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Abstract

Objectives
Quantitative assessment of liver fat is highly relevant to preclinical liver research and should ideally 
be performed non-invasively. This study aimed to compare three non-invasive Magnetic Resonance 
(MR) and two histopathological methods against the reference standard of biochemically deter-
mined liver triglyceride content (LTC).

Materials and methods
A total of 50 mice [21 C57Bl/6OlaHsd mice (C57Bl/6), nine low-density lipoprotein (LDL) receptor 
knock-out –/– (LDL –/–) mice and 20 C57BL/6 mice] received either a high-fat, high-fat-high-cho-
lesterol or control diet, respectively. Mice were examined 4, 8 or 12 weeks into the diet using MR 
[1H-MR Spectroscopy, Proton Density Fat Fraction (PDFF), mDIXON] and histopathological methods 
(visual scoring or digital image analysis (DIA) of Oil-Red-O (ORO) stained liver sections). Correlati-
ons [Pearson’s coefficient (r)] were studied with respect to LTC.

Results
Microvesicular steatosis was seen in 42/50 mice. 1H-MRS values showed normal to moderately ele-
vated liver fat content. Visual scoring and DIA of ORO-sections correlated moderately with LTC at r = 
0.59 and r = 0.49 (P <0.001), respectively. 1H-MRS, PDFF and mDIXON correlated significantly better, 
at r = 0.74, r = 0.75 and r = 0.82, respectively.

Conclusions
Non-invasively determined MR measures of normal to moderately elevated liver fat in mice had a 
higher correlation with LTC than invasive histopathological measures. Where available, MR is the 
preferred method for fat quantification.
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Introduction
In preclinical research of hepatic steatosis or non-alcoholic fatty liver disease (NAFLD) and non-
alcoholic steatohepatitis (NASH), the focus lies on histopathological and biochemical analysis on 
excised (post-mortem) liver tissue samples. However, these approaches have several drawbacks. 
Firstly, the invasive nature of these methods necessitates that animals are sacrificed, thus limiting 
longitudinal analysis and resulting in the requirement for large numbers of animals. In addition, the 
common histopathological method of steatosis grading on haematoxylin and eosin (H&E) sections 
has only modest intra- and interobserver reproducibility [1, 2]. Furthermore, this grading is semi-
quantitative, and therefore little distinction can be made between—for example—mice with 4.5 or 
6.0% liver fat content. However, in the context of dietary or pharmaceutical intervention studies, 
such distinction can be relevant.

Although analysis based on Oil Red-O (ORO) staining of cryosections offers an improvement 
over H&E—since it specifically stains lipids—the process is more time consuming and technically 
challenging compared to H&E [3]. ORO staining-based quantification of liver fat has been improved 
through the introduction of digital image analysis (DIA), here termed DIA-ORO. However, this re-
quires specialised software and associated expertise and clearly does not remove the more labour-
intensive nature of the staining [4]. In addition, the clinical relevance of the ORO approach remains 
unclear since the well-established Kleiner-Brunt composite NAFLD Activity Score (NAS) score has 
only been validated with H&E and connective tissue (e.g. tri-chrome) staining [5]. The biochemical 
analysis of liver homogenates remains the reference standard for liver triglyceride content (LTC), as 
it allows accurate quantitative assessment of liver fat across the entire range, even though it also is a 
time-consuming and technically challenging process [6].

Non-invasive methods such as Magnetic Resonance (MR) Imaging (MRI) and 1H MR Spectro-
scopy (1H-MRS) are used in clinical practice for accurate and quantitative liver fat assessment in 
patients [7]. Examples in the field of preclinical hepatic steatosis research include studies of phar-
maceutical interventions to reverse steatosis and the investigation of dietary influences on steatosis 
development [8]. Appropriate interpretation of MR measures requires both correct MR scan para-
meters, as well as post-processing-based signal correction to account for—amongst others—T1, T2 
and/or T2* bias, noise bias and the multi-peak nature of the fat signal [7]. Though these corrections 
require local expertise, the associated post-processing time is relatively short compared to that 
required for histological and biochemical analysis. Moreover, the non-invasive nature of the MR 
measures is favourable for longitudinal studies where long-term analysis on the same subjects is of 
interest.

Recently, Levene et al. [4] reported that DIA-ORO was the most accurate method to quantify 
liver fat in both mice and patients when compared to biochemically determined LTC. The study did 
not include MR measures on mice, but in relation to patient measures they concluded that MRI can-
not accurately quantify liver fat. This is, however, in contradiction with a substantial number of stu-
dies demonstrating that, in fact, MRI allows for the accurate assessment of liver fat in both animals 
and patients [7, 9-14]. Most animal studies investigating MR assessment of liver fat have hitherto 
focussed on high liver fat percentages, e.g. up to 60% [15]. MR studies of normal to moderately 
elevated liver fat percentages (up to 10%) appear less frequently (e.g. [14, 16]). The inclusion of high 
liver fat percentages may have introduced bias, as they are easier to measure than low percentages. 
Furthermore, absolute errors inherent in the measurement itself have less influence at higher com-
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pared to lower percentages. As the normal to moderately elevated percentages are close to the 
diagnostic threshold for hepatic steatosis—commonly set at 5.6%—it is relevant to further evaluate 
MR and histopathological methods within this range [17].

This led to the following research questions: (ii) to what extent do invasive and terminal histo-
pathological methods and non-invasive MR methods of liver fat quantification in mice with normal 
to moderately elevated LTC correlate with the reference standard of biochemically determined LTC? 
(ii) Are there significant differences between these correlations?

This study aimed to address these questions through the comparison of liver fat quantification 
in mice with diet-induced, normal to moderately elevated LTC using: (i) MR methods [1H-MRS, Pro-
ton Density Fat Fraction (PDFF), mDIXON], (ii) histopathological methods (visually inspected ORO 
and DIA-ORO) and (iii) the reference standard of biochemically assessed LTC.

Materials and methods

Mice
This research was approved of by the Animal Ethics Committee of the Academic Medical Center 
(AMC) in compliance with national legislation. A total of 50 mice were housed at the Animal Re-
search Institute Amsterdam (ARIA) facility under standard conditions with ad libitum access to food 
and water. A total of 41 C57Bl/6OlaHSD mice (Harlan Laboratories, Horst, The Netherlands), hereaf-
ter referred to as C57Bl/6, and nine low-density lipoprotein (LDL) receptor knock-out –/– (LDL –/–) 
mice were used [18]. Three dietary groups were defined. Group A consisted of 21 C57BL/6 mice and 
were fed a high-fat diet (#4025.04, ABdiets, Woerden, The Netherlands) containing 70 kcal % from 
fat (lard). Group B consisted of 20 C57BL/6 mice fed an iso-caloric control diet (#4025.03, ABdiets), 
similar to the high-fat diet but containing starch as the main calorie source (see Appendix A for 
diet composition details). Finally, group C consisted of nine LDLr –/– mice that were also fed the 
high-fat diet, but in this case enriched with cholesterol (C8667, Sigma-Aldrich, Saint Louis, MO, USA) 
leading to a cholesterol level of 0.2% [18]. The C57BL/6 mice (groups A and B) were randomly divided 
into groups of four or five mice per cage at four weeks of age and began diets after two weeks of 
acclimatisation. LDLr –/– mice began diets at twelve weeks of age. Diets continued for respectively 
four (groups A, B and C: four mice each), eight (groups A and B: four mice each, group C: five mice) 
and twelve weeks (group A: thirteen mice, group B: twelve mice). Three groups were used to obtain 
a range of disease activity within the NAFLD spectrum. At the end of a diet period (either four, eight 
or twelve weeks into the diet), mice were examined by MR and subsequently sacrificed to harvest 
liver tissue. Excised livers were weighed and divided into three parts, two of which were snap-frozen 
in liquid nitrogen for storage at -80 °C, the other fixed in formalin for 24 h and subsequently pro-
cessed into paraffin sections. None of the mice had to be excluded from analyses.

Biochemical liver triglyceride content (LTC) analysis
For the biochemical analysis, liver lipids were extracted from 50 to 100 mg of snap-frozen liver tissue 
homogenates, as described by Kumar Srivastava et al. [6]. The LTC measurements were performed 
using a “Trig/GB” kit (#11877771216, Roche Diagnostics, Indianapolis, IN, USA) and are reported as 
mg triglycerides per g of liver tissue.

Histopathology
The formalin-fixed, paraffin-embedded liver samples were cut into 3 µm thick sections and stained 
with H&E. The percentage of hepatocytes containing fat vacuoles was assessed by low to medium 
power evaluation by an expert pathologist (JV).
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From the snap-frozen liver tissue, 7 µm thick cryosections were cut and stained with ORO and 
counter-stained with eosin [3]. The same expert pathologist assessed the percentage of hepatocy-
tes containing stained fat vesicles. See Appendix B for full details of the ORO staining procedure.

Digital image analysis ORO
Digital image analysis of the ORO sections (DIA-ORO) was performed using photographs acquired 
with an Olympus BX-41 microscope equipped with an UC30 camera and AnalySIS getIT 5.1 (Olym-
pus Soft Imaging Solutions GmbH, Münster, Germany). Two, six, and six randomly chosen fields at 
100×, 200×, and 400× magnification, respectively, were acquired; this allowed for the derivation 
of average measures per recording and per mouse. The resultant red–green–blue (RGB) images 
were analysed using Wolfram Mathematica 8 (Wolfram Research, Champaign, IL, USA). Briefly, by 
using information from all three colour channels and thresholds, which were held constant for all 
sections, fat vacuoles could be identified. For more information on the image processing methods, 
the reader is referred to Appendix C. The DIA-ORO approach provided the following metrics: the 
total number of vesicles, the mean and median vesicle size (diameter), and the total percentage of 
sample area covered by fat vacuoles. Microvesicular steatosis was defined as diameter <15 µm [19].

MRI and 1H-MRS acquisition
Prior to MR assessment, mice were placed under a general anaesthetic through inhalation of isoflu-
rane (2% in 100% O2). All MR measurements were performed using a clinical 3T Philips Intera Achieva 
MRI scanner (Philips Healthcare, Best, The Netherlands) combined with a dedicated small animal 
solenoid receive-only RF-coil (Philips Research, Hamburg, Germany). The coil (ø 40 mm) features 
inbuilt heating, ensuring appropriate body temperature. Anaesthesia was maintained using small 
animal anaesthesia equipment (EZ-7000, Euthanex Corp., Palmer, PA, USA). Skin surface tempera-
ture and the animals’ respiratory status were continuously monitored with a dedicated system (Mo-
del 1030, SA Instruments Inc., Stony Brook, NY, USA). All MR acquisitions were respiratory triggered. 
Further details and MR parameters are shown in Table 1.

Table 1.  MRI Parameters.

Parameter mDIXON PDFF

TR (ms)A 9.4 700

TE1 (ms) 3.8 2.1

ΔTE (ms) 1 1.2B

TFE factor 6–10C n/a

Number of echoes 4 15D

FA (°) 10 36

FOV (mm�mm) 100�40 100�40

Voxel size (mm�mm) 0.6�0.6 0.4�0.4

Slice thickness (mm) 0.8 1.8

Slices 25 15
A TR varied according to mice’s respiratory rates, due to respiratory triggering.
B Actual ΔTE was 3.7 ms. Three series of interleaved echoes with TE1 spaced 1.2 ms apart resulted de facto in a ΔTE of 1.2.
C TFE factor was varied to ensure total acquisition time (which depended on the mice’s respiratory rates) was circa 5 minutes.
D The first two echoes of each of three interleaved series (six in total) were used to generate PDFF-maps.
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First, a commercially available, modified Dixon type (mDIXON) 3D turbo field echo (TFE) sequence 
with a 4-echo multi-acquisition mode was used to acquire coronal sections. This sequence auto-
matically reconstructs the 4-echo source data with a single fat peak reconstruction algorithm to 
generate coronal water- and fat-only images [20]. Only the reconstructed images were available in 
this study. The TFE factor was adjusted to keep acquisition time within 5 min.

Next, a coronal interleaved 2D multi-slice multi-echo (in- and out-of-phase) gradient echo 
sequence (2D GRE) was performed. By using a long TR, the amount of T1 weighting—which can 
artificially increase fat signal—was reduced [21]. The 2D GRE data were reconstructed into fat maps 
offline at a later stage.

1H-MRS was performed using a multi-echo STEAM sequence for a single 3 × 3 × 3 mm3 voxel 
placed in the right liver lobe (TR: ~3000 ms, according to the mice’s respiratory rates, TEs: 12–17–22–
27–32–37 ms). The chemical shift between protons in water at 4.65 ppm and in the main lipid peak at 
1.3 ppm causes the lipid signal to be spatially shifted with respect to the signal coming from water. 
This chemical shift was visualised on the localiser images (see Figure 1) to ensure that all signals were 
measured inside the liver.

MRI and 1H-MRS post-processing
The commercially available mDIXON sequence applies a reconstruction algorithm that corrects for 
T2* effects and uses a single-peak model to generate water- and fat-only images. The image  (DICOM) 
data of the water- and fat-only images were imported into MATLAB R2011b (The MathWorks Inc., 
Natick, MA, USA) for further analysis. mDIXON fat fraction maps (mDIXON-fat map) were derived 
by computing the ratio between the fat-only and the sum of the fat-only and water-only data [20]. 
In a similar fashion, water fraction maps could be obtained. The latter aided in fat fraction noise bias 
correction (see methods outlined by Liu et al. [22]), whereby fat fractions below 50% were instead 
calculated as 1 minus the water fraction (i.e. ensuring that the signal with the best signal-to-noise 

Figure 1.  The image on the left illustrates the placement of the 3 × 3 × 3 mm3 1H-MRS voxel inside the liver on coronal 
slices, as shown in the scanner’s interface. The outer edges (highlighted for illustration purposes) of two voxels 
are shown, depicting the chemical shift of the main lipid peak (white) at 1.3 ppm, in relation to the main water peak 
(orange) at 4.65 ppm. Care was taken to place the voxel correctly in liver parenchyma. The image on the right shows 
the corresponding PDFF-map and the automated co-localisation of the region-of-interest with the 1H-MRS voxel.

CHAPTER 2



31

ratio is used for fat fraction quantification). As the mDIXON reconstruction algorithm employed 
a single-peak model, this required further correction for the multi-peak nature of the lipid signal. 
Therefore, the fat-only signal was divided by a factor of 0.7. This was motivated by the fact that it has 
been reported that on average, 70% of the lipid signal can be attributed to the lipid peak at 1.3 ppm, 
assuming that average values for the composition of the triglycerides are valid in mice [23].

For post-processing of the 2D GRE sequence, image data were imported into OsiriX 4.0 (OsiriX 
Foundation, Geneva, Switzerland) and analysed using the Lipoquant plug-in for OsiriX [24]. Image 
data of the first six TEs (1.2, 2.4, 3.6, 4.9, 6.1 and 7.3 ms) were used to generate PDFF-maps with the 
Lipoquant plug-in. This plug-in features a multi-peak reconstruction algorithm and uses magnitude 
images that are robust to eddy current effects [25]. In addition, it corrects for T2* effects, which is 
necessary in case of iron overload [7].

For 1H-MRS data, individual T2 correction was performed using a mono-exponential fit of the 
absolute peak amplitude of water and fat peaks at the various echo times. The water (4.65 ppm) and 
main fat peak (1.3 ppm) were subsequently fitted in the TE = 12 ms spectrum with the AMARES algori-
thm of the spectroscopic signal processing package jMRUI version 4.0, as described earlier [26, 27]. 
The areas under the curve of both water and fat peaks were corrected for T2 decay. As mentioned 
before, to correct for the multi-peak nature of the fat signal, the T2-corrected fat signal of the 1.3 
ppm peak was divided by 0.70 prior to calculation of the fat fraction [22].

To remove as much user influence as possible, fat percentages on PDFF-maps and mDIXON-fat 
maps were determined by automatic co-localisation of the 1H-MRS voxel’s location with the image 
pixel locations using a home-written MATLAB script. Briefly, the x-, y- and z-locations of the eight 
vertices of the 1H-MRS voxel were calculated. For each imaging slice, intersections between the slice 
and the 12 edges of the voxel-cube were determined. The x-, y- and z-locations of the intersections 
were used to define a region-of-interest (ROI) on each imaging slice. The imaging voxels contained 
by these ROIs were subsequently used to calculate an average fat map percentage. Automatic ROIs 
were visually inspected and when these contained non-liver tissue (e.g. because of movement in 
between acquisitions), the ROIs were instead defined manually. An example of the automatic co-
localisation is shown in Figure 1.

Statistical analyses
Results are presented as mean (±SD) or numbers (%) where appropriate. After analysis of LTC, 1H-
MRS percentages and histopathological assessment of livers from separate diet groups, all mice 
were pooled to form a cohort with a range of moderately elevated LTC-levels, as no mice had deve-
loped macrovesicular steatosis or steatohepatitis. Correlations between LTC and other measures of 
liver fat were assessed with Pearson’s correlation coefficient (r). We then performed 95% confidence 
interval (95%-CI) calculations and significance testing using Fisher’s Z-transformation [28]. P values 
of <0.05 were accepted as statistically significant. Statistical analyses were performed using SPSS 
Version 20 (IBM Corp, Armonk, NY, USA).

Results
No mice had to be excluded from the analyses. However, due to technical issues, mDIXON-scans 
could not be performed in eight mice (four mice in group A—four weeks, one mouse in group A—
twelve weeks and three mice in group B—four weeks). Assessment of correlation between mDIXON 
and LTC was therefore analysed in 42/50 (84%) mice.
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Biochemical liver triglyceride analysis
The mean (±SD) LTC for all 50 mice was 32.2 mg/g (± 13.9 mg/g). The distribution of the LTC for each 
time point during the diet for all groups can be seen in the scatter plot in Figure 2.

Histopathology
Microvesicular steatosis was observed on H&E stained sections in 42/50 (84%) mice and required 
confirmation with ORO-stained cryosections. H&E staining showed no macrovesicular steatosis, 
very little inflammation (at most <2 foci per 200× magnification) and no signs of liver injury (e.g. 
ballooning, acidophil bodies or fibrosis) in any of the mice. As estimating the percentage of mi-
crovesicular fat vacuoles on H&E sections is difficult and has low interobserver agreement, this was 
not performed [29].

On visual scoring of ORO-stained cryosections, the mean percentage of hepatocytes contai-
ning fat vesicles was 61% (±37%). Examples of ORO-stained cryosections are displayed in Figure 3. 
Note that due to the microvesicular size of the fat vesicles, the number and therefore percentage of 
hepatocytes containing fat vesicles was relatively high compared to combined surface area of the 
fat vesicles, as found with DIA-ORO (see below). Although a range of normal to moderately eleva-
ted liver fat percentages and LTC was observed, no differences in inflammation were found. Hence, 
the data for all mice were pooled in order to focus on the overall relationship between normal to 
moderately elevated biochemically-determined LTC as reference standard and other measures of 
liver fat content.
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Figure 2.  Distribution of liver triglyceride content (LTC) for all 50 mice grouped by type of and number of weeks on 
diet (■ Control; ● High Fat (HF); ▲ LDLr –/–). HF and LDLr –/– groups showed an increase of LTC between four and 
eight weeks of diet. This increase was not apparent in the HF twelve week group. The LTC of the control group did 
not change over the weeks.
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DIA-ORO
The mean area of fat-stained vesicles on DIA-ORO was 
8.2% (±7.4%). The microvesicular pattern of steatosis was 
confirmed with a mean overall vesicle diameter of 2.1 µm 
(±0.7 µm). Examples of the DIA-ORO analysis are displayed 
in Figure 3.

Figure 3 (above).  ORO and DIA-ORO. Left-hand panels show ORO-
sections (A and C) captured at 100× magnification. Colours have 
been matched for illustration purposes. The panels on the right show 
the corresponding DIA-ORO analysis images (B and D) The top row 
depicts a mouse with 20.0% of total area stained by ORO, while the 
bottom row depicts a mouse with 4.6%.

ppm46 2 0

Figure 4.  Example of a 1H-MRS spectrum. The TE = 12 ms 1H-MRS 
spectrum of a mouse in the higher range of fat content (8.3%) with 
water at 4.65 ppm (left) and the main lipid peak at 1.3 ppm (right).
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MRI
The mean 1H-MRS fat percentage was 4.3% (±1.7%) and ranged from 1.0 to 8.3%. The mean PDFF-
map percentage was 3.1% (±1.0%) with a range of 1.6–5.6%, while the mean mDIXON-fat map per-
centage was 2.9% (±0.8%) with a range of 1.9–5.1%. Examples of 1H-MRS, PDFF-maps and mDIXON-
fat maps are displayed in Figures 4 and 5.

LTC compared with other measures of liver fat content
Correlation analyses were performed between LTC and ORO, DIA-ORO, 1H-MRS, PDFF-maps and 
mDIXON-fat maps, respectively, and are summarised in Table 2. The scatter plots in Figures 6 and 7 
show that correlation with LTC was best for mDIXON at 0.82 (95%-CI: 0.69–0.90). Table 2 also shows 
slope and intercept values for linear regression lines. All three correlations between MRI-derived 
fat percentages and LTC were higher than correlations between LTC and either visual or DIA based 
histological assessment. These differences were significant for mDIXON compared to both visual 
and DIA-ORO, and for 1H-MRS and PDFF compared to DIA-ORO only.

Figure 5.  Proton Density Fat Fraction and mDIXON-fat maps. The top left-hand panel (A) shows the first echo (TE = 
1.2 ms) obtained in the interleaved multi-echo gradient echo sequence with the corresponding Proton Density Fat 
Fraction or PDFF-map in the top right-hand panel (B). The bottom row shows the corresponding mDIXON water-only 
image in the left-hand panel (C) and the reconstructed mDIXON-fat map in the right-hand panel (D).
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Table 2.  Correlations between liver triglyceride content (LTC) and fat measurements.

Measurement LTC Slope Intercept

1H-MRS (n = 50) 0.74 (0.58– 0.84)A 0.089 (0.065–0.112) 1.4 (0.58–2.23)

PDFF (n = 50) 0.75 (0.60–0.85)B 0.057 (0.042–0.071) 1.3 (0.75–1.75)

mDIXON (n = 42) 0.82 (0.69–0.90)C 0.045 (0.035–0.056) 1.6 (1.22–1.91)

ORO (n = 50) 0.59 (0.37–0.75) 1.578 (0.95–2.21) 10.4 (-11.6–32.4)

DIA-ORO (n = 50) 0.49 (0.25–0.68) 0.263 (0.13–0.40) -0.29 (-5.0–4.45)

Pearson’s correlation coefficients with 95%-Confidence intervals between liver triglyceride content (LTC) and non-invasive 
and invasive measurements of liver fat. All correlations were statistically significant (P <0.001). In addition, slope and intercept 
values for linear regression lines are shown.
A Correlation between LTC–1H-MRS was higher than between LTC–DIA-ORO (P = 0.047).
B Correlation between LTC–PDFF was higher than between LTC–DIA-ORO (P = 0.031).
C Correlation between LTC–mDIXON was higher than between LTC–ORO (P = 0.027) and LTC–DIA-ORO (P = 0.004).
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Figure 6 (above).  LTC against histology. The scat-
ter plots between LTC (x-axes) and the histologi-
cal assessment of ORO-stained sections (y-axes). 
Top: LTC–ORO, bottom: LTC–DIA-ORO. Note the 
differing scale of the two y-axes.
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Figure 7 (left).  LTC against MRI. The scatter plots 
between liver triglyceride content (LTC, x-axes) 
and non-invasive MR-based measurements 
(y-axes). From top to bottom: LTC–1H-MRS, 
LTC–PDFF and LTC–mDIXON. 
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Discussion
This study shows that—in comparison to biochemically determined LTC—non-invasive MR measu-
rements of hepatic steatosis perform as good as or better than invasive histopathological analyses 
in a large cohort of 50 mice with normal to moderately elevated levels of microvesicular steatosis. 
Pearson’s correlation coefficients for visual scoring and DIA of ORO sections with LTC were 0.59 
and 0.49, respectively, while 1H-MRS, PDFF and mDIXON correlated with LTC at 0.74, 0.75 and 0.82, 
respectively. All three MR measurements had higher correlations than those achieved with histopa-
thology. These findings further illustrate the added value of MRI and 1H-MRS over histopathological 
methods in low-fat-percentage animals with normal to moderately elevated liver fat content.

As noted earlier, Levene et al. [4] recently concluded that DIA-ORO was the most accurate 
measurement for the detection and quantification of liver fat content in human biopsies as well 
as in mice liver samples. They reported a negative Pearson’s correlation coefficient of -0.521 (P = 
0.368) between MR-determined fat percentage and LTC in five patients undergoing liver biopsy. 
MR compared with DIA-ORO had a correlation of -0.271 (P = 0.660). These results are contradictory 
to other studies in small animals and patients, including the present study. For example, Hines et 
al. [30] found high correlations between MR-determined fat percentages and biochemically de-
termined LTC in ob/ob-mice, which have high amounts of liver fat. Likewise, van Werven et al. [10, 
15] demonstrated that both MRI and 1H-MRS correlated well with steatosis grade on H&E stained 
liver sections of patients undergoing partial hepatectomy and that 1H-MRS correlated well with gas 
chromatography-determined LTC in Wistar rats on an MCD diet. Similarly, for microvesicular stea-
tosis and normal to moderately elevated liver fat, the results of the present study indicate that MR-
determined fat percentages correlate with LTC as good as or better than visual estimates and digital 
analysis of affected hepatocytes on ORO staining.

Compared to Levene et al.’s results, we found a lower correlation (not statistically different) 
between DIA-ORO and LTC, no improvement of DIA-ORO over visual estimation of ORO sections, 
and overall higher correlations between MR-derived fat percentages and LTC than between histo-
logical methods and LTC.

One explanation for these differences is that different lipid extraction and DIA methods were 
employed, and that we assessed these measures over a smaller range of comparatively lower liver 
fat contents. Nonetheless, since in the current study both invasive and non-invasive methods were 
assessed in a large cohort of 50 mice, the presented results are robust. It should be noted, howe-
ver, that although all measures we investigated are related to LTC, they do not measure the same 
properties of fat [31]. As such, a degree of correlation is expected but the percentages given by the 
different measures such as 1H-MRS and DIA-ORO will not agree exactly and are not directly inter-
changeable. Long-term studies should focus on the prospective value of the different measures, but 
the clear benefit of non-invasive quantitative measures is that results can be compared over time in 
the same subject or animal.

Tandra et al. [32] reported that in a cross-sectional review of 1022 human liver biopsies, mi-
crovesicular steatosis was noted in 10% of cases and was associated with higher grades of macrove-
sicular steatosis, more advanced fibrosis, and higher NAS. Clearly, even small amounts of fat—mea-
surable with MRI, but at times difficult to discern on standard biopsy—are important. However, the 
exact clinical relevance has not yet been studied extensively. In our study, the extent of hepatocytes 
containing fat would have been quite underestimated had only H&E stained sections been used, 
and thus, the use of ORO staining may be worthwhile. Our data show that MR-determined liver fat 
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percentages can be used even in live mice with normal to moderately elevated levels of microvesi-
cular steatosis, though MR techniques currently cannot distinguish between micro- and macrove-
sicular fat.

Limitations of our study include the use of a clinical, wide-bore MR scanner instead of a dedi-
cated small animal scanner, which was not available at our institute. Instead, we used a dedicated 
solenoid small-animal RF-coil and were able to obtain excellent imaging and spectroscopy data with 
high signal-to-noise ratios. MR-based fat measurements in several other studies were also obtained 
using clinical MR scanners and RF-coils for small objects, and these combined results support the 
wider employment of clinical MR scanners for animal experiments [8, 15, 30].

During MRI and 1H-MRS, mice were breathing freely, which can cause MR signals from other tis-
sues to be erroneously located in the liver. To avoid this effect, we employed respiratory-triggering. 
MRI and 1H-MRS are subject to several other biases, such as T1 weighting, T2 relaxation and J-cou-
pling, eddy currents, the multi-peak nature of the fat signal, and noise bias [7]. We sought to correct 
for T1 weighting in the PDFF, mDIXON and 1H-MRS by choosing the TR as long as possible while still 
yielding acceptable acquisition times. Because we did not ventilate mice mechanically, respiratory 
frequencies varied between the mice, thus influencing the effective TR of the scans.

For 1H-MRS, individual correction for T2 relaxation was applied, while a STEAM instead of PRESS 
sequence was employed to limit J-coupling effects [33]. 1H-MRS fat signal was corrected for the 
multi-peak nature of fat [23].

mDIXON- and PDFF-maps were corrected for T2* and since PDFF-maps were derived using 
magnitude images, eddy current effects could be avoided. For the mDIXON-fat maps, the noise 
bias was corrected using the methods outlined by Liu et al. [22]. Furthermore, to ensure that fat 
map percentages were compared for the same location as the 1H-MRS, an automatic co-localisation 
procedure of the 1H-MRS voxels with the imaging fat maps was applied.

Regarding mDIXON, Livingstone et al. reported preliminary data in which they found a high 
correlation (r = 0.96, P <0.001) between mDIXON and 1H-MRS with a lower limit for mDIXON of 4% 
[20]. This could be due to the aforementioned T1 bias, associated with the short TR employed. Note 
that we did not observe a similarly lower limit of 4% in our mDIXON data. However, both PDFF and 
mDIXON values had lower ranges than 1H-MRS. Their regression lines with LTC had slopes roughly 
half that of 1H-MRS with LTC, and their non-zero (circa 1.5%) intercepts indicate that all three non-
invasive tools—while performing substantially better than histopathology—still have difficulties in 
assessing fat levels in the vicinity of 0 mg/g. One explanation for these findings in our study is that—
compared to measurements in humans—relatively few imaging voxels were included to obtain fat 
map values, though the effect of this was not formally investigated. Alternatively, it may be due to 
possible limitations in the reconstruction algorithms to correctly separate water and fat signal when 
little fat is present, leading to an underestimation of the water, an overestimation of the fat signal, 
and non-zero fat percentages in the hypothetical situation where LTC is 0 mg/g. Further studies—
preferably in humans with liver tissue available for biochemical analysis—should be performed to in-
vestigate the exact relationship between mDIXON-fat map percentages, other MR-based methods 
of fat percentage assessment (such as PDFF), and biochemically-obtained triglyceride content.

mDIXON measurements were performed in only 42 out of 50 mice, while the other MR and 
histopathological measures could be assessed for all mice. In principle, this could have introduced a 
selection bias. However, additional analysis (data not shown) indicated that correlations would not 
have differed significantly if the analysis had instead focussed on the 42 mice only. Another limita-
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tion is that we did not perform MRI and 1H-MRS, histological assessments, and biochemical analysis 
in exactly the same location in the liver. This was technically not feasible, as biochemical analysis and 
H&E staining required frozen tissue and formalin-fixated tissue, respectively.

Finally, none of the mice in our study developed macrovesicular steatosis, large amounts of 
liver fat, or steatohepatitis. As such, the presented methods have here only been evaluated for nor-
mal to moderately elevated liver fat content assessment. However, it is likely that these robust MR-
methods will perform adequately for high-fat content quantification as well. Especially so, since 
results of studies in mice and humans by Van Werven et al. and Hines et al. clearly show that the 
non-invasive measurements with MR perform even better in the macrovesicular and high-fat con-
tent spectrum than in our study in the normal to moderately elevated and microvesicular spectrum 
[15, 30] .

Conclusion
In conclusion, non-invasive MR-based measurements of normal to moderately elevated liver fat 
content correlate better than invasive histological measurements with biochemically-determined 
LTC in mice. This strengthens the robust position of MR-based measurements as the method of 
choice, also for low-fat fractions. Pending local availability of equipment and expertise, either of the 
MR-based measurements should be used for assessing liver fat content, particularly since MR-based 
measurements require substantially less post-processing time than histopathology and do not re-
quire animals to be sacrificed. Since mDIXON is vendor-specific, 1H-MRS and PDFF may be prefera-
ble. As MR-based measurements—in contrast to histological assessment—can be easily repeated 
over time, allowing for follow-up examinations, the widespread use of MR in preclinical research 
could result in a decrease of the number of required animals.
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Appendix A

Diet composition

Table A-1.  Correlations between liver triglyceride content and fat measurements.

Control diet (CD) 4025.03 High Fat diet (HFD) 4025.04

Ingredients w/w% w/w%

Lard 0 39.83

Starch 70.23 15.58

Corn oil 2 3

Proteins (casein and  
methionine)

16.85 25.24

Cellulose 5 7.49

Minerals / trace elements / 
vitamins

5.92 8.87

Total 100 100

kcal-% kcal-%

Protein 18 18

Fat 5 70

Carbohydrates 77 11

Total 100 100

The control diet was based on the high fat diet, on an iso-caloric base and the diets differed principally only with regards the 
(energy-%) amounts of lard and starch. To ensure equal amounts of linoleic acid per calorie, corn oil was added to the high 
fat diet as can be seen in the table above.

Appendix B

Oil Red-O-staining

Oil Red-O (ORO)-staining was performed according to the staining procedure used by our center’s 
Department of Pathology. The procedure was as follows:
Cryosections were:

1. cut at 7 µm at -18°C using a cryotome and transferred to slides;
2. dried overnight and fixated for 20 seconds at room temperature with formol-macrodex;
3. thoroughly rinsed in distilled water;
4. dipped twice in 60% 2-propanol;
5. stained for 25 minutes in ORO working solution (see below);
6. dipped ten times in 60% 2-propanol to remove excess ORO solution;
7. thoroughly rinsed with distilled water;
8. counterstained with haematoxylin for 1 minute;
9. rinsed with tap water to blue sections for 5 minutes;
10. thoroughly rinsed with distilled water for 5 minutes;
11. and finally covered with Aquatex and a cover slip.
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The ORO working solution was composed of: 
1. 60 volume-% of ORO stock solution (see below)
2. 40 volume-% of distilled water

These were added together, mixed well, kept for 10 minutes at room temperature and finally filte-
red, just prior to the staining procedure.

The ORO stock solution was composed of:
1. 5 gram of Oil Red O powder
2. 1000 mL of 2-propanol

These were added together, mixed well and kept overnight in a stove at 56°C. The mixture was al-
lowed to cool down to room temperature before filtering and was kept at room temperature until 
an ORO working solution was needed.

Appendix C

Digital Image Analysis of ORO-slides

Digital-Image Analysis of ORO sections (DIA-ORO) was performed with photographs acquired with 
an Olympus BX-41 microscope equipped with an UC30 camera and AnalySIS getIT 5.1 (Olympus Soft 
Imaging Solutions GmbH, Münster, Germany). Two, six and six randomly chosen fields at 100×, 200× 
and 400× magnification respectively were captured to allow averaging and obtaining average values 
for each mouse. At each magnification, background photographs (blanks) were obtained by taking 
a photograph without a sample, to allow adjustments for variation in image intensity. Images were 
analysed using Wolfram Mathematica 8 (Wolfram Research, Champaign, IL) as follows:

1. Images and corresponding (to magnification) blanks were loaded into the program.
2. For each image, the corresponding blank was subtracted from the image with the ImageSub-

tract command.
3. A Gaussian-filtered image was then created by with the GaussianFilter command, with a 

kernel of pixel radius 50.
4. Using the images from step 2 and step 3, the next step involved creating colour separated 

images for each RGB-channel:
a. Image_step3 was subtracted from Image_step2;
b. To increase differences between different pixels, the RGB values of Image_step4a were 

multiplied by 5, using the ImageMultiply command.
c. The ColorSeparate command was applied to Image_step4b to create the three separa-

ted colour channels.

5. In the next step, a binary image that identifies fat clusters as 1 was created as follows:
a. First, the red channel was subtracted from the green channel.
b. Next, the blue channel was subtracted from Image_step5a:
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c. Then, the Binarize command was applied to Image_step5b with the threshold at 0.5, 
replacing all pixels > 0.5 with 1 and others with 0.

d. Finally, with the DeleteSmallComponents command and 20 as maximum element size, 
small components (that represent staining errors and not actual fat clusters) were de-
leted from Image_step5c.

6. In the last step, fat pixel area, number of clusters and median and mean cluster size were 
extracted as follows:
a. The Dimensions and ImageData commands were applied to the binarized Image_step5d 

to allow calculation of total pixel area.
b. The Total, Flatten and ImageData commands were applied to Image_step5d to count 

the total numbers of pixels with value 1 (i.e. fat vesicle pixels).
c. Percentage was calculated by dividing the number of selected pixels (6b) by the total 

number of pixels (6a) and multiplying by 100.
d. The Max and MorphologicalComponents commands were applied to Image_step5d to 

identify and count the number of separate fat vesicles.
e. The Flatten and Count commands were applied on the separated fat vesicles to count 

the number of pixels per separate fat vesicle of which the mean and median values were 
subsequently calculated.
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