 
for by the signal estimate.

12

4.65 ppm

1.3 ppm

17
22
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37

Figure 3.  Examples of the 1H-MR spectra at the six TEs (12-17-22-27-32-37 ms) used to calculate T2 relaxation times of 
water and fat (same mouse as in Figure 2).
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Figure 4.  A scatter plot of the biochemical fat 
content as a reference on the x-axis with the 
1H-MRS fat content on the y-axis. Pearson’s 
correlation coefficient was 0.74 (P <0.0001). The 
line of best fit is shown as black line, while the 
line of identity is given by the striped line (-----).
The line of best fit had a slope of 0.636 (95%-CI: 
0.467–0.805) and an intercept of 9.66 (95%-CI: 
3.75–15.56).
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Discussion
This study confirms that 1H-MRS allows quantitative measurement of liver triglycerides in mice, even 
when liver fat content is only moderately elevated. The data we obtained in a cohort of 50 mice 
indicate substantial correlation (r = 0.74) between the two measures. The mean biochemical and 
1H-MRS fat content did not differ (P = 0.13), indicating that the two measures give results that are 
within range of each other. The Bland-Altman analysis pointed out that 1H-MRS fat content unde-
restimated biochemical fat content with a mean absolute difference of 2.1 mg/g, while its 95% limits 
of agreement indicated a scatter of 1H-MRS fat content values around the biochemical fat content 
values.

Analysis of the diagnostic accuracy of the 1H-MRS fat content showed that at the widely used 
threshold value of 50 mg/g—corresponding to the 5.6% threshold proposed by Szczepaniak et al. 
and the 5.0% percentage of hepatocytes-containing fat vacuoles as applied by pathologists—1H-
MRS fat content had high specificity (98%) and low sensitivity (14%) [4]. The relatively high PPV 
(50%) for the low sensitivity at this threshold is explained by the fact that 1H-MRS fat content was 
greater than 50 mg/g in only two cases. With one of two “positive tests” being correct, this gives a 
PPV of 50% but with wide 95% CI ranging from 0% to 93%. The low sensitivity can be explained by 
several factors. First, 1H-MRS underestimated biochemical fat content, causing some 1H-MRS fat 
content values to fall just below the threshold of 50 mg/g. Second, it may also be partially explained 
by the low prevalence at 7 of 50 (14%) mice with biochemical fat content >50 mg/g, which results 
in only a few possible sensitivity values (0%, 14%, 28%, 43%, 57%, 71%, 85%, or 100%) depending on 
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Figure 5.  Bland-Altman plot of biochemical and 1H-MRS fat content. For each pair of biochemical and 1H-MRS fat 
content the average value and difference were calculated. The average liver fat content value is plotted on the x-axis, 
while the difference (1H-MRS fat content subtracted from the biochemical fat content) is shown on the y-axis. Mean 
difference (±SD) was 2.1 (9.5) mg/g (central striped line: -------, MD in margin). 95%-limits of agreement are shown 
by the slightly less emphasised dotted lines (······, LOA in margin) at 20.7 and -16.6 mg/g, respectively (with 95%-CI 
bands).
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the number of correct tests (i.e., 1H-MRS fat content). A higher prevalence results in smaller steps 
between possible sensitivities. As highlighted earlier, in previous studies, the populations were bi-
ased to high fat contents. Van Werven et al. found sensitivity and specificity of 91% and 87% in a 
cohort of patients in which 23 of 46 (50%) had steatosis grade 1 or higher at liver biopsy [3]. Similarly, 
Tang et al. found even higher figures with sensitivity and specificity of 97% and 100% in a cohort in 
which 72 of 77 (94%) patients had steatosis grade 1 or higher on biopsy [8]. A recent meta-analysis on 
the diagnostic accuracy of imaging-based steatosis measurements indicated similar high sensitivity 
and specificity of 89% and 92%, respectively, for 1H-MRS [23]. Again however, the three articles on 
which these numbers were based had a much higher prevalence of steatosis than our cohort, res-
pectively 11/30 (37%), 21/28 (75%) and 20/24 (83%) [24-26].

Furthermore, application of a second reference threshold based on historical but quantitative 
biochemical liver fat content measurements resulted in substantially altered diagnostic accuracy va-
lues [7]. At this threshold of 19.4 mg/g—reported by Kwiterovich et al.—sensitivity and specificity of 
the 1H-MRS fat content method changed to 90% (95%-CI, 77%–97%) and 67% (95%-CI, 30%–93%), 
respectively. Clearly, the diagnostic accuracy of the 1H-MRS values converted to fat content de-
pends to a large extent on both the chosen threshold value and the population under investigation.

As noted in the Bland-Altman analysis, our data also show a scatter of 1H-MRS fat content va-
lues around the biochemical fat content values. It is difficult to ascertain whether this is caused by 
spatial variations in fat distribution and/or errors in the 1H-MRS measurement or the biochemical 
analysis or a combination thereof. Such scatter around the reference value will in general limit the 
diagnostic accuracy of a test, and as the range of fat content values in our study was—by nature of 
its design—small, these may have had a relatively larger influence than when a broader range of fat 
contents had been studied. Given this limitation in the range of fat contents—normal to moderately 
elevated and near the threshold values—this induced a coincidental dependence of the diagnostic 
accuracy on the chosen threshold value. In populations more skewed toward severe steatosis, the 
scatter is still present but does not affect the diagnostic accuracy to the same extent. Therefore, 
our research presents a note of caution when studying steatosis in populations with liver fat content 
around the purported threshold value: contrary to earlier studies applying the 5.0% w/w threshold, 
the sensitivity of MR-based methods in such populations appears rather lower.

Capitan et al. recently stated that 7 of 121 type 2 diabetes patients had >5.6% liver fat in one 
hemi-liver and <5.6% in the other, illustrating that the 5.6% threshold value has its limitations in iden-
tifying steatosis [27]. Especially so considering that the original publication by Szczepaniak et al. 
states that voxel position was not kept equal for all subjects [4].

The consequences of these findings lie in the fact that—depending on which side of the clini-
cally used threshold a subject finds himself—he or she either will or will not receive a diagnosis of 
steatosis, and this can greatly influence patient management. If the 1H-MRS shows a fat content of 
4.8%, this may be read to mean “no steatosis,” and the patient may not receive the adequate treat-
ment, lifestyle advice, or follow-up diagnostic work-up he or she would be entitled to with the diag-
nosis “steatosis.” As NAFLD can progress to NASH—with its much worse prognosis—it is relevant to 
correctly identify those with and those without steatosis [13]. It should be remarked here, however, 
that the actual value at which liver fat becomes a problem or medical condition may very well alter 
with age and be different depending on ethnicity and gender.

Our study has several limitations. Surprisingly, the mice in the control group at 4 weeks of diet 
had the highest biochemical fat content, which decreased with more weeks on diet. Mice on a HF 
diet showed slow increase up to 8 weeks of diet and a (non-significant) decrease from 8 to 12 weeks. 
One speculative explanation for the HF content at 4 weeks in the mice on control diet could be that 
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the starch as carbohydrate source induced an unexpected quick but passing increase of hepatic fat 
content. Possibly, this was due to the change from their standard chow to the control diet, which 
required some adjustment in their metabolism.

In addition, the Bland-Altman analysis indicated mean individual differences between the 
biochemical and 1H-MRS fat content of 2.1 mg/g, with wide 95% limits of agreement underlining 
the spread in individual differences. These may be partially explained by one or more issues. For 
example, though respiratory triggering was applied and the 1H-MRS voxel placed entirely within the 
liver, there is a small possibility that some fat signal has been measured erroneously in visceral fat. 
The chemical shift of the fat signal was visualised on the localiser images to ensure correct placing, 
but as water and fat peak signals were measured in shifted voxels—showing a 53.6% overlap—this 
may have caused an incidental overestimation of the fat signal.

While there have been reports of heterogeneous fat distribution among liver segments, others 
found no evidence for segmental differences [27, 28]. It is unclear whether any such heterogeneity 
is present in mice. If present, its influence was minimised in this study by obtaining all the 1H-MRS 
acquisitions in the right liver lobe and taking care to ensure both the water and the shifted fat voxel 
were located inside the liver parenchyma.

Translation of the results obtained in our mice to the human situation is, like all results obtained 
in animal studies, not without hurdles. For instance, the acquisitions differ with respect to (i) respi-
ratory motion compensation, triggering in mice and breath holds in humans, (ii) repetition times, 
bound to the respiratory frequency in mice, and (iii) voxel volumes. Especially the larger voxel volu-
mes in humans with more signal to noise will allow better fits of both the T2 decay and peak ampli-
tudes. Although spatial variations or other measurement errors may also play a role in human liver, 
this was not investigated in our study. Overall, the performance and diagnostic accuracy of 1H-MRS 
for assessing liver fat content in humans is probably better than it was in our mice. Preferably, one 
should perform a similar study as ours with biochemical analysis of human liver tissue in comparison 
with 1H-MRS-derived liver fat content, although such material would be difficult to obtain solely for 
study purposes.

The mean triglyceride molecule CL, NDB, and NMIDB applied to calculate the mean molecular 
weight and the number of protons were derived from data acquired in human liver tissue [19]. These 
were chosen as they were also applied to correct the fat signal for non-detectable peaks. Although 
the composition of triglycerides in the mice in our cohort may have differed somewhat from the 
applied values, knowledge and application of the mice triglyceride composition would have influ-
enced MR-derived fat mass fraction only to a little extent. For example, tests with the values for MWf 
and λf reported by Reeder et al. resulted in slightly greater 1H-MRS fat content values that were still 
not statistically different from the biochemical fat fraction (P = 0.65) [20].

In this study, no histologic grading was performed to obtain a reference diagnosis of steatosis 
versus non-steatosis. Histologic assessment showed that mice in this study had only microvesicular 
fat [14]. As the staging of steatosis into four categories—proposed by Brunt et al.—is only validated 
for macrovesicular steatosis, it was not applied in this study [29].

Although biochemical lipid extraction is considered very accurate, no data are available on its 
reproducibility. The errors in the extraction and analysis phases can be attributed to a large extent to 
errors in pipetting. These random errors will have been distributed on average evenly over all sam-
ples but may explain part of the differences we found between biochemical and 1H-MRS fat content.

Finally, only part of the organic phase containing lipids was used, as the total volume—which 
was circa 2.5 mL—differed between vials. The obtained triglyceride values in 2000 µL of the organic 
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phase were subsequently multiplied with a correction factor of 2500/2000. However, as the actual 
volume was not 2.5 mL in every case, this will have caused some error in the final biochemical fat 
content values. It is thought likely that this error will have spread out over all the 50 samples.

Conclusions and Implications
1H-MRS allows quantitative liver fat measurements even in mice with only moderately elevated liver 
fat content. This 1H-MRS fat content—arrived at by correcting water and fat signals for confounders 
and applying conversion equations—shows considerable agreement with the biochemical fat con-
tent. Contrary to earlier studies, sensitivity of 1H-MRS liver fat content using the widely used thres-
hold value of 50 mg/g in our cohort with borderline fat content was limited. These results should 
be taken into account when using 1H-MRS for the diagnosis of steatosis when 1H-MRS fat content is 
near the threshold value.
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Appendix A

Biochemical liver analysis
From the frozen liver tissue, 50 to 100 mg was used for lipid extraction as described by Srivastava et 
al. [21]. In the first step, the liver tissue was homogenized in a Tissuelyser LT (QIAGEN, Venlo, The Ne-
therlands) for 4 minutes at 50 Hz after adding 10 µL of cold methanol (#106009.2500, Merck KGaA, 
Darmstad, Germany) per mg of liver tissue. Keeping the samples on ice during all procedures, 500 
µL of the homogenate (equal to 50 mg of liver tissue) was transferred to a glass tube to which 500 
µL of cold methanol was added. After vortexing thoroughly for 30 seconds, the samples were placed 
in a sonication bath (Bransonic 92, Branson Ultrasonics, Danbury, CT, USA) with added ice for 45 mi-
nutes. Then, 3 mL of chloroform (# 03080601, Biosolve B.V., Valkenswaard, the Netherlands) was ad-
ded, followed by another 30 seconds of thorough vortexing. Samples were kept aside overnight at 4°C. 
The next day, samples were briefly vortexed and sonicated for another 45 minutes. After sonication, 2 
mL of 0.9% NaCl (Fresenius-Kabi Nederland B.V., ‘s Hertogenbosch, the Netherlands) was added and 
samples again thoroughly vortexed for 30 seconds. The samples were subsequently centrifuged for 15 
minutes at 13.250 relative centrifugal force (rcf) and 4°C using a 13.1 rotor and a Avanti J-23 centrifuge 
(Beckman Coulter, Palo Alto, CA, USA), resulting in two fluid layers separated by a layer of cell debris. 
The lower, organic phase containing all lipids was circa 2.5 mL but this differed slightly between sam-
ples due to differences in water saturation and therefore 2000 µL of the organic phase was transfer-
red to a new glass tube. To remove all solvents, nitrogen gas was passed over all samples while gentle 
heating was applied in a Thermolyne Dri-bath (Model DB28120-26, Barnstead/Thermolyne, Dubuque, 
IA, USA). Next, the samples were lyophilised for 90 minutes in a freeze dry system (Model Lyph-Lock 
1L, Labconco Corp., Kansas City, MO, USA). The remaining lipid pellets were finally dissolved in 500 µL 
of 2% Triton X-100 (X100, Sigma-Aldrich) using a sonicator (Virsonic 100, The VirtTis Company Inc., 
Gardiner, NY, USA). Dissolved sampled were stored at -80°C until further processing.

For triglyceride measurement, a commercially available “Trig/GB” kit (#11877771216, Roche Diag-
nostics) consisting of two substrates was used. First, samples were defrosted on ice. A 96-wells plate 
was filled with 5 µL of the lipid samples and a calibration curve consisting of a blank (5 µL of 2% Triton 
X-100) and five samples containing respectively 31.25, 62.5, 125, 250 and 500 mg/dL glycerol standard 
solution (G7793, Sigma-Aldrich). To all samples, 100 µL of substrate number 1 was added, followed by 
30 seconds of centrifugation at 1000 rcf to remove any air bubbles. After 10 minutes incubating at 37°C, 
100 µL of substrate number 2 was added. The plate was again centrifuged for 30 seconds at 1000 rcf 
and incubated at 37°C for 10 minutes to allow colour development.

Samples were finally analysed using a microplate spectrophotometer (Synergy HT, Biotek Instru-
ments) at 490 nm. After subtraction of the blank from all samples, the concentration of the samples 
in mg/dL was calculated using the calibration curve. To convert this result to mg/g liver tissue the fol-
lowing calculations were performed. In step 1, the amount of triglycerides in the 500 µL sample was 
calculated by multiplying by 0.005. This amount of triglycerides was originally dissolved in 2000 µL of 
organic phase. In turn, these lipids were extracted from 50 mg of liver tissue. In step 2, the value of step 
1 was multiplied by 1000 mg / 50 mg = 20 and so the biochemical fat content in mg/g was obtained. As 
mentioned earlier, the volume of the organic phase after centrifugation at 13.250 rcf was circa 2500 µL 
but due to individual differences in water saturation, only 2000 µL was used for further analysis. Hence, 
more lipids were extracted that were not carried over to the final measurements. To adjust for this, 
the real volume of the organic phase was set at 2500 µL and in a third step the values of step 2 were 
multiplied by 2500/2000.


