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Introduction
The liver delivers energy in the form of glucose and ketone-bodies to the brain and body, stores 
energy in the form of glycogen, produces or metabolises proteins, lipids, vitamins, bile and various 
other essential compounds and plays a central role in blood clotting and detoxification. It removes 
toxic substances from the blood, biotransforms them before secreting the metabolites back into 
the blood or into the bile. Bile formation is a central function of the liver not only for detoxification, 
but also for allowing an effective intestinal digestion [1].

It is estimated that the number of patients with progressive liver diseases due to metabolic 
disease—e.g. obesity and type 2 diabetes mellitus (DM) related non-alcoholic fatty liver disease 
(NAFLD and non-alcoholic steatohepatitis (NASH)—, will rise over the next decades and will beco-
me a worldwide cause of morbidity and mortality [2, 3]. Early detection of liver disease—preferably 
by non-invasive means—is warranted to intervene before the liver is irreversibly damaged. Early 
detection and accurate estimation of the degree of liver damage will reduce morbidity, mortality 
and healthcare costs.

This thesis focusses on advanced methods for magnetic resonance imaging (MRI) and spectro-
scopy (MRS) of the liver parenchyma to detect and accurately quantify liver damage. The new MRI 
and MRS methods described in this thesis could play a crucial role in early detection and effective 
timing of therapeutic interventions for patients with progressive liver diseases.

Liver disease
Liver diseases are commonly divided in focal and diffuse parenchymal diseases. Focal liver diseases 
are located at a circumscribed location in the liver, sparing the remaining liver parenchyma. These 
are not the subject of this thesis, which focusses on diffuse parenchymal liver diseases (from here 
on: diffuse liver disease) in which the entire liver is affected. In diffuse liver disease, the severity can 
show a heterogeneous pattern throughout the liver but the whole organ shows signs of disease. 
Examples of diffuse liver abnormalities include (i) hepatic steatosis or the abnormal storage of fat in 
the liver cells), (ii) fibrosis or the development of scar tissue in the liver and (iii) iron overload or the 
abnormal storage of iron in the liver cells. These can be accompanied by (iv) the presence of inflam-
mation with the accumulation of inflammatory (or immune) cells. Each of these four examples is 
briefly discussed in the following sections.

Steatosis
In steatotic liver disease, the hepatocytes or main liver cells develop fat vesicles: globules of trigly-
cerides formed from dietary intake which in normal circumstances is transformed into glycogen or 
fatty acids to serve as energy source [2, 4]. The fat vesicles can be (a) solitary, relatively large (>15 
µm), displacing the nucleus within the hepatocyte or (b) numerous and small; this is called macro- 
or microvesicular steatosis, respectively [5]. By consensus, if more than five percent of hepatocytes 
in a liver biopsy contains macroscopic fat vacuoles, the patient is said to have hepatic steatosis [4]. In 
the absence of increased alcohol intake and other known causes of steatosis this is called non-alco-
holic fatty liver disease (NAFLD). Circa 10 to 15% of NAFLD-patients go on to develop non-alcoholic 
steatohepatitis (NASH), characterised by inflammation and ballooning of hepatocytes.

Examples of liver parenchyma of a healthy subject and a NASH patient are shown in Figure 1. 
Around 25% of NASH patients will develop fibrosis [2]. Particularly these patients are at risk of serious 
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liver damage as an estimated 2.5% per year will develop cirrhosis which can culminate in end-stage 
liver disease that may necessitate liver transplantation [2, 6]. Much effort is therefore dedicated to 
finding methods to identify these high-risk NASH patients.

Fibrosis
When liver cell damage occurs in inflammation or infection, excessively deposited collagen fibres 
can form fibrotic strands between hepatocytes [7]. This is termed liver fibrosis. The amount and pat-
tern of fibrosis is graded histologically by the pathologist on a liver biopsy. Different grading scales 
are in use, which identify five or six different classes, depending on the aetiology of the fibrosis [8-
10]. High fibrosis grades interfere with normal liver function and are more likely to cause end-stage 
liver disease with the need for liver transplant. Examples of diseases that can cause liver fibrosis 
include viral and auto-immune hepatitis and NASH. As the incidence of especially NAFLD/NASH is 
increasing, many more patients are at risk of developing fibrosis [2, 11, 12].

Iron overload
The excess accumulation of iron particles in parenchymal organs is termed iron overload. This most-
ly happens when excess iron circulates throughout the body. Hereditary and non-hereditary vari-
ants are recognised: in hereditary haemochromatosis (HH) a defective gene causes an abnormal 
uptake of normal dietary iron intake in which the liver is the first organ affected. In non-hereditary 
iron overload the accumulation occurs secondary to other liver diseases and/or to repeated blood 
transfusions [13]. The latter are frequent in patients with sickle cell disease, thalassaemia and mye-
lodysplastic syndromes and are in an academic medical centre and tertiary referral centre the most 
common cause of iron overload [14]. Increased liver iron content causes damage to cells and liver 
function [15].

Inflammation
In response to a number of causative agents such as hepatotropic virus, alcohol intake, particular 
drugs and free fatty acids, inflammatory cells migrate into the liver, releasing cytokines and other 

Figure 1. Liver biopsy.  Haematoxylin and eosin (H&E) stained biopsy section showing normal liver architecture (A) 
and steatohepatitis (B). The round, empty spaces in Figure 1B are the fat vacuoles, in this case grade S3 (>66% of hepa-
tocytes contain fat vacuoles). Other signs of steatohepatitis in Figure 1B include infiltrating inflammatory cells (*) and 
ballooning hepatocytes («). Images courtesy of Dr. J. Verheij, MD.
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metabolites. While these can help to combat the aforementioned agents, they can also cause fibro-
sis formation [16]. In NASH a sterile inflammation occurs which is accompanied by the additional and 
for diagnosis mandatory appearance of ballooning hepatocytes [2]. The inflammation, ballooning 
and subsequent fibrosis formation are specific features that distinguish NASH from NAFLD [10].

Diagnosis
In diffuse liver disease the diagnostic process consists primarily of a medical history, physical exami-
nation and laboratory work-up. Regular, qualitative radiology such as ultrasound (US), CT-scanning 
(CT) and MRI are used to rule out focal disease and to obtain confirmation of a differential diagnosis. 
If further solid proof is required, the next step is liver biopsy and histological analysis. This was kick-
started by Menghini’s 1958 report on a method that allowed a ‘one-second needle biopsy of the 
liver’ [17].

Liver biopsy
The percutaneous liver biopsy is a method of acquiring a small specimen of liver tissue for histo-
logical analysis. The specimen usually measures between 1 and 3 cm in length and between 1 and 2 
mm in diameter [18]. This amounts to a volume of ranging from 0.03 to 0.38 mL. With an estimated 
liver volume for a 27 years old male PhD student of 189 cm and 79 kg of 1861 mL, a biopsy would cor-
respond to anything between 1/62.000th and 1/5000th of the total liver volume [19]. The specimen 
is processed for further analysis by a pathologist who in case of diffuse liver disease assesses and 
grades the presence of fat, iron, fibrosis and/or inflammation.

Drawbacks of the percutaneous liver biopsy include its invasive nature that can cause bleeding, 
its associated (shoulder) pain and its limited sample size compared to total liver volume that can 
cause sampling bias. Moreover, clinicians are justifiably reluctant to use repeated liver biopsies for 
the follow-up of disease progression or monitory therapy response. Furthermore, the interobserver 
agreement between general pathologists for steatosis, fibrosis and inflammation assessment has 
been reported to be below par [20, 21].

Non-invasive techniques
As developments in the field of non-invasive methods for evaluation of the liver parenchyma are 
progressing, there is a slow but steady decline in the number of biopsies performed in patients with 
(suspected) diffuse liver disease, marking a transition from invasive to non-invasive assessment. 
Now briefly some specifics regarding non-invasive imaging techniques are described. Examples 
include US, CT, MRI, magnetic resonance elastography (MRE) and proton and phosphorus MR spec-
troscopy (1H- and 31P-MRS). A pro and contra summary of these methods can be found in Table 1.

Ultrasonography / FibroScan

The working horse modality for the image-based evaluation of the abdominal organs is ultrasono-
graphy (US), which is widely available, relatively inexpensive and lacks ionising radiation. Focussing 
on the liver, US allows the evaluation of the liver volume, contour, major vessels and bile ducts. The 
liver parenchyma can be graded semi-quantitatively regarding the amount of liver fat [22]. Howe-
ver, this grading is inaccurate, reader-dependent and does not allow the detection of (slight) chan-
ges over time [22, 23]. In addition, in obese children normal US results may not be able to exclude 
significant steatosis [24].
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Table 1.  Pro and contra of non-invasive imaging modalities in the work-up of liver disease.

Modality Pro Contra

Ultrasonography
• Qualitative lesion assessment
• Semi-quantitative steatosis grading
• Readily available

• No quantitative information
• User-dependent

CT-scanning • Qualitative lesion assessment
• Ionising radiation
• Specific for steatosis stage S3 only

MR imaging
• Qualitative lesion assessment
• Intuitive quantitative parenchyma 

assessment
• Relatively high costs

MR spectroscopy
• Quantitative liver parenchyma  

assessment
• Considered MR reference standard

• Specific knowledge required for 
acquisition and post-processing

• Relatively high costs

Various US devices now feature elastography modes, used to probe the elasticity of the underly-
ing tissue. As liver fibrosis develops, the liver becomes less elastic (or stiffer), which is reflected in 
the elasticity value. The higher the elasticity value, the more probable the presence of (significant) 
fibrosis. The FibroScan® is a dedicated US based medical device used for elastography measure-
ments that are accurate for fibrosis assessment [25, 26]. It has recently gained the ability to quantify 
liver fat. The Controlled Attenuation Parameter (CAP) value increases when more fat is present [27]. 
Relatively new, the CAP value has been compared to liver biopsy steatosis grading, i.e. a semi-quan-
titative estimation of the number of hepatocytes containing fat vacuoles, in several studies [28-31]. 
Only one publication has so far compared CAP values with 1H-MR Spectroscopy based fat fractions 
[32]. The CAP value appears to be better than US for establishing the presence of steatosis, but has 
similar difficulties in separating different grades of steatosis as seen at biopsy.

CT

Computed tomography (CT) uses ionising radiation to perform cross-sectional imaging. CT cannot 
be used for fibrosis, iron or inflammation assessment but a density or Hounsfield Unit of 48 or lower 
is 100% specific for the presence of severe (stage S3) steatosis [33]. The ability of CT to quantify or 
grade the amount of liver fat is less than perfect. In a recent meta-analysis its diagnostic accuracy 
was found to be higher than for US but significantly lower than for MRI or 1H-MRS [23]. Given the 
burden of the ionising radiation and its lower diagnostic accuracy, CT is not recommended as first 
choice for liver fat assessment.

MRI

Magnetic resonance imaging (MRI) uses strong magnetic fields and radio waves to obtain sig-
nal from protons present in the body and construct images. For diffuse liver diseases, MRI today 
has many applications. It can be used to detect the presence of fat, iron and fibrosis, but can also 
 quantify the amount of fat, iron and fibrosis with very high diagnostic accuracies [23, 26, 34-36].

Fat and iron

The presence of liver fat or iron can be assessed on in- and out-of-phase (IOP) gradient echo (GRE) 
images. For fat this is illustrated in Figure 2, showing a normal (0.7% fat on 1H-MRS) and fatty liver 
(9.9% on 1H-MRS) with diminished signal intensity on the out-of-phase image of the fatty liver as wa-
ter and fat signal cancel each other. Interestingly, this subject had relative sparing of liver segment 
VII. IOP GRE images can also be used for iron assessment: the IOP images are obtained at two dif-
ferent echo times (TE). When iron is present, MRI signal decays quicker than usual and the result is a 
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black(er) liver at the later TE. The effect of iron on MRI signal decay is illustrated in Figure 3, showing 
images at an early and late TE before and after intravenous ironoxide-containing contrast agent 
administration in a study investigating the rate of iron uptake in specific diseases [37]. 

When both fat and iron are present, the aforementioned effects of fat and iron on MRI signal 
behaviour interfere, making it much less reliable and prone for misinterpretation. For these cases—
but also to obtain reproducible and accurate quantitative values that can be used for follow-up and 
easy comparison with other patients—quantitative MRI techniques should be applied for both fat 
and iron quantification. Quantitative MRI for fat is based on the separation of the MR signal from 
water and fat by applying sophisticated post-processing techniques to correct for many known 
confounders such as T1 weighting, T2* decay and the multi-peak fat-model that allow expressing the 

Figure 2.  In- and out-of-phase MR images. In-phase 3T gradient echo MR images obtained at TE = 2.3 ms in subjects 
without (A) and with (B) steatosis with corresponding out-of-phase images obtained at TE = 1.15 ms without (C) and 
with (D) steatosis. Note that the signal intensity in Figure 2D becomes lower as the signals of fat and water (with 
opposed directions at this out-of-phase TE) partly cancel each other, whereas this does not occur in Figure 2C. Ad-
ditionally, note that liver segment VII (*) is relatively spared (signal loss is less pronounced).
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Figure 3.  Effect of iron loading on liver MR signal intensity illustrated with 3T gradient echo images. One set was 
acquired before (A) and after (B) I.V. ferumoxytol administration at TE = 1.6 ms. At this short TE, no difference can 
be observed. In contrast, images obtained at TE = 13.6 before (C) and after (D) iron administration illustrate the T2*-
shortening effect of the iron particles as increased signal loss. Finally, bottom row shows plots of signal intensities of 
the liver (y-axis) against the echo time (x-axis) before (E) and after (F) ferumoxytol administration. T2* dropped from 
17 ms to 6 ms.
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amount of fat as a signal fraction or even a mass fraction [38, 39]. Such quantitative MRI for steatosis 
is possible using 1H-MR Spectroscopy (1H-MRS) as illustrated in Figure 4, showing spectra ranging 
from normal to very steatotic. 1H-MRS has been shown to be accurate and reproducible and is con-
sidered the imaging reference standard for assessing liver fat content [22, 34, 40]. However, 1H-MRS 
is less than ideal for daily practice as it requires non-trivial post-processing and only assesses a single 
location in the liver. These drawbacks are overcome using new techniques that allow the recon-
struction of water- and fat-only images. From these, fat fraction images can easily be constructed, 
allowing segmental assessment of liver steatosis [41]. An example is shown in Figure 5. While quan-
titative MRI techniques are known to be accurate in cohorts with severe steatosis, it is uncertain 
whether this assumption holds for cohorts with only moderately elevated liver fat content as espe-
cially 1H-MRS is prone to bias in low fat fraction subjects during the manual data fitting procedure.

Similarly, MRI allows the construction of R2 and R2* maps of the liver that are made by voxel-wise 
fitting of signal intensities at multiple TEs to known signal decay functions [36]. Segmental analysis 
of the signal decay can identify which segments show normal signal decay (for R2 and R2* circa 20 Hz 
and 40 Hz at 1.5T) and which show increased signal decay, indicative of iron overload. Several R2 and 
R2* mapping methods are in use, in addition to signal intensity ratio methods such as the Gandon 
method [42]. There is no clear consensus on which method is best in terms of accuracy, acquisition 
and post-processing time and costs.

Fibrosis

In MR elastography (MRE) the same underlying principle as in US based elastography holds. The 
speed and amplitude of vibrations or mechanical waves traveling through the (liver) tissue is measu-
red. In MRE the speed and amplitudes of the travelling waves are converted to shear wave elasticity 
values on a voxel-wise basis. By selecting a region-of-interest in the liver, mean elasticity values can 
be obtained. This is shown in Figure 6. Several studies have shown that MRE is able to distinguish 
advanced (stage F2–4) from none to mild fibrosis (F0–1) with considerable diagnostic accuracy in 
viral hepatitis [43-53]. Moreover, MRE can be used in a conditional strategy for diagnosing advan-

A

4.65 ppm
1.3 ppm

B
C

D
E

F

Figure 4.  1H MR Spectroscopy. Figure 4A-F show 1H-MR spectra illustrating increasing fat fractions with A-F cor-
responding to 0%, 2.5%, 5%, 10%, 20% and 30%, respectively. Spectra are scaled to the water peak at 4.65 ppm. 
Note that at fat fractions of 10% and higher, additional fat peaks appear at 0.9, 2.0 and 5.4 ppm, besides the main 
methylene-peak at 1.3 ppm.

CHAPTER 1



17

ced fibrosis: subjects with inconclusive transient elastography results are scanned with MRE. This 
strategy increases the diagnostic accuracy of correctly staging liver fibrosis to 80% [26]. MRE may 
therefore have a place in the work-up of diffuse liver disease patients, but the interobserver agree-
ment between MRE readers should be high, so that individual MRE assessments by different readers 
can confidently be compared with each other.

Inflammation

Besides protons, many more nuclei show (nuclear) magnetic resonance (NMR). These include 
carbon-13 (13C), fluorine-19 (19F), sodium-23 (23Na), oxygen-17 (17O) and phosphorus-31 (31P). In liver 
disease, several 31P-only metabolites are of interest. As 31P nuclei are much less abundant than pro-
tons (1H), they are used mainly for spectroscopy and not for imaging. An example of a liver 31P-MR 
spectrum is shown in Figure 7. For example, phosphomono- and diesters (PME and PDE) represent 

Figure 6.  MR Elastography. Figure 6A-B show the same transverse turbo spin echo image through the liver with 
superimposed MR Elastography data in B. The elastography data are colour-coded to reflect liver elasticity. The 
region-of-interest (ROI) outlined in red was drawn on an anatomic image to prevent knowledge of local elasticity 
values influencing the placement of the ROI.

Figure 5.  Proton Density Fat Fraction maps from subjects without (A) and with (B) steatosis. The voxels’ signal inten-
sity is representative of the percentage of signal coming from fat. By placing a region-of-interest over a particular 
segment, the fat fraction can be obtained. These are the same subjects as shown in Figure 2A-D. Note the slightly 
darker aspect of liver segment VII in B (* and compare with Figure 2D) and the overall much brighter aspect of the 
liver in B compared to A, indicative of steatosis.
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cell membrane precursors and breakdown products, respectively [54]. Their relative quantity and 
the PDE/PME ratio may be associated with the amount of liver fibrosis but also with tumour activity.

Several other metabolite ratios may be of use in identifying the presence of inflammation, and 
thus NASH from NAFLD patients [55]. For example, nicotinamide adenine dinucleotide phosphate 
(NADPH) has been linked with both fibrosis and inflammation [56]. As NADPH can only be quan-
tified non-invasively with 31P-MRS, much effort should be put in the further refinement of 31P-MRS 
techniques to assess whether 31P-MRS can be used in clinical practice.

a

10 0 ppm -10 -20

b c d e f g h i j k

Figure 7.  31P MR Spectrum of the liver obtained at 7T. Metabolite peaks have been allocated as follows: a) PE, b) PC, c) 
Pi, d) GPE, e) GPC, f) Phosphatidylcholine, g) γ-ATP, h) α-ATP, i) NADPH, j) UPDG and k) β-ATP. The spectrum shown 
is a composite of two T2-weighted AMESING sumspectra (see chapter 6) acquired at different frequency offsets 
centred on the Pi and α-ATP peaks, respectively.
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Outline of this thesis
In this thesis several advanced MR techniques for quantitative measurements in diffuse liver disease 
are presented. Specifically, the focus lies on steatosis, fibrosis and iron quantification in addition to 
the implementation of new MR Spectroscopy methods for liver 31P metabolite quantification.

Regarding liver steatosis, chapter 2 describes a study comparing three MR techniques (MRI- 
and 1H-MRS-based) for measuring liver triglyceride content and two histological techniques with 
a biochemical determination of the liver triglyceride content as reference standard in mice with 
normal to moderately elevated fat levels. The results are given in terms of correlations between 
the surrogate measurements and the reference biochemically determined triglyceride contents. In 
chapter 3, the ability of 1H-MR Spectroscopy to determine liver triglyceride levels is assessed. In this 
group of mice—the same cohort as studied in chapter 2—focus is on relatively low levels of liver 
fat compared to other studies in the field. The mean 1H-MRS and biochemical liver fat contents are 
compared and Bland-Altman analysis is performed to analyse individual differences. Furthermore, 
diagnostic accuracy of 1H-MRS for the presence of steatosis using established cut-off values is as-
sessed in this cohort with borderline fat levels.

Moving from steatosis to fibrosis, in chapter 4 the interobserver agreements of MRE-readers 
analysing MRE data and of pathologists staging liver fibrosis are compared in the same cohort of 
patients. To our knowledge, this is the first head-to-head comparison of these interobserver agree-
ments in a single cohort. This set-up removes the potential influence that differing fibrosis distribu-
tions could have on any differences observed between MRE and pathology.

Focussing on liver iron content, in chapter 5 three MRI methods for liver iron content determi-
nation as used in routine clinical practice in our centre are assessed: breath-hold GRE MRI sequen-
ces used for liver to muscle signal intensity ratio (‘Gandon’) and R2* calculations and a respiratory 
triggered spin echo sequence used for R2 calculation. This is done in terms of their success rates and 
in terms of the interobserver agreement of the three methods. Additionally, laboratory values are 
compared with MRI-determined liver iron content.

Chapter 6 describes the use of 31P-MR Spectroscopy for liver metabolite quantification. The 
gain in signal-to-noise ratio (SNR) obtained between a standard 3T MRI set-up and a new magnetic 
resonance spectroscopic imaging (MRSI) method at 3T and 7T in healthy, male volunteers is as-
sessed. The increased magnetic field strength poses technical and practical challenges, but—theo-
retically—also offers greater intrinsic SNR.

Lastly, chapter 7 summarises the key findings of this thesis and sets them into perspective for 
future use as diagnostic tools in diffuse parenchymal liver diseases.
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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.
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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.

0 20 40 60 80 100

LTC (mg/g)

0 20 40 60 80 100

LTC (mg/g)

0
0

2

4

6

8

10

0

2

4

6

8

10

0

2

4

6

8

10

20 40 60 80 100

LTC (mg/g)

m
D

IX
O

N
 (

%
)

PD
FF

 (
%

)
1 H

-M
R

S 
(%

)

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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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.
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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).

0 20 40 60 80

Biochemical fat content (mg/g)

1 H
-M

R
S 

fa
t 

co
n

te
n

t 
(m

g
/g

)

0

20

40

60

80

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.
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Abstract

Purpose
MR elastography (MRE) can serve as an accurate surrogate marker of liver fibrosis. For any diag-
nostic test that is to replace the current reference standard, interobserver agreement should be 
at least as good and preferably better. The objective of this study was to perform a head-to-head 
comparison of the interobserver agreements of MRE and liver fibrosis staging on biopsy in a single 
cohort of hepatitis patients.

Methods
One hundred and three patients with viral hepatitis B or C who had a liver biopsy underwent MRE. 
Two readers independently selected a region-of-interest (ROI) in the liver to derive elasticity values. 
Two pathologists first independently staged fibrosis on biopsies using the METAVIR classification 
and subsequently held a consensus meeting. Interobserver agreements of elasticity values and fi-
brosis stages were assessed with intraclass correlation coefficients (ICC).

Results
MRE and biopsy data were available for 85/103 patients. ICC of pathologists staging fibrosis was al-
most perfect at 0.91 (95%-CI: 0.86–0.94). ICC for MRE readers was significantly (P <0.0001) higher at 
0.99 (95%-CI: 0.98–1.00).

Conclusions
Interobserver agreement for liver fibrosis staging was almost perfect for both histopathology and 
MRE, with a significant higher agreement for MRE. Its high interobserver agreement and reliable 
accuracy support the use of MRE as a non-invasive screening tool for liver fibrosis.
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Introduction
The prevalence of chronic liver disease is growing, with increasing numbers of patients suffering 
from chronic viral hepatitis and/or hepatic steatosis and its sequelae [1, 2]. These include fibrosis, 
cirrhosis, liver failure, and—especially in case of hepatitis C—risk of hepatocellular carcinoma 
(HCC) development. Liver biopsy—the current reference standard—is mandatory in many areas 
prior to starting antiviral treatment for chronic hepatitis B. Combined with the need to detect ad-
vanced fibrosis to select those eligible for HCC screening, a rise in the number of liver biopsies 
could be the consequence [3]. However, liver biopsy has several undesirable aspects including its 
invasive character and consequently reluctance of clinicians to use biopsy to follow up treatment 
effect, sampling bias due to small sample size and costs. This has driven researchers to investigate 
other, non-invasive methods of both identifying and quantifying or staging liver fibrosis. Examples 
include ultrasound based transient elastography (TE) and magnetic resonance elastography (MRE) 
or rheology. MRE has been shown to be accurate in distinguishing between patients with and wit-
hout advanced fibrosis in several aetiologies [4-11].

For any diagnostic test, good interobserver agreement is important. When comparing tests, 
the assessment of interobserver agreement should include the index test as well as the reference 
standard. Preferably, the interobserver agreement of the index text is at least as good as that of 
the reference standard. With regard to MRE, a number of studies indicated that the interobserver 
agreement between readers of the same MRE data is substantial to almost perfect with ICCs ranging 
from 0.74 to 0.99 [4, 6, 7, 12]. These studies were performed in differing cohorts: some skewed to-
wards no fibrosis at all, others toward advanced fibrosis (stages F3 and F4 on biopsy) while others 
had a more even distribution of fibrosis stages.

Studies on the interobserver agreement between pathologists staging fibrosis on liver biop-
sies show a large variability in agreement, with kappa values ranging from 0.41 to 0.80 [13-16]. The 
agreement depends on biopsy length, fibrosis stage, and on experience and work setting of the 
pathologists (i.e., specialised liver or community pathologists) [15, 16]. However, comparison of the 
agreement between pathologists and between MRE readers is hampered as the aforementioned 
studies did not concern a head-to-head comparison in the same patient cohort: comparing agree-
ment for pathologists and MRE readers from different studies would entail two groups with different 
distributions of fibrosis stages.

Hence, this study addresses the following research questions. What are the interobserver 
agreements for readers of MRE measurements and for histopathologists staging the same patients 
for liver fibrosis? Do MRE regions-of-interests (ROI) and biopsy length and fibrosis stage influence 
the interobserver agreements for respectively MRE and histopathology? To answer these questions, 
we retrospectively analysed MRE-data and histopathology results obtained in a single cohort of viral 
hepatitis patients.

Materials and methods

Patients
For this retrospective study, MRE and histopathology data were used from a study performed in our 
institution comparing the diagnostic accuracy of MRE and FibroScan in patients with hepatitis B or C 
using biopsy as the reference standard (Dutch Trial Register: NTR2489) [11]. The MRE examinations 
and the histopathology results were used to address the present study questions, i.e., comparing 
the interobserver agreements of liver histopathology and MRE. Twelve patients, whose data were 
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also used in that publication, were in addition included in a separate study of the reproducibility of 
MRE and reported upon [17]. The Medical Ethical Committee of the Academic Medical Center, Am-
sterdam waived informed consent for this retrospective analysis.

Liver biopsy
Liver biopsies were performed either as part of routine clinical work-up or as part of a clinical trial. 
Biopsies were fixed in formalin and embedded in paraffin. Biopsies with less than seven portal fields 
were excluded. All biopsies were individually staged from F0 (no fibrosis) up to F4 (cirrhosis) using 
the METAVIR system by two experienced pathologists (JV and VT) [18]. Stage F2 or higher constitu-
ted significant fibrosis. Besides fibrosis, inflammation was scored using the modified hepatic activity 
index (mHAI) ranging from 0 to 18 and subdivided as: 0 no inflammation; 1–3 minimal; 4–8 mild; 
9–12 moderate, and 13 or higher as severe [19]. Pathologists were blinded to all findings including 
each other’s staging except disease aetiology, i.e., whether subjects had viral hepatitis B or C. After 
individual staging a meeting was held to reach consensus on fibrosis stage in those cases where 
individual stages differed.

MRI
MRI was performed on a 3T MR scanner (Intera; Philips Healthcare, Best, The Netherlands) using a 
16-channel phased-array surface coil (two eight-channel posterior and anterior coil elements) and 
dedicated MRE equipment. The actuator was placed on the right side of the chest over the liver and 
positioning was checked using surveys before MRE scans were performed to ensure the actuator 
was located over the liver. Total examination time did not exceed 10 min. MRE was performed in six 
expiration breath holds of 13 s each, using a 2D spin-echo echo planar imaging (SE-EPI) sequence 
with TR/TE at 560/40 ms, FA of 90° and a field of view (FOV) of 320 × 320 mm with a 4 × 4 × 4 mm3 
voxel size. Harmonical waves were applied by the actuator at 50 Hz. Seven axial slices were acquired 
with bipolar motion-encoding gradients in three orthogonal directions (i.e., x, y, and z) using se-
parate acquisitions for each direction. The sampling was performed with eight points per vibration 
period. Magnitude and phase data were stored for further processing offline. To guide MRE ROI, 
high resolution 2D single-shot turbo spin echo (TSE) images were acquired for the same seven slices 
as the MRE acquisition but with higher in-plane resolution. The FOV was 320 × 285 mm with a 1.45 × 
3.58 × 4 mm3 voxel size, the TR/TE were 676/70 ms and FA 90°.

MRE analysis

MRE measures so-called shear wave elasticity and briefly functions thus: mechanical waves are ap-
plied to the chest wall with an external actuator and are propagated through the underlying tissues, 
including the liver. Using specific MRI sequences sensitive to motion, the propagation of the me-
chanical waves can be visualised. In an offline post-processing procedure, voxel-by-voxel elasticity 
maps are generated using dedicated software [20].

The MRE SE-EPI images (containing magnitude and phase data) and high resolution TSE images 
were loaded in the dedicated post-processing software. As the reconstruction algorithm requires at 
least two neighbouring voxels for reliable results the three central slices (out of seven) are reliable 
for elasticity analysis. Hence, these three central slices were used for further analysis. Two MRE rea-
ders (JHR and AEB), blinded to biopsy and each other’s results, individually analysed the MRE-data 
by applying the following steps (see Figure 1):
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1. In the first step, the anatomy of the liver was evaluated on the high resolution TSE and lower 
resolution SE-EPI images, taking note of the presence and location of large vasculature, bile 
ducts, and gallbladder. An example is shown in Figure 1A where the gallbladder is noted.

2. In a second step the effectiveness of the vibration was visualised. For this purpose, the mean 
tissue-displacement in a ROI positioned in the left side of the body (furthest away from the 
actuator) was calculated for all subjects. The overall mean of these values was then multiplied 
by 3 and this level was subsequently used as a lower threshold value in the post-processing 
tool. This allowed visualisation of areas with reliable information, i.e., where tissue displace-
ment was above the noise level. Figure 1B shows the tissue displacement map for the same 
patient as in Figure 1A, with the threshold applied and a red line indicating eligible voxels: all 
voxels with displacement above the threshold value are displayed in colour, while all below 
the threshold are white.

3. In the third step, a ROI was drawn in the liver on the low-resolution magnitude images taking 
into account the information obtained by following steps 1 and 2 (see Figure 1C). This means 
that care was taken to avoid the subcapsular parenchyma (i.e., ROIs were drawn at least 2 

Figure 1.  MRE data analysis was performed briefly thus. In step 1 (A) the anatomy of the liver was evaluated and the 
presence and location of anatomic landmarks (e.g., vasculature, bile ducts, gall bladder) were noted. In step 2 (B), 
the amplitude-threshold was applied to visualise the areas of effective vibration, here noted by the red line: all non-
white voxels were eligible. In step 3 (C), a region-of-interest (ROI) was drawn on the magnitude images, avoiding 
liver edges, anatomic landmarks, and areas of non-effective vibration. Finally, in step 4 (D) the ROI was copied to the 
elasticity maps and mean (standard deviation) values in kPa were noted.
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voxels away from the liver edge), vasculature or gall bladder (noted in step 1) and areas of 
non-effective vibration (noted in step 2) to ensure that the ROIs contained only eligible liver 
tissue. With this precautions in mind, as much liver tissue as was possible was included in the 
ROIs. The ROIs were drawn on the magnitude images to ensure that positioning of ROIs was 
not influenced by prior knowledge of areas of high elasticity that can be seen on the elasticity 
maps.

4. Finally, in the fourth step, the ROI was copied to the elasticity maps and mean and standard 
deviation (s.d.) values in kPa were noted (see Figure 1D).

Statistical analyses
Data are expressed as mean and SD or median and interquartile range where appropriate. Correla-
tions between elasticity values (MRE reader 1) and consensus fibrosis stage and between elasticity 
values for MRE readers 1 and 2 and between fibrosis stages for the two pathologists were assessed 
with Spearman’s correlation coefficient (rS). As current literature has not yet reached consensus on 
thresholds for converting elasticity values to one of the five separate fibrosis stages and as thres-
holds differ for different fibrosis aetiologies, elasticity values were analysed as shear modulus va-
lues in kPa [17]. Shear modulus or elasticity values reflect the mechanical properties of the underly-
ing tissues: the stiffer the tissue becomes (i.e., when more and more fibrosis is present), the faster 
waves travel through it and the higher the elasticity values become. To investigate the interobserver 
agreement, absolute agreement intraclass correlation coefficients (ICC) were calculated for both 
MRE and histological liver staging separately. In recent literature, the assessments of interobserver 
agreement for pathologists have been performed with (weighted) kappas. However, comparing 
kappas and ICC is counterintuitive and seldom performed. As there are five categories for fibrosis 
staging, applying an absolute agreement, two-way random model for ICC assessment is equal to 
performing a quadratically weighted kappa [21]. The benefit of this approach is that it allows for 
comparison between the ICCs for pathologists and MRE readers. ICCs and rS were mutually com-
pared with 95%-confidence intervals (95%-CI) and Z-transformation to allow significance testing 
[22]. The ICCs and rS 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 [23].

In a subanalysis, potential confounders were analysed. The cohort was first subdivided in quar-
tiles by biopsy length to assess the effect of biopsy length on the interobserver agreement of the 
pathologists. Secondly, the cohort was subdivided in quartiles by mean ROI-size (i.e., the mean of 
both MRE-readers) to see whether ROI-size influenced agreement between MRE-readers. In both 
subdivisions, an additional assessment was performed to check whether the potential confounder 
influenced the other staging method. Our hypotheses for this subanalysis were that biopsy length 
will influence pathologists’ but not MRE readers’ agreement and that ROI-size will have no influence 
on either. P values <0.05 were considered statistically significant. Statistical analyses were performed 
using SPSS Version 20 (IBM Corp, Armonk, NY, USA), Excel 2013 (Microsoft Corp, Redmond, WA, 
USA), and GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA).

Results

Patients: biopsy and MRE results
A total of 103 subjects were included in the main study. Individually evaluated liver biopsy and MRE 
results were available in 85/103 (83%) subjects with either hepatitis B (n = 66), hepatitis C (n = 18) or B 
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and C co-infection (n = 1). Biopsy quality (i.e., number of portal fields) was insufficient for histologi-
cal diagnosis in five subjects, while four subjects had to be excluded because biopsies had only been 
staged in consensus during a single consensus reading meeting. MRE examinations were technically 
unsuccessful in three subjects. Finally, six subjects were excluded after primary inclusion because of 
various reasons such as claustrophobia or unavailability of the biopsy.

The cohort was divided by consensus fibrosis stage as follows: F0, n = 3; F1, n = 54; F2, n = 15; 
F3, n = 8; and F4, n = 5. Median elasticity (reported here for MRE reader 1) and the final consensus 
fibrosis stage on biopsy were 1.68 kPa (1.49–2.15) and F1 (F1–F2) respectively. Elasticity values (given 
for reader 1) correlated substantially with the consensus fibrosis stages at rS = 0.68 (95%-CI: 0.54–
0.78, P <0.0001) as shown in Figure 2. Cut-off elasticity values and diagnostic accuracy information 
are reported elsewhere [11]. mHAI (subdivided by categories) showed moderate correlation with 
elasticity values (rS = 0.52 (95%-CI: 0.34–0.66). In a separate report on this patient cohort, inflam-
mation was shown not to be a confounding factor for elasticity values in a multivariate analysis [11].

Interobserver agreement
For histological fibrosis staging by the two pathologists, correlation was 0.92 (95%-CI: 0.88–0.95, 
P <0.0001) while their overall ICC was 0.91 (95%-CI: 0.86–0.94). Correlation for elasticity values 
between MRE-reader 1 and MRE-reader 2 was 0.97 (95%-CI: 0.95–0.98, P <0.0001), while their over-
all ICC was 0.99 (95%-CI: 0.98–1.0). These ICCs differed statistically significantly from each other 
(P <0.0001). A scatter plot of elasticity values for MRE readers 1 and 2 is shown in Figure 3.

Confounders: biopsy length
Median consensus biopsy length was 18 (12–24) mm. These values were applied to divide the cohort 
into four quartiles: Q1: 6–12 mm, Q2: 13–18 mm, Q3: 19–23 mm, and Q4: 24–38 mm. Table 1 shows 
the ICCs and correlations for each quartile (by biopsy length) for pathologists and MRE readers. 
Correlations between pathologists were statistically significantly lower in the three lower quartiles 
(Q1, Q2, and Q3) compared with the highest quartile (Q4). Similarly, agreement in terms of ICCs 
between pathologists was lower for smaller biopsies. In this subdivision by biopsy length, the ICCs 
for MRE-readers were not statistically different from each other.
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Figure 2.  A scatter plot between the consensus 
fibrosis stage according to METAVIR (x-axis) and 
the elasticity value in kPa (y-axis, given for reader 1). 
These correlated substantially with rS of 0.68 (95%-
CI: 0.54–0.78).

Figure 3.  A scatter plot between elasticity values 
in kPa for reader 1 (x-axis) and reader 2 (y-axis). 
There was an almost perfect correlation with rS of 
0.97 (95%-CI: 0.95–0.98).
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Table 1.  ICCs and correlations per quartile of biopsy length.

ICC rS

Biopsy length Pathologists MRE-readers Pathologists MRE-readers

Q1 n = 19 0.92 (0.81–0.97) 1.00 (0.90–1.00) 0.92 (0.79–0.97) 1.00 (0.98–1.00)

Q2 n = 19 0.82 (0.60–0.93)A 0.99 (0.97–1.00) 0.85 (0.65–0.94) 0.98 (0.95–0.99)

Q3 n = 23 0.91 (0.80–0.96)B 0.99 (0.92–0.99) 0.94 (0.86–0.98) 0.97 (0.93–0.99)E

Q4 n = 20 0.98 (0.94–0.99)C 0.99 (0.97–1.00) 1.00 (0.99–1.00)D 0.96 (0.89–0.98)F

Intraclass correlation coefficients (ICC) and Spearman’s Correlation Coefficients for pathologists and MRE readers subdivided 
by biopsy length quartiles: Q1: 6-12 mm, Q2: 13-18 mm, Q3: 19-23 mm and Q4: 24-38 mm. Note the trend of increasing ICCs 
and rS for higher quartiles for pathologists, and consistently high values for MRE readers.
A Lower than Q1 (P = 0.035).
B Higher than Q2 (P = 0.043).
C Higher than Q1, Q2 or Q3 (all P <0.01).

Confounders: MRE ROI-size
Median ROI-size was 645 (571–743) voxels and median difference in ROI-size between readers was 
135 (50–210) voxels, which was a significant difference (P <0.001). At a voxel size of 4 × 4 × 4 mm3, this 
amounted to a median difference of 8.6 (3.2–13.4) mL liver tissue. Note that a liver biopsy sample 
of ø 2 mm and 18 mm length (median length in this study) contains 0.23 mL of liver tissue, several 
factors less. ROIs per subject for the two readers had moderate correlation of 0.44 (95%-CI: 0.25–
0.60). In the ROI-size subanalysis, the cohort was divided into four quartiles based on the mean 
ROI-size (i.e., mean per subject for both readers). Table 2 shows the ICCs and correlations for each 
quartile (by MRE ROI-size) for pathologists and MRE readers. The ICCs and correlations between 
MRE-readers for liver fibrosis staging were almost perfect for all four quartiles and showed no rela-
tionship with ROI-size.

Table 1.  ICCs and correlations per quartile of ROI size.

ICC rS

ROI size Pathologists MRE-readers Pathologists MRE-readers

Q1 n = 21 0.92 (0.81–0.97) 0.98 (0.95–0.99) 0.85 (0.66–0.94) 0.97 (0.93–0.99)

Q2 n = 21 0.83 (0.62–0.93)A 0.99 (0.95–1.00) 0.93 (0.84–0.97) 0.92 (0.82–0.97)

Q3 n = 22 0.84 (0.66–0.93) 0.99 (0.98–1.00)C 0.85 (0.67–0.94) 0.96 (0.91–0.98)

Q4 n = 21 0.97 (0.93–0.99)B 0.99 (0.98–1.00)C 0.99 (0.97–0.99)D 0.98 (0.95–0.99)E

Intraclass correlation coefficients and Spearman’s Correlation Coefficients for pathologists and MRE readers subdivided by 
ROI-size quartiles. Q1 contains the smallest ROIs (<571 voxels), Q4 the longest (>743 voxels). Note the consistently high values 
for MRE readers.
A Lower than Q1 (P = 0.044).
B Higher than Q1, Q2 or Q3 (all P <0.02).
C Higher than Q1 (P <0.05).

Discussion
This study shows that interobserver agreement (ICC) between two readers analysing the same 
MRE-examination for staging liver fibrosis in patients with chronic hepatitis B or C is almost perfect 
(rS = 0.97; ICC = 0.99). Similarly, interobserver agreement between two experienced pathologists 
staging liver fibrosis on liver biopsies in the same cohort of patients was almost perfect (rS = 0.92; 
ICC = 0.91), although the interobserver agreement of MRE was statistically significantly higher 

D Higher than Q1, Q2 or Q3 (all P <0.001).
E Lower than Q1 (P = 0.022).
F Lower than Q1 (P = 0.007).

D Higher than Q1, Q2 or Q3 (all P <0.02).
E Higher than Q3 (P = 0.032).
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(P <0.0001). Biopsy length introduced variation in fibrosis staging, with reduced interobserver 
agreement and correlations between pathologists for shorter biopsies. Importantly, the size of ROIs 
when reading MRE data had no significant influence on interobserver agreement and correlations 
between MRE-readers. Furthermore, interobserver agreement for MRE was consistently high, while 
histopathology was influenced by biopsy length.

To our knowledge, this is the first head-to-head comparison study of the interobserver agree-
ment between MRE-readers for measuring elasticity on MRE data obtained at 3T and pathologists 
for staging liver fibrosis on liver biopsies in the same cohort of patients with chronic hepatitis B or 
C. We performed this head-to-head assessment of the index test (MRE) and reference standard 
(histopathology) as this allows the most reliable comparison between these two methods for mea-
suring liver fibrosis. If MRE is to replace liver biopsy for liver fibrosis staging, then elasticity values 
of the same MRE examination should be equal, independent of the observer. Several other groups 
performed analyses of the interobserver agreement for MRE data. For example, Huwart et al. ana-
lysed MRE’s repeatability by assessing the ICC between two separate MRE examinations performed 
at 1.5T in 25 subjects by two different technicians [24]. They found a high repeatability ICC of 0.97 
(95%-CI: 0.92–0.99). Lee et al. studied the interobserver agreement between two MRE readers with 
data obtained at 1.5T in 49 living liver donors, none of whom had fibrosis [6]. They tested three mea-
surement methods and found that the method with highest agreement had an ICC of 0.85 (95%-CI: 
0.70–0.90). Rustogi et al. had three readers assess 1.5T MRE data obtained in daily clinical practice 
and found ICCs ranging from 0.74 to 0.98 (no 95%-CI mentioned) [4]. The fibrosis distribution in 
their study was skewed to the higher stages. Finally, Venkatesh et al. reported an ICC of 0.99 (95%-
CI: 0.988–0.995) in cohort with a relatively even distribution of fibrosis stages [7]. Neither of these 
studies compared the agreement between readers of MRE-data with that of pathologists staging 
liver biopsies in a single cohort, as our studies does.

In contrast to earlier publications, the agreement in terms of ICCs between the pathologists 
in our study was very high. Reports in the literature indicate that agreement between pathologists 
depends on biopsy length, fibrosis stage and pathologists’ experience [15, 16]. With regard to the 
latter, both pathologists in this study had ample experience in liver pathology which may partly 
explain the high ICCs. Furthermore, while in our cohort the biopsy length did have influence on the 
pathologists’ agreement, the effect was not as pronounced as described elsewhere. Several guideli-
nes state that biopsies should be of a minimum length (e.g., 25 mm) and our data confirm that larger 
samples do show better interobserver agreement. However, having experienced liver pathologists 
evaluate biopsies appears to be of the upmost importance to ensure high interobserver agreement 
[25]. Whereas influencing factors such as sample length cannot be altered by the pathologist in case 
of biopsy, in MRE analysis it is possible for the reader to choose the size of the ROI as desired.

Our data indicate that differences in ROI-size have negligible influence on obtained elasticity 
values. While ROI-sizes between the two MRE readers differed and only correlated moderately at 
0.44, the obtained elasticity values from these ROIs had almost perfect correlation at 0.97. ROI po-
sitioning was performed using the steps described earlier to ensure only eligible liver tissue was 
selected (i.e., vasculature, gall bladder and liver edges were avoided and effective vibration was 
visualised). We did not investigate the effect of not following these steps as it seems unlikely that in 
a clinical setting one would for example deliberately place a ROI over the gall bladder. We did not 
study the use of very small ROIs, but one might expect lower interobserver agreement. However, 
this is not an issue as there is no additional effort for using a sufficiently large ROI. Given these re-
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sults, our method of ROI positioning appears to be robust and to select liver tissue representative 
of the entire liver. Hence other investigators might consider applying these steps in their research 
and clinical applications of MRE.

Limitations of our study include the sample size of 85, though it is unlikely that an increase in 
the sample size would have much influence on the ICC and correlations. In this study, the spectrum 
of disease was skewed towards F0–1 (n = 57), while 28 subjects had significant fibrosis of F2 or hi-
gher. Our results should be interpreted in that perspective. Rustogi et al. studied MRE primarily in 
advanced disease with ICCs ranging from 0.74 to 0.97, while Venkatesh et al. studied a cohort with 
an even distribution of fibrosis stages and found an ICC of 0.99 [4, 7]. The combined results of this 
study with earlier work suggest that MRE has high interobserver agreement over the entire range 
of fibrosis stages.

Another limitation of our study is that only single measurements per patient for both MRE and 
liver biopsy were analysed. For ethical reasons, simultaneous double biopsy is only seldom perfor-
med and then only for research purposes. Most biopsies in our cohort were performed as part of 
clinical work-up. While we did not perform an analysis of the variability between multiple MRE exa-
minations in a single patient, a recent study by Bohte et al. reported upon this, using an identical 
MRE examination as in our study [17]. They found that repeating an MRE examination without repo-
sitioning only mildly influenced the elasticity values. However, repositioning the patient (including 
the MRE actuator) had significant influence. Consequently, they report that over-time changes in 
elasticity values should be more than 22.2% of the baseline value to establish a change that cannot 
be explained solely by test–retest variability.

Finally, our data showed only substantial correlation (rS = 0.68) between MRE and consensus 
fibrosis stage, somewhat lower than reported elsewhere [26]. This may be partly explained by the 
skew in fibrosis stages towards F0–F1. It has been reported that inflammation may act as a confoun-
der for the relationship between fibrosis stage and elasticity values. While in our cohort inflamma-
tion scores had moderate correlation (rS = 0.52) with elasticity values, a confounding effect could 
not be established using a multivariate analysis reported earlier [11]. An alternative explanation is 
the different fibrosis patterns for hepatitis B and C with more fibrosis (hence higher elasticity values) 
being present in hepatitis C for the same fibrosis stage at biopsy [27].

The high interobserver agreement of MRE furthers solidifies its position as a non-invasive ima-
ging modality that allows assessment of the liver fibrosis stage. Where available it could serve as a 
subsequent step to filter out those patients with a low post-test probability of significant fibrosis—
e.g., after evaluation with shear wave ultrasound or FibroScan—so that a liver biopsy can be avoi-
ded [11].

Future research should focus on the application of MRE in other aetiologies of chronic liver 
disease in general and liver fibrosis in particular, such as non-alcoholic steatohepatitis (NASH). Can 
MRE accurately assess liver fibrosis stage in NASH patients and is interobserver agreement between 
readers of MRE data as high as in viral hepatitis patients? Long term follow-up of patients with MRE 
examinations should point out its value in predicting which patients will have progressive disease, 
culminating in cirrhosis and the relation of this predictive value to that of biopsy results. Possibly, 
MRE can then be applied to select those eligible—i.e., with advanced fibrosis (F3 or higher)— for 
(more frequent) HCC screening and to pinpoint—using a still to determine threshold elasticity va-
lue—the appropriate starting point for anti-viral treatment.
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Conclusion
In conclusion, the interobserver agreement between two readers blindly evaluating the same MRE 
examination is almost perfect. Given MRE’s known test–retest variability as well as high accuracy 
for fibrosis staging, these findings further solidify MRE’s position as a robust, reader-independent 
non-invasive technique for the assessment of liver fibrosis over the entire range of fibrosis stages.

INTEROBSERVER AGREEMENT OF MR ELASTOGRAPHY

4



74

References
1. Ly KN, Xing J, Klevens RM, et al. The increasing 

burden of mortality from viral hepatitis in the 

United States between 1999 and 2007. Ann Intern 

Med. 2012;156:271-278.

2. Vernon G, Baranova A, Younossi ZM. Systematic 

review: the epidemiology and natural history of 

non-alcoholic fatty liver disease and non-alcoholic 

steatohepatitis in adults. Aliment Pharmacol Ther. 

2011;34:274-285.

3. European Association for the Study of the Liver. 

EASL clinical practice guidelines: Management 

of chronic hepatitis B virus infection. J Hepatol. 

2012;57:167-185.

4. Rustogi R, Horowitz J, Harmath C, et al. Accuracy 

of MR elastography and anatomic MR imaging fea-

tures in the diagnosis of severe hepatic fibrosis and 

cirrhosis. J Magn Reson Imaging. 2012;35:1356-1364.

5. Huwart L, Peeters F, Sinkus R, et al. Liver fibrosis: 

non-invasive assessment with MR elastography. 

NMR Biomed. 2006;19:173-179.

6. Lee DH, Lee JM, Han JK, et al. MR elastography 

of healthy liver parenchyma: Normal value and 

reliability of the liver stiffness value measurement. 

J Magn Reson Imaging. 2012.

7. Venkatesh SK, Wang G, Lim SG, et al. Magnetic 

resonance elastography for the detection and 

staging of liver fibrosis in chronic hepatitis B. Eur 

Radiol. 2014;24:70-78.

8. Ichikawa S, Motosugi U, Ichikawa T, et al. Magnetic 

resonance elastography for staging liver fibrosis 

in chronic hepatitis C. Magn Reson Med Sci. 

2012;11:291-297.

9. Kim D, Kim WR, Talwalkar JA, et al. Advanced fibro-

sis in nonalcoholic fatty liver disease: noninvasive 

assessment with MR elastography. Radiology. 

2013;268:411-419.

10. Kim BH, Lee JM, Lee YJ, et al. MR elastography for 

noninvasive assessment of hepatic fibrosis: expe-

rience from a tertiary center in Asia. J Magn Reson 

Imaging. 2011;34:1110-1116.

11. Bohte AE, de Niet A, Jansen L, et al. Non-invasive 

evaluation of liver fibrosis: a comparison of 

ultrasound-based transient elastography and MR 

elastography in patients with viral hepatitis B and 

C. Eur Radiol. 2014;24:638-648.

12. Hines CD, Bley TA, Lindstrom MJ, et al. Repeata-

bility of magnetic resonance elastography for 

quantification of hepatic stiffness. J Magn Reson 

Imaging. 2010;31:725-731.

13. The French METAVIR Cooperative Study Group. 

Intraobserver and interobserver variations in liver 

biopsy interpretation in patients with chronic 

hepatitis C. Hepatology. 1994;20:15-20.

14. Cholongitas E, Senzolo M, Standish R, et al. A 

systematic review of the quality of liver biopsy 

specimens. Am J Clin Pathol. 2006;125:710-721.

15. Rousselet MC, Michalak S, Dupre F, et al. Sources 

of variability in histological scoring of chronic viral 

hepatitis. Hepatology. 2005;41:257-264.

16. Robert M, Sofair AN, Thomas A, et al. A com-

parison of hepatopathologists’ and community 

pathologists’ review of liver biopsy specimens 

from patients with hepatitis C. Clin Gastroenterol 

Hepatol. 2009;7:335-338.

17. Bohte AE, Garteiser P, De Niet A, et al. MR 

elastography of the liver: defining thresholds 

for detecting viscoelastic changes. Radiology. 

2013;269:768-776.

18. Bedossa P, Poynard T for The METAVIR Coopera-

tive Study Group. An algorithm for the grading 

of activity in chronic hepatitis C. Hepatology. 

1996;24:289-293.

CHAPTER 4



19. Ishak K, Baptista A, Bianchi L, et al. Histological 

grading and staging of chronic hepatitis. J Hepatol. 

1995;22:696-699.

20. Sinkus R, Siegmann K, Xydeas T, et al. MR elas-

tography of breast lesions: understanding the 

solid/liquid duality can improve the specificity 

of contrast-enhanced MR mammography. Magn 

Reson Med. 2007;58:1135-1144.

21. Norman GR, Streiner DL. Biostatistics: the bare 

essentials. 3rd ed. Shelton, USA: People’s Medical 

Pub. House; 2008.

22. Donner A, Zou GY. Testing the equality of depen-

dent intraclass correlation coefficients. J Roy Stat 

Soc D-Sta. 2002;51:367-379.

23. Landis JR, Koch GG. The measurement of observer 

agreement for categorical data. Biometrics. 

1977;33:159-174.

24. Huwart L, Sempoux C, Vicaut E, et al. Magnetic re-

sonance elastography for the noninvasive staging 

of liver fibrosis. Gastroenterology. 2008;135:32-40.

25. Bedossa P, Dargere D, Paradis V. Sampling varia-

bility of liver fibrosis in chronic hepatitis C. Hepato-

logy. 2003;38:1449-1457.

26. Yin M, Talwalkar JA, Glaser KJ, et al. Assessment of 

hepatic fibrosis with magnetic resonance elasto-

graphy. Clin Gastroenterol Hepatol. 2007;5:1207-

1213 e1202.

27. Sturm N, Marlu A, Arvers P, et al. Comparative 

assessment of liver fibrosis by computerized mor-

phometry in naive patients with chronic hepatitis B 

and C. Liver Int. 2013;33:428-438.

INTEROBSERVER AGREEMENT OF MR ELASTOGRAPHY

4





Chapter 5

Clinical MR liver iron assessment using Gandon, R2 and R2*: 

success rates and interobserver agreement

J.H. Runge

E.M. Akkerman

M.A. Troelstra

A.J. Nederveen

U.H.W. Beuers

J. Stoker

Submitted

4



78

Abstract

Objectives
Non-invasive assessment of liver iron content (LIC) is required in the follow-up of several diseases. 
Various MRI approaches are available that differ in success rates, interobserver agreement and sen-
sitivity at higher LIC values. To decide which approach is best, we analysed and compared all LIC 
MRI-scans performed at our centre within a six-year period.

Methods
All patients undergoing LIC MRI-scans at our centre between 01-01-2008 and 31-12-2013 were in-
cluded. MRI-scans consisted of the Gandon and MR-relaxometry (R2 and R2*) approaches. Three 
observers independently placed regions-of-interest. Success rate was the percentage of correctly 
acquired scans divided by the total number of scans. Interobserver agreement was determined with 
intraclass correlation coefficients (ICC).

Results
One hundred fourteen patients underwent LIC assessment with MRI. Gandon, R2 and R2* data were 
successfully acquired in 102/114 (89%), 71/114 (62%) and 112/114 (98%) measurements, respectively, 
indicating a lower success rate for R2. The ICCs of Gandon, R2 and R2* were 0.998, 0.997 and 0.999, 
respectively.

Conclusion
Gandon and R2* are preferable over R2 for LIC measurements in terms of success rate. Its shorter ac-
quisition time and larger range of sensitivity favour R2* as first choice for MR-based LIC assessment.
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Introduction
Various diseases are associated with increased liver iron content (LIC), which may induce or con-
tribute to liver damage [1-3]. Serial measurement of LIC during long-term follow-up and treatment 
is highly desirable, but repeated invasive measurements are not recommended due to risks of 
complications of serial liver biopsies. Surrogate biochemical markers including serum ferritin and 
transferrin saturation are widely used, but flawed by limited specificity. Thus, accurate non-invasive 
MRI-based methods of LIC assessment are used in clinical practice for patients (suspected) with 
increased LIC [4, 5].

Two MRI approaches for LIC assessment have been described in literature: (i) signal intensity 
(SI) ratio approaches (e.g. the Gandon method) and (ii) MR-relaxometry approaches. The Gandon 
method utilises the liver-to-muscle SI ratio on differently weighted MR scans [6]. This method al-
lows easy calculation of the LICGANDON, simply by entering ROI values in an online tool [7]. Hence, 
assuming the acquisition and placement of regions-of-interest (ROIs) are performed correctly, the 
method is robust to observer influences. Furthermore, it is available free of charge. A major limita-
tion is its upper limit of detection of 350 µmol/g (equal to 20 mg/g): changes above that threshold 
cannot be measured.

MR-relaxometry relies on the calculation of tissue relaxation rates (R2 and R2*, the inverse of 
relaxation times T2 and T2*), which increase as iron accumulates and are sensitive to changes even 
at LICs above the Gandon-threshold. One commercialised approach for R2 calculation using spin-
echo (SE) MRI is the FDA-approved St. Pierre method [FerriScan®], performed with a free-breathing 
10-minute scan [8]. The per-scan analysis price is ~$300, on top of the costs of the MRI-scan itself. 
An alternative approach is the free-of-charge calculation of R2* using a single breath-hold gradient-
echo (GRE) sequence [9].

Which of these available methods performs best? A comparative study of Gandon, R2 and R2* 
in 94 patients with β-thalassaemia reported high correlations [10]. However, success rates, inte-
robserver agreement and applicability for diseases other than ß-thalassaemia were not investiga-
ted, nor were serum markers assessed. The latter may be useful to screen for elevated LIC (i.e. >36 
µmol/g), saving expensive and limited MR time.

In our centre, the routine clinical LIC scan protocol has included Gandon, R2 and R2* since 2005. 
We, therefore, aimed to determine (i) success rates and interobserver agreement of Gandon, R2 and 
R2* LIC measurements performed in our centre over a six-year period; (ii) the diagnostic accuracy of 
R2, R2* and surrogate serum markers for correctly predicting elevated LICGANDON and (iii) interpret the 
relations between LIC, R2 and R2* in comparison to published regression analysis results.

Materials and Methods

Ethical
All data used for this study were acquired in clinical setting and were anonymised prior to analysis. 
Informed consent was waived by the Medical Research Ethics Committee.

Patients
All consecutive MRI-based LIC assessments performed between 01-01-2008 and 31-12-2013 were in-
cluded in this study. The MRI protocol included Gandon, R2 and R2* measurements in all patients. 
Clinical diagnosis and—when available in the electronic patient records—serum markers of iron 
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metabolism (total iron, transferrin, transferrin-saturation, ferritin) were collected and anonymised 
by a colleague not involved in study design, data analysis or writing of this paper.

MRI
MRI-scanning was performed supine, feet first on a 1.5T Avanto MR-scanner (Siemens AG, Erlangen, 
Germany) using phased-array coils (body array and spine coil) for the localizer images and R2 and R2* 
measurements and the body coil for the Gandon measurement [6]. Breath-hold imaging (localisers, 
Gandon and R2*) was performed in expiration. Three 10 mm slices with a variable slice gap to cover a 
representative selection of the whole liver were equally positioned for all three LIC assessments. For 
the GRE-based Gandon and R2* measurements, careful B0 shimming is important to achieve a homo-
genous B0 field, ensuring correct calculations. Shimming was performed with a shim box covering all 
three slices in the feet-head direction and the contours of the upper abdomen only in the left-right 
direction. Table 1 contains an overview of scan parameters. Briefly, for Gandon a multi-slice GRE se-
quence consisting of five separate 20s breath-hold scans was performed. TR/TE and flip angle (FA) 
are in Table 2. From November 2012 onwards, saturation slabs were added to eliminate ghosting 
artefacts (17/114 baseline examinations). For R2 a respiratory triggered, multi-slice multi-echo SE se-
quence was performed. TR equalled one respiration period (i.e. 4-5s), with acquisition in the expira-
tory phase. Data were acquired in ~9–16 minutes (depending on respiratory frequency and rhythm). 
Finally, for R2* a multi-slice multi-echo GRE 18s breath-hold sequence was performed. TR was 300ms.

Table 1.  MRI Parameters.

Parameter Gandon R2 R2*

TR (ms) 120 3000–4000A 300

TE1 (ms) Variable (see Table 2) 6.2 0.99

ΔTE (ms) n/a 6.2 1.41

Number of echoes 1 16 12

FA (°) Variable (see Table 2) 180 20

FOV (mm�mm) 380�285 380�285 380�285

Acquisition matrix 256�256 256�256 128�96

Reconstruction matrix 256�192 256�192 256�192

Bandwidth (Hz/pixel) 140 465 1963

Slice thickness (mm) 10 10 10

Slice gap VariableB VariableB VariableB

Number of slices 3 3 3

Acquisition time 100 s (5�20 s) 9–16 minutesA 20 s

TR: repetition time; TE: echo time; FA: Flip angle; FOV: Field of view.
A Depending on the patient’s respiratory frequency: one TR per respiratory cycle.
B The slice gap was adjusted per patient so as to cover the whole liver with the three slices.

Data analyses
After inclusion, all measurements were checked for correct TRs, TEs and RF coils and image quality. 
Measurements with incorrect scan parameters or inadequate image quality (see below) were con-
sidered unsuccessful.
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Table 2.  Gandon sequence parameters.

Sequence TR (ms) TE (ms) FA (°)

T1 120 4 90

PD 120 4 20

T2 120 9 20

T2+ 120 14 20

T2++ 120 21 20

Adapted from [6].

MRI data quality

Image quality was assessed by a research trainee (JHR, four years of experience) and an abdominal 
radiologist (JS, 20 years of experience) using a 3-point scale (good / adequate / inadequate), with 
registration of artefact type and/or exclusion reason.

ROI-placement

Gandon, R2 and R2* data were processed using custom-made software. Three blinded observers 
(JHR, MAT and EMA) with 2, 0.5 and 9 years of experience, respectively, independently drew regi-
ons-of-interest (ROIs) for three slices per scan. The outer contours of the liver were drawn first on 
R2* data (Figure 1A). Next, non-liver voxels (e.g. vessels, gall bladder) inside the liver contour were 
drawn (Figure 1B). By subtracting ROI-2 from ROI-1, only liver parenchyma remained (Figure 1C).

Liver ROIs were copied from the R2* data for Gandon analysis, while two additional ROIs were 
drawn in both paraspinal muscles, avoiding areas of signal intensity loss close to the lung bases 
(Figure 1D). Ghosting artefacts of the inferior vena cava and abdominal aorta were present in many 
Gandon measurements before saturation slabs were added. These were located in phase direction, 
i.e. anterior-posterior. Separate ROIs were drawn to remove ghosting artefacts from the liver and 
muscle ROIs (see Figure 1E-F). In addition, two blinded observers drew three small (~1 cm2) ROIs 

Figure 1.  A–F show the placement of ROIs on the data. A–C show how the ROIs for the total liver parenchyma (A) 
and intrahepatic vasculature and/or gall bladder (B) are drawn and the result of subtraction in C. D shows the ROI 
placement on the paraspinal muscles for Gandon calculations, while E–F show the placement of a ghosting artefact 
ROI (E) and the final liver parenchyma ROI (F) obtained by subtracting E from F.
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for each Gandon slice [7]. These data were used to assess differences between whole-liver and rou-
tine Gandon limited-coverage ROIs.

The respiratory triggering applied for R2 data acquisition resulted in slight changes in slice posi-
tioning compared with R2* data. Hence, new ROIs were drawn for R2 data as described above.

LICGANDON

The Gandon calculations—available from the tool’s source code—were entered into the aforemen-
tioned program [7, 11]. Weighted (by their respective number of pixels) mean liver and muscle ROI 
values were used to calculate the per slice liver-to-muscle ratios for all five image series. One of five 
was automatically selected as most reliable using the tool’s criteria and converted to a LIC value in 
µmol/g [7]. LICGANDON was calculated as the mean of three slices. When one or more values exceeded 
the threshold of 350 µmol/g, the final value was noted as >350 µmol/g. In two subanalyses the R2 and 
R2* values and liver-to-muscle ratios in patients with LICGANDON >350 µmol/g were analysed.

R2

For R2 calculation an average-then-fit routine was applied using a bi-exponential model as shown in 
Equations (eq.) 1 and 2. In eq. 1, ST (TE) is the signal intensity without noise at time TE, ST0 is the signal 
intensity at TE = 0 ms and R2 is the relaxation rate. The subscripts a and b indicate fast and slow relaxa-
tion components, respectively. Rician noise bias was approximated by the Pythagorean addition of 
an extra fit parameter, the noise factor ‘ν’ in eq. 2 [12].

(1)

(2)

In the bi-exponential model, an iron-dense and an iron-sparse component are assumed, with short 
and long R2, respectively. For further comparisons with LICGANDON and R2*, the bulk R2 was calculated 
(see eq. 3) in accordance with literature [8-10].

(3)

R2*

R2* calculation was performed with an average-then-fit routine, this time using a mono-exponential 
model (eq. 4) with the Pythagorean addition of noise (eq. 2).

(4)

The effect of intrahepatic fat on R2* was assessed as detailed in Appendix A. Briefly, a bi-exponential 
model was applied in a subset (n = 10) with definite presence of fat. R2* values with and without cor-
rection were compared using Bland-Altman analysis. The mean paired difference was 0.1 Hz and 
therefore deemed negligible. Mono-exponentially fitted R2* values were used for all comparisons.
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Comparison with literature
The relationships between the estimated LIC, R2 and R2* values were compared to published regres-
sion analysis results [8-10, 13, 14].

Statistical analyses
Data are described as number (%) or median (interquartile range, IQR). Results of observers were 
compared using a Friedman test and Wilcoxon Signed-Rank test as post-hoc. Success rates are 
defined as the number of correctly acquired scans of ≥adequate quality divided by the total num-
ber measurements. These were compared using a McNemar test. Correlations were assessed with 
Spearman’s Correlation Coefficients (rS). Interobserver agreement was assessed using two-way 
random, absolute intraclass correlation coefficients (ICCs). Correlations and ICCs were graded ac-
cording to Landis et al. [15]. Bland-Altman analysis was performed to visualise outliers and assess 
the presence of systematic bias between observers [16]. ROC-analyses were performed for R2, R2* 
and any serum values that showed significant correlation with LICGANDON, allowing calculation of di-
agnostic accuracies (sensitivity, specificity, positive and negative predictive values) to identify ele-
vated LICGANDON, i.e. >36 µmol/g [7]. Patients with LICGANDON >350 µmol/g were classified as elevated. 
 LICGANDON—as clinically accepted approach for LIC estimation—was chosen as reference standard in 
lack of biopsy results. P values of <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).

Results

Patients
Between 01-01-2008 and 31-12-2013 a total of 114 patients (M/F: 74/40) underwent 144 MRI scans 
for LIC assessment with our routine scan protocol consisting of Gandon, R2 and R2*. Patient charac-
teristics are described in Table 3. Twenty-one patients had two, eight had three and one had four 
separate examinations. To overcome the effects of repeated measurements only the 114 baseline 
measurements were used for further analysis. Before discarding any measurements (see section 
below), Gandon, R2 and R2* data were available for 108/114 (95%), 72/114 (63%) and 113/114 (99%) 
baseline measurements. Missing datasets were presumed to not have been scanned, e.g. due to 
time constraints, respiratory triggering problems or difficulty with repeated breath-holding.

Table 3.  Patient characteristics.

Number (%) or median (IQR)

Patients 114

Male/Female 73/40 (65%/35%)

Age (y) 44 (28.5–58.2)

Indication

Sickle cell anaemia 21/114 (19%)

MDSA/leukaemia 19/114 (17%)

Thalassaemia 17/114 (15%)

Gaucher’s disease 16/114 (14%)
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Number (%) or median (IQR)

Haemochromatosis 14/114 (12%)

Haemosiderosis (not specified) 6/114 (5%)

Other 20/114 (18%)
A MDS: Myelodysplastic syndrome.

MRI success rates
Five Gandon measurements were considered unsuccessful because a surface instead of the body 
coil was used to receive signals, one due to erroneous TR/TE. Furthermore, image quality (see 
Table 4) was inadequate due to respiration artefacts in a single patient (only R2 and R2* acquired). 
Hence, Gandon data were successfully acquired in 102/114 (89%), R2 data in 71/114 (62%) and R2* 
data in 112/114 (98%) scans (Table 5). The success rate of R2 was lower than that of Gandon and R2* 
(P <0.0001, each). For subsequent analyses, only successful measurements were used.

Table 4.  MRI data quality.

MRI method Good (n) Adequate (n) Inadequate (n)

Gandon 100 8 0

R2 35 36 1

R2* 102 10 1

Table 5.  MRI results and serum values.

Number (%) or median (IQR)

MRI success rates

Gandon 102/114 (89%)

R2 71/114 (62%)

R2* 112/114 (98%)

MRI resultsA

LICGANDON (µmol/g) 84 (31–206)

R2 (Hz) 32 (23–46)

R2* (Hz) 124 (56–323)

Serum results

Iron (µmol/L) n = 56/114 19.7 (15.3–27.5)

Transferrin (g/L) n = 56/114 2.0 (1.7–2.4)

Transferrin-sat. (%) n = 54/114 0.35 (0.26–0.85)

Ferritin (µg/L) n = 96/114 1284 (627–2445)

Given for technically successful measurements and observer 1.

LICGANDON, R2 and R2* comparisons
LICGANDON correlated positively with R2 and R2* (given for observer 1 and LICGANDON <350 µmol/g): rS 
of 0.90 (95%-Confidence Interval (CI): 0.84–0.94, P <0.0001, n = 57) and 0.98 (95%-CI: 0.97–0.99, 
P <0.0001, n = 87), respectively. In addition R2 correlated positively with R2*: rS of 0.95 (95%-CI: 0.93–
0.97, P <0.0001, n = 71). Figure 2A-B show scatter plots of LICGANDON against R2 and R2*. Solid lines 
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Figure 2.  Scatter plots of LICGANDON against R2 (A) and R2* (B) for all successful baseline measurements. 
Data points grouped by Gandon LIC type: ● T1; ■ PD; ▲ T2; ▼ T2+ and ♦ T2++. Linear regression 
results (equations given in the figures) are shown by solid lines, with 95%-CI bands indicating the 
goodness of the fit. Additional dotted regression lines are based on regression analyses from [8-10, 
13, 14].
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indicate regression analysis results (95%-CI bands shown as dashed lines). R2 increased linearly with 
LICGANDON (see eq. 5), R2* appeared to have a clear non-linear relationship with LICGANDON, very well 
described by a quadratic polynomial (see eq. 6).

(5)

(6)

Comparison with literature
Figures 2A–B also show regression lines obtained from previous publication, between estimated LIC 
and R2 (Figure 2A) and R2* (Figure 2B) [8-10, 13, 14]. Only the results reported by Christoforidis et al. 
agree well with ours, but results from other studies show a large spread in reported R2 or R2* values 
which would indicate increased relaxation rates for given estimated LIC values. In addition, our re-
sults have improved confidence with smaller 95%-CI bands (data not shown).

Interobserver agreement
LICGANDON and R2 values differed between observer 1 and the two other observers (Table 6). In prac-
tice, these differences (median values of 32 Hz for R2 and 80–85 µmol/g) would be negligible. This 
was confirmed by high ICCs for Gandon, R2 and R2* of 0.998 (95%-CI: 0.998–0.999,P <0.0001, n = 87), 
0.997 (95%-CI: 0.995–0.998, P <0.0001, n = 71) and 0.999 (95%-CI: 0.999–0.999, P <0.0001, n = 112), 
respectively. Bland-Altman analysis between pairs of observers showed a single outlier for Gandon, 
while R2 and R2* showed differences up to 5% for higher values, reflecting the uncertainties in the 
data fit at very high LIC (see Appendix B).

Table 6.  MRI interobserver agreement: median (IQR) values.

MRI method Observer 1 Observer 2 Observer 3 P value

Gandon 84 (30–206) 80 (25–197) 85 (26–196) <0.001A

R2 32 (23–46) 32 (22–47) 32 (22–47) <0.001A

R2* 124 (56–323) 126 (55–328) 123 (55–319) 0.153
A Post-hoc analysis using Wilcoxon Signed-Rank tests showed that LICGANDON and R2 values of observer 1 were higher and lower, 
respectively, than either observer 2 or 3 (who did not differ from each other).

While limited-coverage LICGANDON values differed between observers 1 and 2 (P <0.0001, n = 87), their 
median values were identical at 85 (30–203) versus 85 (25–190) µmol/g. This was confirmed by a 
high ICC for limited-coverage LICGANDON between observers 1 and 2 of 0.996 (95%-CI: 0.991–0.997, 
P <0.0001, n = 87). Subsequent Bland-Altman analysis showed no bias or outliers and near-zero mean 
paired differences, though with wider 95%-limits of agreement (LOA) in comparison to  whole-liver 
LICGANDON. Finally, Bland-Altman analysis between whole-liver and limited-coverage LICGANDON for ob-
server 1 and 2 showed no bias, a single outlier and near-zero mean paired differences (see Appen-

dix C).

LICGANDON > 350 µmol/g
The LICGANDON threshold was reached in 15/102 (15%) assessments. Correlation between R2 and R2* in 
nine available data sets tended towards significance with rS of 0.63 (95%-CI: -0.1–0.9, P = 0.067. The 
T1W liver-to-muscle ratio correlated best with R2 and R2*, with a correlation for R2* data with rS of -0.75 
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(95%-CI: -0.9– -0.38, P <0.003, n = 15) as shown in Table 7. Figure 3 shows the T1W ratios against R2*, 
indicating that for LICGANDON >350 µmol/g, the discriminatory value of the T1W ratio is much smaller.

Table 7.  Correlations between L/M ratio and R2 and R2* values for LICGANDON >350 µmol/g.

L/M ratio R2 R2*

T1 -0.65 P = 0.06 -0.75 P = 0.001

PD -0.47 P = 0.21 -0.54 P = 0.04

T2 -0.38 P = 0.31 -0.51 P = 0.05

T2+ -0.46 P = 0.35 -0.58 P = 0.06

T2++ -0.54 P = 0.26 -0.57 P = 0.07

Serum values
Total iron, transferrin, transferrin-saturation and ferritin were available for 56, 56, 54 and 96 out of 114 
measurements and correlated with LICGANDON at rS = 0.27 (P = 0.082, n = 42), rS = -0.66 (P <0.0001, n = 42), 
rS = 0.43 (P = 0.005, n = 40) and rS = 0.74 (P <0.0001, n = 73), respectively (Table 5 and Figure 4).

Diagnostic accuracies
Of the 102 Gandon measurements, 76 indicated elevated LICGANDON (> 36 µmol/g). Of the five diagnos-
tic measurements that significantly correlated with LICGANDON (R2, R2*, serum transferrin, transferrin-
saturation and ferritin), R2* and ferritin performed best of the MRI and serum methods, respectively 
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Figure 3.  A scatter plot of R2* values (x-axis) against the liver-to-muscle ratio (y-axis) of the T1W Gandon 
measurement for successful baseline measurements. Data are grouped into: ▲ LICGANDON <350 and 

▼  LICGANDON >350 µmol/g.
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with sensitivity, specificity, PPV and NPV to identify elevated LICGANDON of 100%, 92.3%, 97.4% and 
100% for R2* and 95.5%, 100%, 100% and 85.7% for ferritin (see Table 8).

Table 8.  Diagnostic accuracy values to correctly identify elevated LICGANDON (>36 µmol/g).

R2 R2* Transferrin Transferrin-% Ferritin

Cases 58/66 75/101 35/50 34/48 67/85

Cut-off ≥19.8 Hz ≥48.3 Hz ≤2.14 ≥0.34 ≥551

Sensitivity 93.1% (82.5–97.8%) 100% (93.9–100%) 77.1% (59.4–90.0%) 70.6% (52.3–84.3%) 95.5% (86.6–98.9%)

Specificity 100% (59.8–100%) 92.3% (73.4–98.7%) 80% (51.4–94.7%) 78.6% (48.8–94.3%) 100% (78.1–100%)

AUROC 0.99 (0.97–1.0) 0.996 (0.99–1.0) 0.85 (0.74–0.97) 0.80 (0.66–0.93) 1.00 (1.0–1.0)

PPV 100% (91.8–100%) 97.4% (90.1–99.5%) 90.3% (72.3–97.4%) 88.9% (69.8–97.1%) 100% (92.9–100%)

NPV 66.7% (35.4–88.7%) 100% (82.8–100%) 60% (36.4–80.0%) 52.4% (30.3–73.6%) 85.7% (62.6–96.2%)

Discussion
This study shows that in routine clinical MR-based LIC assessment Gandon and R2* data were more 
often successfully acquired than R2 data. In addition, interobserver agreement was near perfect 
(>0.9) for all methods. R2 and R2* methods provided relaxation rates even when the Gandon thres-
hold (>350 µmol/g) was exceeded, though they do not directly give LIC values as Gandon does. The 
combination of high success rate, high interobserver agreement, continued sensitivity at high liver 
iron levels and single breath-hold acquisition favours the R2* method for LIC assessment.
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Figure 4.  A scatter plot of LICGANDON (x-axis) against serum ferritin (y-axis). Dotted lines at x = 36 and at 
y = 551 indicate the thresholds for elevated LICGANDON (>36 µmol/g) and the threshold of ferritin that in this 
cohort gave the highest diagnostic accuracy to identify elevated LIGGANDON (see Appendix C). Linear regres-
sion result is shown by the solid line.
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R2 datasets were missing (i.e. not scanned) in 42/114 (37%) subjects. As R2 is part of our routine 
scan protocol, this result illustrates that the long and artefact-prone R2 series is skipped first by the 
radiographer, e.g. when time is lacking or respiratory triggering errors abound. This makes the R2 
series less optimal as first choice for LIC assessment.

We selectively compared R2 and R2* values and liver-to-muscle ratios in cases where LICGANDON 
exceeded its threshold. The T1W series showed the highest correlation with R2 and R2*, significant for 
R2* only (-0.72, P <0.003). However, Figure 3 illustrated that the discriminatory value of the T1W ratio 
in these high LIC subjects is quite limited. Rose et al. described an improved Gandon method with a 
800 µmol/g (45 mg/g) threshold [17]. The ‘Rose’ acquisition was not part of the scan protocol in the 
period covered by this study but has now been added to our MR protocol.

Juchems et al. compared the Gandon and the R2 method in 68 patients and found that the 
Gandon method overestimated R2-derived LIC [18]. The aforementioned study by Christoforidis et 
al. compared Gandon, R2 and R2* methods in a single cohort [10]. They reported high correlations 
and established that the R2 method was still sensitive at high iron contents, above the Gandon thres-
hold. Contrary to our study they did not report success rates or interobserver agreements for the 
different methods.

In our study, the best correlation with LICGANDON and highest diagnostic accuracy for predicting 
elevated LICGANDON (i.e. >36 µmol/g) was for R2*. In Figure 2A–B data from several other studies are 
shown next to ours. Christoforidis et al.’s data and acquisition protocols were very similar to ours 
and it is arguable that the linear relation reported between LICGANDON and R2* could also be described 
by a quadratic polynomial [10]. Other authors report much steeper increase of R2* as LIC increases 
[8, 9, 13, 14]. Several explanations can be offered, including different reference standards (biopsy-
derived versus Gandon LIC), different TE-range/ΔTE and suboptimal B0 shimming, which is especi-
ally important in quantitative GRE acquisitions.

For R2, there is a distinct difference between single- and multi-echo SE acquisitions: multi-echo 
SE decreases R2 due to residual signal of stimulated echoes at a given TE, while single-echo SE incre-
ases R2 as long TEs cause increased sensitivity to diffusion, hence increased signal loss at a given TE. 
R2 values for St. Pierre et al. and Wood et al.—with single-echo SE—were concordantly much higher 
for the same estimated LIC compared to our and Christoforidis et al.’s multi-echo SE results [8-10]. 

These findings illustrate that caution should be applied when interpreting R2 or R2* values in 
light of previously published results and that the reported conversion equations from R2 or R2* to LIC 
cannot readily be translated from paper to clinic.

The main limitation of this study is the lack of biopsy confirmation. In our centre liver biopsy for 
iron determination is seldom performed, as less invasive methods are available. Moreover, the nati-
onal guideline for hereditary haemochromatosis recommends the Gandon method for LIC assess-
ment [19]. The European Association the Study of the Liver (EASL) and the American Association for 
the Study of Liver Disease (AASLD) both recommend reluctance in performing biopsy and underline 
the high sensitivity of MRI [20, 21].

We did not compare R2 and R2* values with the routine (limited-coverage) LICGANDON, as it was 
deemed whole-liver comparisons were more fair. The lack of differences between limited-coverage 
whole-liver LICGANDON values showed that this strategy did not influence our results and that limited-
coverage ROIs can unreservedly be used in routine LICGANDON assessment.

ROC-analyses showed that R2* and ferritin have the highest diagnostic accuracy to identify ele-
vated LICGANDON (>36 µmol/g). Ferritin levels of ≥551 µg/L even had a PPV of 100%, but its distribution 
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for LICGANDON >36 µmol/g (see Figure 4) indicates that ferritin cannot be used confidently to follow-up 
treatment. In addition, serum values lack the spatial information that MRI provides, allowing seg-
mental LIC assessment and follow-up.

Our results favour the use of R2* measurements for daily clinical practice. The recommendation 
to (only) use R2* comes with cautions. It requires careful consideration of scan parameters which 
should be kept equal for all measurements. Ideally, routine quality control with phantom testing 
should be performed, especially as different studies show different relations between LIC and R2*, 
limiting the use of previously reported equations to convert R2* to LIC. Last, data fitting required to 
obtain R2* may require in-depth knowledge from a (MR) physicist. However, most vendors now sup-
ply instantly reconstructed T2* or R2* maps, bypassing the latter requirement.

Further research should prospectively investigate and compare the (extended) Gandon, R2 and 
R2* methods with a reference standard for LIC, such as biopsy. This may be cumbersome as many 
clinicians now rely solely on MRI-results for LIC assessment and most guidelines advocate caution 
in performing liver biopsy.

In conclusion, as R2* can be obtained in a single breath-hold with excellent success rates and 
high interobserver agreement and is available from all major vendors without additional per-scan 
costs, it is our first choice for LIC assessment.
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Appendix A

Assessment of the influence of intrahepatic fat on R2* values
To determine the effect of intrahepatic fat on R2* calculation, the R2* data were also fit with a bi-
exponential model (as in eq. 1 and 2) in a subset (n = 10) with definite presence of fat. This definite 
presence was visible as a sinusoidal behaviour of the MRI signal inside the ROI as a function of the 
TE. This is shown in Figure A-1 below. In Figure A-1A, the green dots indicate the measured signal 
intensities in the liver at the various echo times (TE). The dotted black line indicates the result of 
the bi-exponential model, while the blue and orange lines indicate the separate water (blue) and fat 
(orange) components of the bi-exponential model. In Figure A-1B the red line shows the result of 
the mono-exponential fit as given in eq. 4. Note the similarity between the blue line (water com-
ponent of the bi-exponential fit) in A-1A and the red line (mono-exponential fit) in A-1B. The water 
component of the bi-exponential fit (R2*COR) was compared to the mono-exponential R2* calculation 
using Bland-Altman analysis, as shown in Figure A-2. This showed a mean difference of 0.1 Hz which 
was negligible compared to the mean R2* in this subset of 70 Hz, confirming that the mono-expo-
nentially fitted R2* could be used for all comparisons.
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Figure A-1.  A bi- (A) and mono-exponential (B) fit of R2* data in the presence of intrahepatic fat (noticeable 
by the wiggle in signal intensities). Green dots indicate measured signal intensities, dotted black lines the 
bi-exponential fit, blue and orange lines in A the water and fat components and the red line in B the mono-
exponential fit.
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Figure A-2.  Bland-Altman plot with the difference between R2*COR (i.e. R2* corrected for the presence of 
intrahepatic fat) and R2* values (y-axis) plotted against their mean (x-axis). The mean paired difference 
(central striped line: -------, MD in margin) in this subset with definite presence of intrahepatic fat was 
0.1 Hz, negligible compared to the mean R2* in this subset of 70 Hz. 95%-limits of agreement are shown by 
the slightly less emphasised dotted lines (······, LOA in margin).
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Appendix B

Bland-Altman analysis of interobserver agreement
Tables A-1–3 together with Figure A-3 show the results of Bland-Altman analysis for each observer 
pair for all three methods (Gandon, R2 and R2*).

Table A-1.  Interobserver agreement: between-pairs Bland-Altman statistics for LICGANDON in µmol/g.

LICGANDON Observer 1 Observer 2 Observer 3

MDA LOAB MD LOA MD LOA

Observer 1 — — 1.83 (0.69-2.99) -10.3–14.0 1.17 (0.48–1.86) -6.11–8.46

Observer 2 — — — — -0.67 (-1.48–0.51) -13.1–11.7

Observer 3 — — — — — —
A MD is the mean difference between pairs of observers, given with 95%-Confidence interval.
B LOA are the limits of agreement where 95% of paired differences are likely to lie between.

Table A-2.  Interobserver agreement: between-pairs Bland-Altman statistics for R2 in Hz.

R2 Observer 1 Observer 2 Observer 3

MD LOA MD LOA MD LOA

Observer 1 — — -0.73 (-1.0–-0.47) -3.6–2.1 -0.62 (-0.87–-0.37) -3.3–2.1

Observer 2 — — — — -0.12 (-0.25–0.48) -3.7–4.0

Observer 3 — — — — — —

Table A-3.  Interobserver agreement: between-pairs Bland-Altman statistics for R2
* in Hz.

R2
* Observer 1 Observer 2 Observer 3

MD LOA MD LOA MD LOA

Observer 1 — — -4.0 (-6.98–-1.03) -35.4–27.4 -1.38 (-3.52–0.75) -23.9–21.2

Observer 2 — — — — 2.62 (0.84–4.40) -16.2–21.4

Observer 3 — — — — — —
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Appendix C

Bland-Altman analysis of whole-liver versus limited-coverage LICGANDON

Tables A-4–5 together with Figure A-4 show the results of Bland-Altman analysis for observer 1 and 
2 for whole-liver versus limited-coverage LICGANDON, indicating that there is little difference between 
limited-coverage values compared to whole-liver values, underlining that limited-coverage values 
can safely be used in routine clinical practice.

Table A-4.  Bland-Altman statistics for whole-liver versus limited-coverage LICGANDON in µmol/g.

Whole-liver versus limited-coverage LICGANDON

MD LOA

Observer 1 -0.46 (-1.9–0.97) -15.6–14.7

Observer 2 1.44 (0.28–2.62) -10.9–13.8

Table A-5.  Bland-Altman statistics for limited-coverage LICGANDON between observers in µmol/g.

Limited-coverage Observer 1

LICGANDON MD LOA

Observer 2 3.7 (2.2–5.3) -12.4–19.9
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Abstract

Purpose
Liver diseases are a major global health concern often requiring invasive assessment by needle bi-
opsy. 31P MR Spectroscopic Imaging (MRSI) allows non-invasive probing of important liver meta-
bolites. Recently, the adiabatic multi-echo spectroscopic imaging sequence with spherical k-space 
sampling (AMESING) was introduced at 7T, using localised T2 information for signal-to-noise ratio 
(SNR) gain. If AMESING could be implemented for liver MRSI, invasive biopsy could be avoided.

Methods
Ten male volunteers underwent 1D image-selected in vivo spectroscopy (3T) and 2D AMESING MRSI 
(3T and 7T) after a minimum four-hour fast. SNRs were calculated using maximum peak amplitudes 
and the SD of the noise. Metabolite peak ratios were calculated after fitting in jMRUI. Statistical 
comparisons were performed with the Wilcoxon signed-rank test.

Results
Liver metabolites’ T2 values at 7T were: PE (55.6±3.5 ms), PC (51.2±2.3 ms), Pi (46.4±1.1 ms), GPE 
(44.0±0.8 ms), GPC (50.4±0.8 ms) and α-ATP (18.2±0.4 ms). These allowed a total 3.2× SNR gain at 7T 
compared to 3T. PME/PDE and PE/(PME+PDE) ratios were higher at 3T, while GPC/(PME+PDE) was 
higher at 7T.

Conclusion
7T AMESING MRSI provides high-SNR spectral maps of liver metabolites including localised T2 infor-
mation which may benefit the diagnostic work-up of liver disease and avoid biopsy.
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Introduction
The number of people suffering from diffuse liver diseases is growing rapidly. Such diseases inclu-
de viral hepatitis, non-alcoholic fatty liver disease (NAFLD) or hepatic steatosis and its progressive 
stage non-alcoholic steatohepatitis (NASH) [1]. The reference standard for diagnosing and grading 
these diseases is liver needle biopsy, an invasive procedure with known sampling bias [2-4]. Accu-
rate and quantitative non-invasive tools to detect and grade liver steatosis, fibrosis and especially 
inflammation are needed [5]. For steatosis and fibrosis, numerous tools have been evaluated and 
appear promising [6-9]. However, inflammation has been difficult to detect let alone grade using 
non-invasive alternatives [10]. This is clinically relevant, as inflammation is the hallmark of NASH and 
therefore mandatory to distinguish it from NAFLD.

Several potential candidates have been evaluated for detecting and grading inflammation, 
ranging from serum assays to new MRI techniques such as diffusion-weighted imaging (DWI) and 
intravoxel incoherent motion (IVIM) MRI, MR Elastography and (ultrasmall) superparamagnetic iro-
noxide ((U)SPIO)-enhanced MRI [9-17]. However, none have yet proven to be a breakthrough diag-
nostic tool to distinguish NAFLD from NASH.

Phosphorus-31 MR Spectroscopy (31P-MRS) has been used for liver metabolite assessment for 
decades. The recent developments of new RF-coil set-ups and acquisition techniques in combina-
tion with higher field strengths (i.e. 3T and up) have resulted in increased interest in 31P-MRS as a tool 
for inflammation assessment in liver disease [18].

In 2010, Sevastianova et al. reported that at 3T the phosphomonoester/phosphodiester (PME/
PDE) ratio and the nicotinamide adenine dinucleotide phosphate (NADPH) over PME+PDE ratio 
(NAPDH/(PME+PDE)) could distinguish NAFLD from NASH patients [9]. More recently, Abrigo et al. 
reported that healthy controls, NAFLD and NASH patients showed distinct spectral ratios on 3T 31P-
MRS [19]. Interestingly, Abrigo et al. found different ratios to be related to NASH than Sevastianova 
et al. Possibly, this is due to the larger sample size in the former or due to post-processing differen-
ces as Abrigo et al. did not fit NADPH as a distinct peak. Both studies used the image-selected in 
vivo spectroscopy (ISIS) single voxel acquisition, hence no spatial information regarding metabolite 
ratios was obtained even though diffuse liver disease is known to be patchily distributed [2]. The use 
of Magnetic Resonance Spectroscopy Imaging (MRSI) would overcome this drawback.

Recently, Van der Kemp et al. described the novel MRSI method AMESING: adiabatic multi-
echo spectroscopic imaging sequence with spherical k-space sampling. AMESING MRSI offers loca-
lised T2 information and provides T2-weighted SNR boost of 31P metabolites at 7T, potentially allowing 
metabolic imaging [20]. As the T2 information may reflect local molecular composition—e.g. that 
of (glycero-)phospholipids in the cellular membrane—AMESING MRSI may also be able to provide 
insights in the composition of cell organelles [21].

Given that 31P-MRS of the liver is most commonly performed on 3T MR systems, we implemen-
ted AMESING MRSI of the liver at 3T and compared it to conventional ISIS single voxel spectroscopy. 
To study the potential advantage for AMESING MRSI of increased SNR at high field strengths, we also 
implemented AMESING MRSI of the liver at 7T [22]. Moreover, we investigated whether T2 values 
could be derived from the liver using AMESING MRSI at 3T and 7T and whether additional SNR gain 
could be obtained by applying the localised T2 values for T2-weighted averaging. If AMESING MRSI 
could be successfully implemented, this could lead to increased 31P-MR sensitivity, paving the way to 
metabolic imaging of the liver.

31P-MR SPECTROSCOPY OF THE LIVER
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Materials and Methods

Ethical considerations
This study was approved by the Medical Research Ethics Committee of the Academic Medical Cen-
ter and informed consent was obtained from all participants.

Subjects
Ten healthy, male subjects were scanned at 3T and 7T. All subjects were scanned in a fasting state (at 
least four hours) to standardise conditions [23]. Measurements at 3T and 7T were performed within 
four weeks whenever possible. We only included male subjects to exclude the (potential) influence 
of the female hormonal cycle on liver metabolites. Liver disease was excluded by an MD (JHR) with 
a thorough medical history (no laboratory assessment was performed).

MR data acquisition
Single voxel ISIS acquisition was performed 
only at 3T as it is hampered by the increased 
chemical shift dispersion at high field strength. 
2D MRSI was performed at 3T and 7T with the 
AMESING sequence. All spectra were acquired 
after B0 shimming. Table 1 contains an overview 
of the acquisitions per field strength.

At 3T 31P-MRS data were acquired using a circular (ø 140 mm) transmit/receive surface coil (P140, 
Philips Research, Hamburg, Germany) on a Philips Achieva MRI scanner (Philips Healthcare, Best, 
The Netherlands) running under software release 3.2. The P140 coil was placed over the liver with 
the subjects in supine position. The coil location was verified on the localiser images and adjusted if 
necessary using the coil’s internal marker and its impression on the body surface. 

At 7T 31P-MRS data were acquired using a quadrature double-tuned 1H/31P half-volume coil (two 
times ø 150 mm partially overlapped over a total length of 220 mm) on a whole-body 7T system 
(Philips Research, Cleveland, USA) running under software release 3.2. Subjects were placed supine 
in the scanner, with the half volume coil placed around the body, ensuring the centre of the coil was 
located over the liver (initially at the position of the xyphoid process and adjusted if necessary using 
the localiser images).

ISIS (3T)

Single voxel (60 × 60 × 60 mm3 = 216 mL) spectroscopy was performed at 3T with ISIS during free 
breathing, as described by Sevastianova et al. [9]. The voxel was positioned in the right-sided liver 
segments, as close to the coil as possible but excluding the muscular tissue (see Figure 1A-B). Per 
signal average 2k data points were sampled in 0.7 s over a 3 kHz bandwidth. Repetition time and ac-
quisition delay were 6 s and 0.10 ms, respectively. After two dummy acquisitions 128 signal averages 
were obtained, resulting in a total acquisition time of 13 minutes. For broadband decoupling, a wide-
band alternating-phase low-power technique for zero-residual splitting including four (WALTZ-4) 
phase cycles was applied at a -100 Hz offset with respect to the proton resonance frequency in H2O 
(i.e. at 3.9 ppm in the proton spectrum). For a further SNR boost nuclear Overhauser enhancement 
(NOE) was applied, together with WALTZ-4 broadband irradiation at 0.8 µT, duration 3.5 s and an 
offset of -100 Hz. The latter corresponds to circa 3.9 ppm in the proton spectrum, covering the 

Table 1.  Overview of acquisitions per field strength.

Single voxel 2D MRSI

ISIS AMESING

3T X X

7T — X
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glycerol groups that account for the predominant phosphorous-proton J-coupling. Both WALTZ-4 
decoupling and NOE were applied using the 1H body coil.

AMESING (3T and 7T)

For the AMESING MRSI one pulse-acquire (termed “FID” in this paper) and five multi-echo (termed 
“echoes”) acquisitions were obtained, as explained in [20]. Briefly, excitation was performed using 
an adiabatic half passage pulse (AHP) of 2 ms, followed by five refocusing B1 insensitive rotation pul-
ses at 180° (BIR-4 180°) of 4 ms duration. The excitation and refocussing pulses were implemented 
with frequency sweeps of 10 and 20 kHz, respectively. Both had tangent frequency modulation and 

Figure 1.  Voxel localisation. The localisation of the ISIS single voxel on 3T (A-B) and 2D MRSI on 3T (C) and 7T (D). 
For the ISIS voxel, care was taken to place it in the right liver lobe, close to the centre of the RF coil but excluding 
muscular tissue. The 2D MRSI acquisitions were non-localised in the feet-head (FH) direction which was performed 
by positioning the centre of the RF coils directly over the liver (e.g. note the coil edges in the subject’s subcutaneous 
fat layer on C).

31P-MR SPECTROSCOPY OF THE LIVER
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hyperbolic tangent amplitude modulation [24]. Measurements were performed both at 3T and 7T 
with a TR of 6 s to allow dissipation of the RF energy and comply with SAR limits. Subjects synchro-
nised their respiratory frequency with the acquisition cycle to reduce the influence of respiratory 
motion. Localisation was performed with 32 × 10 2D MRSI voxels of 10 × 10 mm2 placed over the liver 
(see Figure 1C-D). The FID and echoes were acquired with 512 and 256 data points at 3T and 7T, 
respectively. Spectral bandwidth was set at 5.6 kHz (echoes) and 11.2 kHz (FID) at 3T and 8.5 kHz 
(echoes) and 17.0 kHz (FID) at 7T to preserve equal acquisition durations for the FID and echoes. 
Echo spacing was set at 102 ms and 40 ms at 3T and 7T, respectively. Data were acquired with two 
signal averages of the centre of k-space at two frequency offsets—one at circa 4.0 ppm (between 
PME and PDE frequencies) and one at circa -8.0 ppm (between α-ATP and NADPH frequencies)—in 
6 minutes and 6 seconds per frequency offset.

31P-MR Spectroscopy data processing
Data were processed differently for ISIS and MRSI acquisitions. The 3T ISIS data were processed 
entirely in the spectroscopic signal processing package jMRUI [25]. All MRSI data underwent pre-
processing in MATLAB (The MathWorks Inc., Natick, MA) before further processing in jMRUI. Low 
quality MRSI data with SNR of Pi <5 (3T) or <10 (7T) were discarded. In addition, MRSI data with signal 
ratio between Pi/PCr <4—indicative of contamination with muscle 31P signals—were discarded.

ISIS (3T)

ISIS data obtained at 3T were processed in jMRUI version 4.0 with the AMARES algorithm. Data were 
zero-filled in the time domain to 8192 data points and apodized with a 25 Hz Gaussian filter. Zeroth 
order phase corrections were applied before quantifying metabolite peak areas using prior know-
ledge in jMRUI. Ten Lorentzian peaks were entered into jMRUI: PE, PC, inorganic phosphate (Pi), 
GPE, GPC, PCr, γ-ATP, α-ATP, NADPH, and β-ATP. Expected chemical shift values with respect to the 
PCr peak at 0.00 ppm were taken from [26]. Peak ratios were calculated as the ratio between the 
(sum of the) fitted amplitudes of the metabolites. SNR was determined in the frequency domain by 
dividing the metabolite peak heights by the mean of the standard deviations in the first and last 1024 
data points, containing no metabolites (after shifting the metabolite of interest to the centre data 
point in the frequency domain).

AMESING MRSI (3T and 7T)

AMESING MRSI data obtained at 3T and 7T were also pre-processed in MATLAB. First, spatial Ham-
ming filtering (effective voxel size ~147 mL) was applied. This was followed by voxel selection by 
choosing the voxel with absent or lowest PCr peak and highest metabolite of interest SNR. The 
spectrum of the voxel of interest was zero filled to eight (FID) and four (echoes) times the acquired 
data points to maintain equal spectral resolution. Zeroth order corrections as described above were 
performed in the five echoes for PE, PC, Pi, GPE and GPC for the first offset and for α-ATP for the se-
cond offset for 7T data. The FID was zeroth order phase corrected by the phase of the first even echo 
(e.g. echo number two), or by phasing the FID signal manually (in case the SNR of the echo signals 
was too low). At 3T, the FID spectra were zeroth order phased only for Pi and α-ATP. In addition, a 
first order (linear) phase correction was performed in the FID spectra to adjust for the acquisition 
delay between excitation and read out. A baseline correction was applied to the FID spectrum using 
a spline fit. The FID SNR was calculated as described for ISIS data.

Next, T2 calculations were performed. At 3T the signal from voxels located inside the liver had 
decayed to the level of noise at the first echo time (102 ms) so that T2 calculations were not possible, 
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even after averaging all individual FIDs and echoes. For illustration purposes, we then calculated the 
average T2 for PCr at both 3T and 7T from the voxels with the highest PCr peak (i.e. containing mus-
cular tissue). At 7T additional T2 calculations were performed for GPC, GPE, Pi, PC, PE and α-ATP from 
the chosen voxel inside the liver. Signal amplitudes of all individual FIDs and echoes were averaged 
to obtain groupwise FID and echoes. The signal amplitudes of the groupwise FID and echoes were 
fit against the TEs using a Levenberg-Marquardt routine and a two-parameter signal function, in-
corporating the noise level in the fit to obtain a standard deviation of the fit results. This allowed 
calculation of groupwise-T2 values with an estimated error. Finally, the obtained groupwise-T2 values 
were used to calculate individual T2-weighted sum spectra for each metabolite of interest as de-
tailed in [20]. Briefly, FID and echoes were weighted according to their relative T2 decay: hence, early 
echoes with the shortest echo times were weighted stronger than the later echoes, resulting in 
more weight for the echoes with highest SNR. In addition, average sum spectra were calculated for 
each metabolite and each subject by averaging the FID and five echoes. The theoretical SNR gains 
of T2-weighted sum spectra and average sum spectra versus FID spectra were calculated as detailed 
in [27] and [20]. Both average and T2-weighted sum spectra were scaled to their corresponding FID 
spectra to ensure correct SNR comparisons as detailed in [20].

Metabolic map

As an example of the possibilities of 7T AMESING MRSI of the liver, a metabolic map was constructed 
for a single volunteer showing T2-weighted sum spectra originating from the voxels located in the 
thoracic wall (i.e. the voxel with the highest PCr peak) and in the liver.

Statistical analyses
Results are presented as mean (±SD), median (IQR) or numbers (%) where appropriate. SNRs and 
peak ratios for AMESING MRSI between field strengths, and between acquisitions (AMESING FID 
and T2-weighted sum spectra) for the same field strength were compared for statistical significant 
differences with the Wilcoxon signed-rank test for paired data. A P value <0.05 was considered sta-
tistically significant. The statistical analyses were performed using GraphPad Prism 5.0 (GraphPad 
Software, La Jolla, CA).

Results

Subjects
All ten subjects underwent 3T and 7T 31P-MRS. Their median age was 26.5 (22.7–28.5) years at the first 
scan session and median delay between 3T and 7T scans was 23 (12–27) days. ISIS (3T) and AMESING 
MRSI (3T and 7T) data were technically successfully acquired in all ten subjects. Two AMESING MRSI 
data sets at 3T and two at 7T showed PCr contamination in conjunction with overall low SNR. These 
were not included in the further analyses.

T2 calculations
Figure 2A-G show the groupwise signal decay for several metabolites of interest at 7T from liver 
(Figure 2A-F) and muscle (Figure 2G), while Figure 2H shows the groupwise signal decay of PCr in 
muscle at 3T. The corresponding T2 values are shown in Table 2.

31P-MR SPECTROSCOPY OF THE LIVER

6



106

0 100 200

100 200 0 100 200

0 200 400 600

0 100 200

TE (ms)

0 200 400 600

TE (ms)

TE (ms)

TE (ms)

TE (ms)

TE (ms)

 S
ig

n
al

 in
te

n
si

ty
 (

a.
U

)

 S
ig

n
al

 in
te

n
si

ty
 (

a.
U

)

 S
ig

n
al

 in
te

n
si

ty
 (

a.
U

)

 S
ig

n
al

 in
te

n
si

ty
 (

a.
U

)

 S
ig

n
al

 in
te

n
si

ty
 (

a.
U

)

 S
ig

n
al

 in
te

n
si

ty
 (

a.
U

)

A. PE B. PC

E. GPE F. α-ATP

G. PCr–7T H. PCr–3T

T2 = 65.5 ms

T2 = 50.4 ms
T2 = 18.2 ms

T2 = 146 ms T2 = 339 ms

0 100 200 0 100 200

TE (ms)TE (ms)

 S
ig

n
al

 in
te

n
si

ty
 (

a.
U

)

 S
ig

n
al

 in
te

n
si

ty
 (

a.
U

)C. Pi D. GPE

T2 = 46.4 ms T2 = 44.0 ms

T2 = 51.2 ms

Figure 2.  A-H show the groupwise averaged signal of the metabolites of interest (plotted on the y-axes) as 
function of the echo times (plotted on the x-axes), illustrating T2 decay. The square boxes depict peak amplitu-
des at the respective echo times, while the red line shows the fitted line using a Levenberg-Marquardt routine, 
incorporating the signal noise. Signal amplitudes were scaled to allow easy comparison. The TE range shown for 
the 7T PCr spectrum (G) was adjusted to allow better comparison with the 3T PCr spectrum (H).
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Table 2.  Mean groupwise 7T AMESING T2 values (± SD) for 
liver and muscle metabolites.

Metabolite T2 value (ms)

PE 65.51 ±3.54

PC 51.24 ±2.26

Pi 46.37 ±1.08

GPE 43.96 ±0.78

GPC 50.44 ±0.76

α-ATP 18.18 ±0.37

PCr–7T 145.97 ±0.33

PCr–3T 339.33 ±3.17

Signal-to-Noise Ratios
For six metabolites (PE, PC, Pi, GPE, GPC and α–ATP) SNR was calculated per subject and per metabo-
lite. Average per metabolite SNR-values are shown for the ISIS and AMESING sequences in Table 3. 
Without taking into account the differences in acquisition duration and effective voxel sizes—780 
s and 216 mL for 3T ISIS and 366 s and ~147 mL for 3T AMESING MRSI—the 3T ISIS SNR-values were 
significantly higher (on average 1.5×) than the 3T AMESING FID SNR-values for all metabolites except 
α-ATP. Applying the AMESING at 7T instead of 3T resulted in an on average 2.6× higher SNR for the 
FID-acquisitions of all five metabolites of interest, which was significant for PC, Pi, GPE, GPC and 
α-ATP (P = 0.039, P = 0.008, P = 0.008, P = 0.008 and P = 0.016, respectively) but not for PE (P = 0.055). 
The 7T average sum spectra had higher SNR compared to the 7T FID for GPE only (P = 0.016), while 
SNR was significantly lower for the α-ATP sum spectrum (P = 0.016). Finally, the 7T T2-weighted sum 
spectra had higher SNR compared to 7T FID for PE, Pi, GPE and GPC (P = 0.039, P = 0.016, P = 0.008 
and P = 0.008, respectively) and similar SNR for PC and α-ATP (P = 0.195 and P = 0.078, respectively).

Table 3.  Per metabolite mean signal-to-noise ratios (± SD) for 3T ISIS (216 mL) and the AMESING sequence (~147 mL).

Metabolite 3T 7T

ISISA FID FID Sum spectraB T2W-spectraC

PE 15.6 ±2.4 9.6 ±2.0 14.4 ±5.3 14.9 ±6.1 17.6 ±7.0

PC 15.6 ±3.5 10.2 ±2.5 16.9 ±6.7 16.1 ±5.9 19.2 ±7.6

Pi 16.0 ±3.5 12.4 ±2.9 28.2 ±8.8 26.2 ±8.7 32.7 ±11.9

GPE 22.5 ±6.5 13.9 ±1.8 37.0 ±14.9 49.6 ±20.5 53.9 ±22.3

GPC 25.1 ±5.4 13.9 ±3.2 39.5 ±15.1 49.0 ±20.4 55.3 ±22.9

α-ATP 12.3 ±10.6 12.0 ±2.5 54.3 ±19.5 34.6 ±12.0 56.3 ±19.6
A At 3T all ISIS SNR-values were significantly higher than for the AMESING FID except for α-ATP.
B At 7T, non-weighted (sum) averaging of FID and echoes resulted in significant SNR gain for GPE only, while α-ATP SNR was 
significantly reduced. 

C T2-weighted averaging resulted in significant SNR gain compared to FID for PE, Pi, GPE and GPC.
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Figure 3.  Examples of 31P AMESING spectra obtained in a single volunteer. Figure 3A (upper panel) shows the 3T 
FID, Figure 3B (middle panel) the 7T FID whilst Figure 3C (bottom panel) shows the 7T T2-weighted sumspectrum. 
Spectra have been apodized with a 25 Hz (3T) or 35 Hz (7T) Gaussian filter and are scaled according to the noise 
levels. Metabolite peaks have been allocated as follows: a) PE, b) PC, c) Pi, d) GPE, e) GPC, f) PCr, g) γ-ATP, h) α-ATP 
and i) NADPH.
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Table 4 shows the theoretical and experimental SNR-gains for the AMESING sum spectra and T2-
weighted sum spectra. The theoretical SNR-gains were calculated using the T2 values found in this 
study using the method reported in [20]. The average SNR improvement of 7T versus 3T was 2.6× for 
AMESING FID. Another 1.2× SNR was gained when applying T2-weighted AMESING at 7T for a total 
3.2× SNR gain compared to 3T AMESING FID. Figure 3A-C shows examples of the FID at 3T (Figure 3A) 
and 7T (Figure 3B) and a T2-weighted sum spectrum at 7T (Figure 3C) centred at Pi in a single subject.

Table 4.  Theoretical and experiment SNR-gain at 7T for the AMESING sum and T2-weighted spectra compared to FID.

Metabolite Sum spectra T2W-spectra

Theoretical Experimental Theoretical Experimental

PE 0.98 1.04 1.35 1.23

PC 0.80 0.95 1.24 1.14

Pi 0.73 0.93 1.20 1.16

GPE 0.70 1.34 1.18 1.46

GPC 0.79 1.24 1.23 1.40

α-ATP 0.38 0.64 1.01 1.04

Metabolite Ratios
At 3T, individual fits were performed on ISIS spectra in JMRUI. Individual 3T AMESING FID spec-
tra did not allow proper spectral fitting, hence no spectral fitting was performed for 3T AMESING 
MRSI data. At 7T, individual T2-weighted sum spectra were fitted. The resulting metabolite ratios are 
shown in Table 5. PME/PDE and PE/(PME+PDE) were significantly (P = 0.031 and P = 0.036, respecti-
vely) higher for 3T ISIS than for 7T. Conversely, GPC/(PME+PDE) was higher for 7T T2-weighted sum 
spectra than for 3T ISIS, indicating that an increased area of the PDE metabolites at 7T was the most 
likely cause for these findings. No differences were found between the NADPH/(PME+PDE) ratios.

Table 5.  Mean metabolite ratios (± SD) for ISIS (3T) and AMESING (7T-T2W).

Ratio 3T ISIS 7T AMESING T2W-spectra

PME/PDE 0.54 ±0.11A 0.22 ±0.06

PE/(PME+PDE) 0.20 ±0.05B 0.08 ±0.02

GPC/(PME+PDE) 0.34 ±0.05 0.44 ±0.08C

NADPH/(PME+PDE) 0.06 ±0.03 0.09 ±0.04
A , B PME/PDE and PE/(PME+PDE) were higher at 3T ISIS (P = 0.031 and P = 0.036).
C GPC/(PME+PDE) was higher at 7T AMESING T2W (P = 0.031).

Metabolic map
Figure 4 shows a metabolic map using 7T AMESING MRSI T2-weighted sum spectra obtained in a 
single volunteer. The 2D MRSI grid depicted in Figure 4 shows the nominal voxel size, without ta-
king into account the effects of Hamming filtering. Figure 4A-E show representative spectra coming 
from the intercostal muscles (Figure 4A) and liver (Figure 4B-E).
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Discussion
This study shows that AMESING MRSI of the liver is possible at both 3T and 7T. In addition, it shows 
that multi-echo AMESING MRSI allows localised T2 calculations and a 1.2× further SNR boost at 7T for 
a total SNR gain versus 3T of 3.4×, paving the way for high-SNR metabolite mapping.

At 3T the AMESING FID (voxel volume: ~147 mL, NSA = 2, acquisition time: 6 min and 6 s) sho-
wed lower SNR than the conventional single voxel ISIS acquisition (voxel volume: 216 mL, NSA = 128, 
acquisition time: 13 min) with broadband decoupling and NOE. This SNR difference was statistically 
significant for all metabolites except α-ATP. The ISIS SNR values in our limited cohort were compa-
rable to a large (n = 85) cohort of healthy volunteers that was recently described [28]. The higher 
SNR of ISIS—explained mostly by its larger voxel size—diverts the attention from the limitations of 
its single voxel nature that does not allow regional assessment. In contrast, 2D and 3D MRSI deliver 
spectra from multiple smaller voxels with good SNR, allowing the composition of metabolic maps as 
shown in Figure 4. In a clinical context, this could be used to compare spectra from a liver tumour 
with surrounding healthy tissue or to gain insight into the heterogeneity in diffuse liver diseases.
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Figure 4.  A-E show an example of a metabolic map using T2-weighted sum spectra obtained in a single volunteer at 
7T. The transverse 1H image of the liver was obtained using the 1H elements of the half volume coil. The 2D MRSI grid 
is shown with the nominal voxel size (10 × 10 mm2) without taking into account the effects of Hamming filtering. The 
spectra obtained in the intercostal muscle layer (A) and the liver (B-E) clearly show the potential of 7T AMESING MRSI 
for localised high-SNR spectral analysis.
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The 7T AMESING FID showed an average 2.7× SNR gain compared to 3T AMESING FID. When 
the localised T2 information was used to weight the later echoes, SNR increased further for a total 
SNR gain compared to 3T FID of 3.2×. To the best of our knowledge, we are the first to report in vivo 
liver 31P T2 values obtained at 7T. The latter are arguably mandatory if proper conversion of signal 
intensity to molar concentration is required. Future research in larger cohorts should evaluate these 
T2 values.

Our 3T ISIS metabolite ratios were comparable to those reported in healthy volunteers by Se-
vastianova et al. [9]. No prior results of 7T liver metabolite ratios have been reported in the literatu-
re. Compared to 3T data, PME/PDE and PE/(PME+PDE) ratios were lower at 7T while GPC/(PME+PDE) 
was higher at 7T. The differences between individual pairs (i.e. 3T ISIS and 7T T2-weighted AMESING 
metabolite ratios) were statistically significant but should be interpreted with caution due to the 
inherent differences in data acquisition and post-processing. Studies in larger populations could 
allow further comparison of the metabolite ratios at 7T and 3T. 

Our study has a number of limitations. This includes its limited sample size (n = 10) and inclusion 
of only male healthy volunteers. For the purpose of this feasibility study, this was thought adequate 
but for the clinical implementation a larger and more varied group of healthy subjects needs to be 
scanned and compared with diseased subjects.

Secondly, at 3T the five AMESING echoes contained few signal data for voxels located inside 
the liver. At least two reasons can be provided. First, the echo spacing at 3T was necessarily long (101 
ms) to equalise spectral resolution at 3T and 7T and therefore most signal from voxels in the liver had 
decayed to noise at the first echo and later. Secondly, the circular surface RF coil used in this study 
had a limited B1 transmit range and a relatively small sensitivity profile. When positioned over the 
liver, only part of the liver was inside the sensitive range of the coil. This was clear when analysing the 
signal profile from voxels perpendicular to the coil: data obtained in voxels adjacent to the coil—i.e. 
containing mainly intercostal muscle—showed that the AMESING sequence does provide relevant 
information at 3T. For example, it allows T2 calculation of muscle metabolites such as PCr. In fact, 
our 3T T2 of PCr (339 ms) corresponds well to other data regarding PCr at 3T, notably Bogner et al. 
(354 ms) and Meyerspeer et al. (334 ms) that were obtained with frequency selective spin-echo and 
STEAM techniques, respectively [29, 30]. Future research could focus on reducing the echo spacing 
for 3T AMESING acquisitions to regain signal at later echoes.

Third, we did not equalise acquisition times for the ISIS and AMESING sequences. For the ISIS 
acquisition at 3T we implemented an approach adopted by several institutes for research and clinical 
purposes. The AMESING method was performed at two different frequency offsets and equalising 
their acquisition times with the ISIS approach would have meant at least 3 × 13 minutes of scan time 
in addition to the localisation procedure. This was unacceptable for the current study. 

Fourth, neither at 3T nor at 7T did we use optimal RF coils. For example, Panda et al. have des-
cribed a dual-tuned (31P/1H) eight-channel phased array coil that provided whole-liver coverage at 
3T whereas our circular 3T RF coil had only limited liver coverage and did not have quadrature de-
tection [31]. At 7T, positioning the half-volume RF coil correctly over the liver was difficult at times, 
due to incompatibility of the subject’s thoracic circumference and RF coil size. Hence a flexible RF 
coil set-up could reduce subject discomfort whilst simultaneously eliminating the volume of air 
between the chest and/or abdominal wall and RF coil surface. Dedicated liver quadrature RF coils 
will allow further improvements of both SNR and coverage that will improve the use of AMESING for 
liver spectral mapping.

Fifth, we did not perform absolute quantification of metabolite concentrations. This would re-
quire acquisition of external reference spectra and corrections for amongst others: temperature, 
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voxel location, chemical shift (due to the non-uniform pulse profiles), T1 and T2 relaxation, liver vo-
lume and liver fat content as recently described by Laufs et al. [28]. This was beyond the aim of our 
study.

Finally, the 31P-MRS acquisitions in this study were of a static nature, i.e. no dietary, pharmaceu-
tical or exercise challenge was given nor were specific MRS techniques such as magnetisation or 
saturation transfer applied. Such “challenges” could provide dynamic metabolic information that 
might be beneficial in establishing both the presence and severity of specific diseases [32].

Future research should focus on refining the implementation of the AMESING sequence in 
combination with dedicated liver RF coils. In addition, patient studies should provide data on the 
use of specific metabolite ratios for diagnostic and treatment response monitoring purposes as the 
metabolic information inherent in the high-SNR 31P spectra with AMESING MRSI may benefit the 
future diagnostic work-up in both diffuse and focal liver disease.

Conclusion
In conclusion, at 7T the AMESING sequence was able to provide liver metabolites’ T2 values allowing 
high-SNR liver metabolite mapping in healthy volunteers.
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Summary
In this thesis several advanced MR techniques for quantitative measurements in diffuse liver disease 
were presented. In particular, the focus was on hallmarks of liver disease including steatosis, fibro-
sis, iron overload and inflammation and the ability to non-invasively perform quantitative measure-
ments of each of these hallmarks.

There are conflicting reports on the accuracy of MR techniques for the measurement of liver 
triglyceride levels. Therefore in chapter 2, two MRI and one 1H-MR Spectroscopy (1H-MRS) techni-
que for measuring liver triglyceride content were compared with two histological techniques (Oil-
Red O or ORO staining analysed visually or digitally) in mice with normal to moderately elevated 
liver fat content. At these moderately elevated liver fat contents, both the MRI (mDIXON and proton 
density fat fraction (PDFF) fat mapping) and 1H-MRS techniques were shown to be preferable over 
histology in terms of correlation with the biochemically determined triglyceride content as ultimate 
reference standard with correlation coefficients of 0.82 (mDIXON), 0.75 (PDFF) and 0.74 (1H-MRS) 
against 0.59 (ORO) and 0.49 (digital image analysis ORO). If MR methods would be more widely 
implemented in pre-clinical research, this could result in a stark decline in the number of required 
animals as MRI techniques appear superior over histological techniques for accurately assessing dif-
ferences in the liver fat content.

In chapter 3 the aforementioned problem was further analysed and the ability of 1H-MRS to 
accurately determine liver triglyceride levels by correcting for known confounders and subsequent 
conversion of the fat signal fraction to a fat mass fraction was assessed. Using the same cohort of 
mice as studied in chapter 2 allowed this assessment to be performed at relatively low levels of liver 
fat content compared to prior studies in this field. Furthermore it allowed assessment of 1H-MRS’ 
diagnostic accuracy for liver fat content around the threshold values for the presence of steatosis. 
While mean 1H-MRS and biochemical liver triglyceride values did not differ, Bland-Altman analysis 
showed marked individual differences with a mean underestimation of the biochemical fat content 
by the 1H-MRS fat content of 2.1 mg/g (95%-limits of agreement: -16.6–20.7 mg/g). Furthermore, 
in contrast to other reports, the diagnostic accuracy of 1H-MRS for the presence of steatosis using 
established threshold values may be worse than was previously assumed. This indicates that caution 
should be applied when diagnosing steatosis at liver fat content values near the common threshold 
values.

Moving from steatosis to fibrosis, in chapter 4 the interobserver agreement of magnetic re-
sonance elastography (MRE) readers analysing MRE data were compared with that of pathologists 
staging liver fibrosis in the same cohort of viral hepatitis patients. This was the first head-to-head 
comparison of the interobserver agreements of fibrosis assessment using two modalities in a single 
cohort of patient. The latter fact is important, as this means that the distribution of fibrosis stages 
(such as in the setting where different modalities are tested in different cohorts) cannot be a cause 
of differences between the two modalities. As MRE is being considered as clinical tool for fibro-
sis staging, it should be robust to interobserver variability. The results in this chapter showed that 
the interobserver agreements for MRE readers and pathologists were excellent but significantly (P 
<0.0001) better for MRE with ICCs of 0.99 (95%-CI: 0.98–1.00) and 0.91 (95%-CI: 0.86–0.94), respec-
tively. Given the known drawbacks of liver biopsy, clinicians are obviously reluctant to perform re-
peated biopsies. With the knowledge that the interobserver agreement of MRE readers is excellent 
and that MRI can provide a one-stop-shop comprehensive structural and functional assessment of 
the liver, MRE can be recommended as a potential tool for the diagnosis and follow-up of fibrosis in 
viral hepatitis.
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Focussing on liver iron content, in chapter 5 three MR methods of liver iron content (LIC) as-
sessment as used in routine clinical practice in our centre were assessed. Several MR methods for 
liver iron assessment have been proposed in the literature, with the signal intensity ratio (‘Gandon’) 
method cited in the Dutch Haemochromatosis guidelines. The other two methods are (more) 
quantitative in nature and allow assessment of tissue transverse relaxation rates (R2 and R2*), which 
are sensitive for the presence of iron. In this analysis all liver MRI iron assessments performed with 
these methods over a six-year period (2008–2013) were included. The success rates of (breath 
hold) gradient echo MR sequences used for the Gandon and R2* calculations were higher than that 
of a (respiratory triggered) spin echo MR sequence used for R2 calculation at 89% and 98% versus 
62%. The interobserver agreement of all three methods was excellent with ICCs of 0.998 (95%-CI: 
0.998–0.999), 0.997 (95%-CI: 0.995–0.998) and 0.999 (95%-CI: 0.999–0.999) for Gandon, R2 and R2*, 
respectively.

The exact R2 and R2* values should be interpreted with caution, as our results show that there is 
a wide spread in reported R2 and R2* values for given estimated LIC values: proper B0 shimming and 
choice of TEs (in case of R2*) and single- versus multi-echo spin echo (in case of R2) can have tremen-
dous influence. Still, as R2* has a high success rate, is sensitive to a wider range of iron contents than 
Gandon and as its data can be acquired in a single breath hold, R2* methods can be recommended 
as first choice for LIC determination.

MRI currently lacks methods for either detecting or grading inflammation of the liver. New 
methods are being developed and tested continuously and phosphorus MR Spectroscopy (31P-MRS) 
has been proposed as potential tool for a long time. However, it suffers from low signal-to-noise 
ratio (SNR) due to its lower natural abundance and sensitivity. The combination of low SNR and li-
mited availability have hampered the widespread use of 31P-MRS in clinical practice. In chapter 6 the 
use of new 31P-MRS methods for the quantification of liver metabolites was investigated in healthy, 
male volunteers. A newly developed magnetic resonance spectroscopic imaging (MRSI) sequence 
called AMESING was implemented at 3T and 7T for the assessment of liver metabolites. The gain in 
SNR between field strengths and the added SNR by using the T2 weighting abilities of the AMESING 
sequence were assessed. The results showed that the AMESING sequence allowed the determi-
nation of liver metabolites’ transverse relaxation times (T2) at 7T and the acquisition of high SNR 
spectra of the muscle at both 3T and 7T. SNR ratio was too low for T2 assessment of the liver at 3T but 
PCr signal from within the intercostal muscles adjacent to the RF-coil showed that the technique 
itself functions at this field strength with a T2 value for PCr comparable with literature reports. Future 
diagnostic work-up of both parenchymal and focal liver disease may benefit from these high SNR 
spectral mapping techniques.
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Conclusions

Chapter 2. Non-invasive MR-based measurements of normal to moderately elevated liver 
fat content correlate better than invasive histological measurements with biochemically-
determined liver triglyceride content in mice. As MR-based measurements—in contrast 
to histological assessment—can be easily repeated over time, allowing for follow-up exa-
minations, the widespread use of MR in pre-clinical research could result in a decrease of 
the number of required animals. Hence, where available, MR is preferable for the accurate 
assessment of liver fat content.

Chapter 3. 1H-MRS allows quantitative determination of the liver triglyceride levels by cor-
recting for confounders and converting fat signal fraction to a fat mass fraction, even in 
mice with only moderately elevated liver fat content. Contrary to earlier studies, the sensi-
tivity of 1H-MRS liver fat content for the diagnosis of steatosis using the widely used thres-
hold value of 50 mg/g was limited in our cohort with borderline fat content.

Chapter 4. The interobserver agreement for liver fibrosis staging in viral hepatitis pa-
tients is excellent for both histopathology and MRE, with a significantly better agreement 
between MRE readers. Its high interobserver agreement and reliable accuracy support the 
use of MRE as a non-invasive screening tool for liver fibrosis in viral hepatitis.

Chapter 5. Liver iron content measurements using MRI are most successful for the Gan-
don and R2* methods which are preferable over the R2 method in terms of success rates. 
With its better interobserver agreement, fewer necessary breath holds and wider range 
of distinguishable iron levels, R2* is the method of choice for MR-based liver iron content 
assessment.

Chapter 6. The newly developed MRSI technique AMESING can be used for high SNR 31P 
spectra of liver tissue at both 3T and 7T. Furthermore, at 7T the simultaneously acquired 
T2 information allows further SNR boost. At 3T only 31P signal originating from intercostal 
muscle close to the RF-coil allowed T2 calculation. Future diagnostic work-up of both dif-
fuse and focal liver disease may benefit from these high SNR spectral mapping techniques.
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Implications and future research
Viewed from a broader perspective, the developments in the field of MRI in general and abdominal 
and liver MRI in particular are following each other in quick succession. The work presented in this 
thesis highlights the current transition from qualitative to quantitative MRI methods in liver disease. 
The application of these quantitative methods will result in increased accuracy, improved reprodu-
cibility, decreased interobserver variability and will pave the way for MRI to become the new refe-
rence standard of both the diseased and healthy liver. However, with the increase in non-invasive 
methods for liver assessment, the number of liver biopsies is steadily decreasing. From a patient 
point of view, this is undeniably good news, but it also implies that comparing new MRI methods 
with biopsy results as reference is becoming more difficult. This comes on top of an already uneasy 
balance between the need for histological confirmation of MRI results, with the known drawbacks 
(i.e. sampling error) of biopsy, and the difficulties in comparing new methods with the current refe-
rence standard: the new method is never as ‘good’ as the old one. 

Still, the clinical acceptance of MRI as one-stop-shop reference standard for anatomy and func-
tion in diffuse but also focal liver disease can be expected in the next decade, as more and more 
aspects of (liver) cellular contents and function become visible for the MRI scanner. However, it is 
clear that there is a task for radiological researchers and for the radiological community to act as 
ambassadors on behalf of quantitative MRI to make sure the scientific efforts in this field are noticed 
well beyond radiological academia and by clinical partners and thus become implemented in clinical 
practice wherever possible.

Returning to the work presented in this thesis with an emphasis on its implications, the four 
patterns of liver disease that have been the thread throughout this work will be followed: steatosis, 
fibrosis, iron overload and inflammation. In addition, a glance at the opportunities beyond these 
subjects is provided.

Steatosis
Chapters 2 and 3 reported on (i) whether MRI or histology would be best for quantitating steato-
sis and on (ii) the accuracy of MRI methods for the determination of the liver triglyceride content 
(LTG). In the laboratory mice, fed specific diets and kept for different durations, at best moderately 
elevated steatosis was induced. In this cohort—with only microvesicular steatosis—MR imaging 
and 1H-MR Spectroscopy performed better than histology using Oil-Red O stains of frozen liver spe-
cimen compared with biochemically determined LTG as reference standard. These results—confir-
ming earlier studies—are in contrast with other recent work, claiming that MRI is not as accurate as 
ORO for the quantification of steatosis [1]. As MRI is able to measure the signal coming from proton 
nuclei that in the liver stem mainly from intra- and extracellular water and—when present—from 
triglycerides in excess intrahepatic fat, there is a solid physical background that explains how MRI 
for fat quantification works, in turn backing up our results [2]. 

The finding in chapter 3 that the accuracy of the MRI methods depends to a large extent on 
the chosen threshold value for diagnosing steatosis may have more immediate implications. Prac-
tically all studies describing and comparing the outcome of MRI for fat quantification with invasive 
methods of fat quantification (i.e. liver biopsy with semi-quantitative staging) have focussed on 
groups with large ranges of investigated fat contents, e.g. ranging from 0% to 40% liver fat on MRI. 
Obviously, when comparing with a semi-quantitative method such as liver biopsy with its just four 
distinct categories, a large range of fat contents is required in order to make relevant comparisons 
and to perform diagnostic accuracy and ROC-curve analyses that allow pinpointing threshold va-
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lues for separating steatosis stages using MRI values. Looking at scatter plots between histological 
analysis and MRI results, time and again it is clear that in the 0–10% macrovesicular steatosis range, 
there is a less profound linear relationship between the measures than for the entire range of values 
[3-6]. Often there a quite broad distribution of fat fractions within steatosis grades. The implication 
of all the above is that the boldness with which hepatic steatosis is stated to be present or absent 
in subjects with liver fat percentages on MRI just above or just below the threshold value should be 
questioned. Clearly, further research is required to elucidate this matter. For example, intraopera-
tive liver biopsy could be performed in subjects scheduled for elective intra-abdominal surgery (i.e. 
cholecystectomy), allowing biochemical determination of liver triglyceride content in addition to 
histological assessment and comparison of both with pre-operatively determined MRI fat content. 
This would (i) take away some limitations regarding this pre-clinical study (larger voxel volumes, 
removal of respiratory influence, improved shimming) and (ii) allow proper comparison MRI values 
with biochemical LTG to find out what are normal and increased fat fractions.

In terms of patient burden, MRI may not be the best or readily available imaging modality for 
steatosis assessment and alternative non-invasive options are being examined. For example, our 
group is currently prospectively investigating the controlled attenuation parameter or CAP value by 
comparing CAP values with 1H-MRS derived proton density fat fractions in patients suspected of NA-
FLD and/or NASH and with recent (<6 weeks) liver biopsy results [Runge et al, in preparation, 2014].

Even if the CAP value is not as able as MRI to accurately quantify fat fractions, it might be of use 
in confidently separating those with and those without steatosis and deciding whom to refer for 
quantitative MRI.

Finally, long-term studies are required (but admittedly difficult to perform) in order to deter-
mine the prognostic value of specific MRI values of liver fat, similar to the way transient elastography 
values are prognostic for outcome in fibrotic liver diseases such as viral hepatitis and PSC [7, 8]. If MRI 
is to become a reference standard for normal (and pathologic) liver fat content, then we need to 
ascertain normal and abnormal values in large cohorts—bearing in mind that mild obesity already 
increases the liver’s fat content—and follow these patients for a long time.

Fibrosis
The results reported in chapter 4 indicate that the interobserver agreement between MRE readers 
is very good and—providing that the MRE acquisition has been performed correctly—that MRE 
values obtained by different readers can confidently be compared with each other. The implication 
inherent in this finding coupled with other reports in the recent literature is that MRE should have 
a place in the repertoire of the abdominal radiologist to offer to his or her clinicians. Indeed, MRE 
together with fat fraction imaging techniques offer the possibility to non-invasively quantify the 
amount of liver fat and the amount of liver fibrosis without the need for needle biopsy, reducing 
patient discomfort and allowing for easy sequential measurements in a one-stop-shop manner.

Of course, there are still drawbacks to the current MRE technique. This includes its limited spa-
tial resolution, its limited spatial coverage and its relatively long acquisition time in addition to the 
need for offline post-processing for some MRE implementations. The expected translation of the 
experience with MRE for liver assessment to other organs is bound to bring about new develop-
ments in the field as aortic and breast MRE require amongst others higher spatial resolution [9].

MRE is not the only MRI flavour capable of providing information of tissue fibrosis content. 
Research has shown that diffusion-weighted imaging (DWI) and more in particular intravoxel inco-
herent motion (IVIM) MRI could be able to portray the restricted movement of water when fibrosis 
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is present [10-12]. Moreover, it appears the T1 mapping may also be of use in assessing liver fibrosis. 
In a seminal paper on multi-parametric MRI for non-invasive assessment of liver disease, Banerjee et 
al reported that iron-corrected T1 values allowed separation of fibrosis stages [13].

All these new and interesting techniques will need to be refined in the coming years and will 
have to be assessed in large, clinical trials but at least some of them are sure to find their place in the 
radiologic repertoire.

Iron overload
The findings in chapter 5 illustrated that for liver iron measurements, R2* methods are currently pre-
ferable due to their short acquisition time for whole liver coverage and ability to cover a large range 
of iron levels. Most vendors now offer online R2* reconstruction tools that could serve to spread 
the use of R2* for this purpose. Still, there are aspects or liver iron assessment that can be refined. 
For example, not all vendor-supplied reconstruction algorithms account for the presence of liver 
fat that interferes with MR signal. Additionally, in case of extreme iron overload, R2* methods are 
no longer sensitive while R2 methods still are. The drawback of R2 methods is their long acquisition 
times for whole liver coverage. If the acquisition of spin echoes can be accelerated—for example 
with techniques employing k-space undersampling and data sparsity—whole liver R2 mapping in a 
single breath hold is not beyond the realm of possibilities [14].

Inflammation
In contrast to steatosis, fibrosis and iron content, liver inflammation has proven remarkably resistant 
to attempts of non-invasive assessment with MR or other modalities. Conventional, anatomic ima-
ging methods have no role, as they are only able to portray late effects of inflammation, i.e. a no-
dular liver surface in cirrhotic disease. Nor have more functional imaging methods yet conclusively 
been able to detect the presence of let alone quantify the amount of inflammation. In chapter 6 a 
new 31P-MRSI technique was described that could provide high SNR spectral maps from the liver. As 
certain metabolites have been linked with inflammation, this is certainly one area of interest that 
could allow probing of the liver’s inflammatory status. Given that 31P-MRS also has the possibility for 
dynamic studies, even more can be expected to come. For example, fructose is exclusively meta-
bolised in the liver and this is an energy-consuming, therefore ATP-consuming process. As ATP is 
measurable with 31P-MRS, the fructose metabolism can be visualised and quantified by performing 
dynamic 31P-MRS before, during and after intravenous fructose administration [15, 16]. Possibly, the 
presence and amount of inflammation have influence on the fructose metabolism and 31P-MRS is the 
only method that allows in vivo assessment thereof.

But as for fibrosis, more potential MR techniques are undergoing testing. Multi-frequency MRE 
could be able to separate the effects of fibrosis and inflammation on tissue stiffness and thereby be 
able to quantify both [17]. As early as in 2008, (ultrasmall) superparamagnetic iron oxide MRI or (U)
SPIO-MRI was reported to be applicable in distinguishing patients with NAFLD (i.e. only steatosis) 
from patients with NASH (i.e. steatosis with inflammation) [18]. Since, then more reports have linked 
the relative change in liver signal intensity after SPIO administration with the presence of NASH. As 
SPIO are taken up by Kupffer cells—the resident macrophages in the liver—SPIO-MRI allows pro-
bing of Kupffer cell function. In the European market, no commercial (U)SPIO agents are available 
but recent work with off-label use of ultrasmall iron oxide agents has once again confirmed that 
Kupffer cell function may be diminished in NASH as compared with steatosis only [19]. What is still 
unclear is whether the Kupffer cell dysfunction is specific for the inflammation that is present in 
NASH, or for some other, not yet elucidated disease process. As more data becomes available in 
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this area, USPIO-MRI may yet prove to be an efficient way of confirming the presence of NASH and 
therefore of inflammation. To ascertain whether UPSIO-MRI is sensitive for inflammation in other 
liver diseases, it would be most interesting to assess its behaviour in viral hepatitis, given that for 
viral hepatitis Kupffer cells are linked with an increased production of pro-inflammatory mediators 
[20]. Does the increased production activity lead to a reduction in phagocytic or uptake capacity of 
the Kupffer cells? Further research should elucidate this.

Beyond histological assessment
So far it has become clear that several aspects of the histological assessment of liver biopsies can be 
replaced by non-invasive MRI techniques. The fat, iron and fibrosis contents can be measured and 
easily monitored with repeated MRI scans. Other aspects such as inflammation for now escape the 
grasp of MRI methods, but can reasonably be expected to be measureable with MR within the next 
decade. More importantly, MR has capabilities that go beyond what is possible with biopsy.

To name a few, MR is capable of assessing the entire liver, either on a segmental, lobar or whole 
liver base, whereas biopsy samples only 1/62.000th up to 1/5.000th of the liver volume. While biopsy is 
a static measurement, that may give some idea of function by using immunohistochemical staining, 
MR allows direct and indirect measurement of liver function. For example, pre and post Gd-EOB-
DTPA administration T1 mapping allows indirect assessment of the amount of Gd-EOB-DTPA taken 
up by the hepatocytes, reflecting their function [21]. If the entire dynamic uptake curve is sampled, 
it is even possible to calculate the hepatic extraction fraction, the rate at which the hepatocytes take 
up Gd-EOD-DTPA from the intravascular and/or extracellular spaces [22]. Indeed, MR allows dyna-
mic measurements of several aspects of the liver: movement, elasticity or stiffness, the aforementi-
oned function and even metabolism without biopsy, ionizing radiation or other harmful procedures. 
While not all capabilities of MR in their current capacity are likely to find a place in the everyday 
clinical work-up of liver patients, the implementation of acceleration techniques will reduce their 
acquisition duration to clinically practical times. The result will be new anatomical and functional 
MR scans that from a patient point-of-view will have comfortable acquisition times ranging from a 
single breath hold to a short acquisition with free breathing and respiratory motion compensation 
during image post-processing. In fact, a one-stop-shop method for multi-parametric liver imaging 
in a short total scan duration.

In this thesis, several quantitative MR imaging and spectroscopy methods for steatosis, iron over-
load, fibrosis and inflammation were assessed. As has become clear from these implications and my 
view on future research, there is much to look forward to, especially as these methods will play an 
increasingly important role in biliary diseases. As an overview Table 1 highlights a number of impor-
tant research topics in the field quantitative liver MRI.
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Table 1.  Future research topics.

Modality Research topics

1
Further develop and improve vendor & field strength independent MR methods for fat, iron 
and fibrosis quantification

2
Establish reference MRI values for normal and diseased states for fat, iron and fibrosis quantifi-
cation over a wide range of age groups

3
Assess the accuracy of MRI for fat quantification specifically in normal to moderately elevated 
liver fat content patients undergoing abdominal surgery

4
Develop new DCE-MRI acquisition techniques allowing full coverage isotropic dynamic acqui-
sition with high temporal resolution for functional liver imaging

5
Assess the new DCE-MRI techniques in both diffuse and focal liver disease and compare MRI 
outcome with long term follow-up results

6
Assess the ability of dedicated T1-mapping techniques to identify liver fibrosis and serve as 
surrogate marker of liver function before and after hepatocyte-specific contrast agent admi-
nistration

7
Develop new, accelerated 31P-MR Spectroscopy techniques for MRSI and dynamic MRS of the 
liver parenchyma in hepatic and biliary diseases

8
Implement the aforementioned 31P-MRS techniques for in vivo gallbladder bile assessment in 
PSC patients
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Samenvatting
In dit proefschrift werden enkele geavanceerde MR technieken bestudeerd voor kwantitatieve me-
tingen in parenchymateuze leverziekten. In het bijzonder lag de nadruk op belangrijke aspecten van 
leverziekten waaronder steatose, fibrose, ijzerstapeling en inflammatie en de mogelijkheid ieder 
van deze aspecten op non-invasieve wijze kwantitatief te kunnen meten.

Er zijn enkele tegenstrijdige publicaties over de accuratesse van MR technieken voor het meten 
van lever triglyceridengehaltes. In hoofdstuk 2 werden daarom twee MRI en één 1H-MR Spectrosco-
pie (1H-MRS) methode voor het meten van lever triglyceridengehaltes vergeleken met twee histo-
logische technieken (Oil-Red O of ORO kleuring met visuele dan wel digitale beeldanalyse) in mui-
zen met normaal tot licht verhoogd levervetgehalte. In dit bereik van levervetgehaltes bleken de 
MRI (mDIXON en (PDFF) mapping) en 1H-MRS technieken te prefereren boven histologie wanneer 
gekeken werd naar hun correlatie met het biochemisch bepaalde triglyceridengehalte als ultieme 
referentiestandaard met correlatie coëfficiënten van 0.82 (mDIXON), 0.75 (PDFF) en 0.74 (1H-MRS) 
tegen 0.59 (ORO) en 0.49 (digitale beeldanalyse ORO). Indien MR methoden beter zouden worden 
geïmplementeerd in preklinisch onderzoek, zou dit tot gevolg kunnen hebben dat er veel minder 
dieren nodig zijn om specifieke onderzoeksvragen te beantwoorden aangezien MRI superieur bleek 
ten opzichte van histologie voor de accurate bepaling van verschillen in levervetgehaltes.

In hoofdstuk 3 werd bovengenoemd probleem nader behandeld en onderzocht of 1H-MRS 
accuraat lever triglyceridengehaltes kon meten door voor bekende verstorende factoren te cor-
rigeren en de vetsignaalfracties om te zetten in vetmassafracties. In het cohort van muizen dat on-
derzocht werd—gelijk aan dat van hoofdstuk 2—, kon de nadruk worden gelegd op relatief lage 
levervetgehaltes in vergelijking met eerdere studies. Hierdoor was het mogelijk om de diagnos-
tische accuratesse van 1H-MRS voor levervetgehaltes rond de afkapwaarde voor de aanwezigheid 
van steatose te onderzoeken. Hoewel de gemiddelde 1H-MRS en biochemische lever triglyceri-
dengehaltes niet verschilden, toonde een Bland-Altman analyse aan dat er aanzienlijke individuele 
verschillen waren met een gemiddelde onderschatting van het biochemische vetgehalte door het 
1H-MRS vetgehalte met 2.1 mg/g (95%-limieten van overeenkomst: -16.6–20.7 mg/g). Daarenboven 
bleek dat de diagnostische accuratesse van 1H-MRS voor de aanwezigheid van steatose wanneer 
gebruik werd gemaakt van eerder aanvaarde afkapwaarden minder goed was dan voorheen werd 
gesteld. Dit duidt erop dat men behoedzaam dient te zijn alvorens de diagnose steatose te stellen 
bij levervetgehaltes rondom de veelgebruikte afkapwaarden.

In hoofdstuk 4 werd de interbeoordelaarsovereenkomst van magnetische resonantie elas-
tografie (MRE) beoordelaars die MRE data analyseerden vergeleken met die van pathologen die 
leverfibrose stadieerden in hetzelfde cohort van virale hepatitis patiënten. Deze studie was de 
eerste een-op-een vergelijking van de interbeoordelaarsovereenkomst van fibrosestadiëring met 
twee modaliteiten in een en hetzelfde cohort van patiënten. Dit laatste is van belang, omdat het de 
verdeling van fibrosestadia uitsluit als eventuele oorzaak van verschillen in de interbeoordelaars-
overeenkomst tussen de twee modaliteiten (zoals in het geval dat de twee modaliteiten in twee 
verschillende cohorten worden onderzocht). Gezien het feit dat MRE wordt overwogen als klinisch 
hulpmiddel voor fibrosestadiëring, dient het robuust te zijn voor interbeoordelaarsvariabiliteit. De 
resultaten van deze studie toonden aan dat de interbeoordelaarsovereenkomsten voor MRE be-
oordelaars en pathologen uitstekend waren maar significant (P <0.0001) beter voor MRE met ICCs 
van 0.99 (95%-CI: 0.98–1.00) en 0.91 (95%-CI: 0.86–0.94). Met oog op de bekende nadelen van le-
verbiopsie zijn clinici terecht terughoudend met het uitvoeren van herhaalde biopten. In de weten-
schap dat de interbeoordelaarsovereenkomst van MRE beoordelaars uitstekend is en dat MRI een 
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‘one-stop-shop’ kan bieden waarbij één scan informatie bevat voor een alomvattende structurele 
én functionele beoordeling van de lever, kan MRE worden aangeraden als potentiële methode voor 
de diagnosestelling én de follow-up van fibrose bij patiënten met virale hepatitis.

In hoofdstuk 5 werd het leverijzergehalte onderzocht en werden drie MR methoden om het 
leverijzergehalte te meten die routinematig in onze kliniek worden toegepast vergeleken. Diverse 
MR methoden voor leverijzeranalyse zijn besproken in de literatuur. Hiervan is de signaal-intensi-
teitsratio (‘Gandon’) methode zelfs opgenomen in de Nederlandse Hemochromatose Richtlijn. De 
twee andere methoden zijn (meer) kwantitatief van aard en maken het mogelijk om de transverse 
relaxatiesnelheid (R2 en R2*) van weefsel te meten. Deze zijn gevoelig voor de aanwezigheid van ijzer. 
In deze analyse werden alle lever MRI ijzermetingen uitgevoerd met deze methoden gedurende een 
periode van zes jaar (2008–2013) geïncludeerd. De mate van succes van (ademinhouding) gradiënt 
echo MR sequenties die gebruikt worden voor Gandon en R2* berekeningen bleek beter dan die van 
een op de ademhaling getriggerde spin echo MR sequentie voor R2 berekening met succespercen-
tages van 89% en 98% tegenover 62%. Daarnaast bleek de interbeoordelaarsovereenkomst tussen 
drie beoordelaars voor alle drie de methoden uitstekend met ICCs van 0.998 (95%-CI: 0.998–0.999), 
0.997 (95%-CI: 0.995–0.998) en 0.999 (95%-CI: 0.999–0.999) voor Gandon, R2 en R2*. De exacte R2 en 
R2* waarden dienen wel met behoedzaamheid te worden geïnterpreteerd, aangezien onze resul-
taten laten zien dat er een grote spreiding is van gerapporteerde R2 en R2* waarden voor gegeven 
geschatte LIC waarden. Goede B0 shimming en de keuze van TEs (in geval van R2*) en enkel- versus 
multi-echo spin echo (in geval van R2) kunnen een aanzienlijke invloed uitoefenen. Desalniettemin, 
aangezien R2* een hoge mate van succes heeft, gevoelig is voor een wijdere range aan leverijzerge-
haltes en aangezien de benodigde data in een enkele adem-stop opgenomen kan worden, kunnen 
R2* methoden worden aangeraden als methode van keus voor leverijzergehaltebepalingen.

Omdat het MRI op dit moment ontbeert aan mogelijkheden om de aanwezigheid van inflam-
matie aan te tonen—om maar niet te spreken van mogelijkheden dit te graderen—worden con-
tinue nieuwe methoden getest en fosfor MR Spectroscopie (31P-MRS) is al vele malen overwogen 
als potentieel geschikte methode. Het heeft echter als groot nadeel dat het een lage signaal-ruis-
verhouding (SNR) heeft omdat er minder fosforkernen aanwezig zijn in de lever en deze daarbij 
nog een lagere MR-gevoeligheid hebben dan protonen. De combinatie van lage SNR en beperkte 
beschikbaarheid hebben de klinische toepassing van 31P-MRS in de weg gestaan. In hoofdstuk 6 
werd het gebruik van nieuwe 31P-MRS methoden voor de kwantificatie van levermetabolieten on-
derzocht in gezonde, mannelijke proefpersonen onderzocht. Een recent ontwikkelde magnetische 
resonantie spectroscopische beeldvorming (MRSI) sequentie getiteld AMESING werd geïmplemen-
teerd op 3T en 7T voor de beoordeling van levermetabolieten. De winst in SNR tussen veldsterk-
tes en de toegevoegde SNR door gebruik te maken van mogelijkheid die AMESING biedt tot het 
T2-gewogen optellen van spectra werden geanalyseerd. De resultaten lieten zien dat de AMESING 
sequentie het mogelijk maakt om de transverse relaxatieconstanten (T2) van levermetabolieten op 
7T te meten. Daarnaast zijn met de AMESING sequentie zowel op 3T als 7T hoge SNR spectra van de 
spier mogelijk. De SNR was te laag voor T2 bepaling in de lever op 3T maar de analyse van PCr signaal 
in een spectrum opgenomen in de tussenribspieren direct grenzend aan de RF-spoel liet zien dat 
de techniek wel mogelijkheden biedt op deze veldsterkte. De gevonden T2 waarde voor PCr was 
vergelijkbaar met recente beschrijvingen in de literatuur. De diagnostiek van zowel parenchyma-
teuze als focale leverziekten kan verbeteren met deze methode om spectrale kaarten van de lever 
te vervaardigen met hoge SNR.
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Conclusies

Hoofdstuk 2. Non-invasieve MR metingen van normaal tot licht verhoogd levervetgehal-
tes correleren beter dan invasieve histologische metingen met het biochemisch bepaalde 
levertriglyceridengehalte in muizen. Gezien dat MR metingen—in tegenstelling tot his-
tologische analyse—makkelijk herhaald kan worden in de tijd, zouden follow-up metin-
gen in dierenstudies het aantal benodigde dieren voor specifieke onderzoeksvragen sterk 
kunnen verminderen. Daarom valt—indien aanwezig—MR te prefereren boven histologie 
voor de accurate bepaling van levervetgehaltes.

Hoofdstuk 3. 1H-MRS maakt kwantitatieve bepaling van levertriglyceridengehaltes mo-
gelijk door de corrigeren voor verstorende factoren en door de vetsignaalfracties om te 
zetten in vetmassafracties, zelfs in muizen met slechts licht verhoogde levervetgehaltes. 
In tegenstelling tot eerdere studies was de sensitiviteit van het 1H-MRS levervetgehalte 
voor de diagnose steatose met de veelgebruikte afkapwaarde van 50 mg/g beperkt in ons 
cohort met veel grensgevallen qua levervetgehalte.

Hoofdstuk 4. De interbeoordelaarsovereenkomst voor leverfibrosestadiëring in virale 
hepatitispatiënten is uitstekend voor zowel histopathologie als voor MRE, met een sig-
nificant betere overeenkomst tussen MRE beoordelaars. Diens hoge interbeoordelaars-
overeenkomst en betrouwbare accuratesse ondersteunen het gebruik van MRE als non-
invasieve screeningsmethode voor leverfibrose in virale hepatitis. 

Hoofdstuk 5. Leverijzergehaltemetingen met MRI zijn het meest succesvol met de Gan-
don en R2* methoden, die daarom te prefereren zijn boven R2 methoden. Met diens betere 
interbeoordelaarsovereenkomst, minder benodigde ademinhoudingen en grotere bereik 
aan te onderscheiden ijzergehaltes is de R2* methode de methode van voorkeur voor op 
MR gestoelde leverijzergehaltemetingen.

Hoofdstuk 6. De recent ontwikkelde MRSI techniek AMESING kan gebruikt worden om 
hoge SNR 31P spectra van leverweefsel te vervaardigen op zowel 3T als 7T. Daarnaast kan 
op 7T gebruik gemaakt worden van gelijktijdige opgenomen informatie om T2 waarden 
te berekenen, die het mogelijk maken om een extra SNR winst te behalen. Op 3T was het 
alleen mogelijk om T2 waarden te bereken van 31P signaal dat in de tussenribspieren werd 
gemeten, dichtbij de RF-spoel. De toekomstige diagnostiek van zowel diffuse als focale 
leverziekten zou kunnen profiteren van deze methode om spectrale kaarten van de lever 
te vervaardigen met hoge SNR.
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Implicaties en toekomstig onderzoek
De ontwikkelingen in het veld van MRI in het algemeen en abdominale en lever MRI in het bijzon-
der volgen elkaar snel op. Het werk dat wordt beschreven in dit proefschrift benadrukt de huidige 
transitie van kwalitatieve naar kwantitatieve MRI methoden in leverziekten. De toepassing van deze 
kwantitatieve methoden zullen leiden tot een toegenomen accuratesse, verbeterde reproduceer-
baarheid, afgenomen interobserver variabiliteit en de weg banen voor MRI om de nieuwe referen-
tiestandaard te worden voor zowel de zieke als de gezonde lever. Evenwel is duidelijk dat de toe-
name van niet-invasieve mogelijkheden om de lever te onderzoeken er voor zorgt dat het aantal 
leverbiopten afneemt. Vanuit een patiëntperspectief is dit ontegenzeggelijk aan te prijzen, maar 
het impliceert ook dat het vergelijken van nieuwe MRI methoden met de resultaten van biopten 
moeilijker wordt. Dit komt bovenop het reeds wankele evenwicht tussen de noodzaak voor histolo-
gische bevestiging van MRI resultaten, met de bekende nadelen van biopten zoals sampling error, 
en de moeilijkheden die liggen in het vergelijken van nieuwe methode van de huidige referentie-
standaard: de nieuwe methode is nooit zo ‘goed’ als de oude methode.

Desalniettemin kan de klinische acceptatie van MRI als ‘one-stop-shop’ referentiestandaard 
voor structurele en functionele informatie in diffuse maar ook focale leverziekten binnen de ko-
mende tien jaar verwacht worden. Daarbij is er duidelijk een belangrijke taak voor radiologische 
onderzoekers en de radiologische gemeenschap weggelegd om als ambassadeurs van de kwan-
titatieve MRI op te treden opdat de wetenschappelijke ontwikkelingen op dit gebied ook bekend 
raken buiten de academische radiologie en bij klinische partners en zo onderdeel worden van de 
standaard klinische praktijk waar mogelijk.

Tot slot wordt het werk dat in dit proefschrift werd beschreven toegelicht met het oog op diens 
implicaties, waarbij de vier aspecten van leverziekten die de rode draad vormden door dit werk de 
revue passeren: steatose, fibrose, ijzerstapeling en inflammatie. Daarnaast wordt toekomstig on-
derzoek dat voortvloeit uit dit werk beschreven.

Steatose
In hoofdstuk 2 en 3 werd onderzocht of (i) MRI of histologie het beste zou zijn voor de kwantificatie 
van steatose en (ii) hoe de accuratesse van de MRI methoden voor de bepaling van levertriglyce-
ridengehaltes (LTG) was. In de laboratoriummuizen, die specifieke diëten kregen voor specifieke 
periodes, was het mogelijk matig verhoogde levervetgehaltes te induceren. In dit cohort—met 
enkel microvesiculaire steatose—hadden MR imaging en 1H-MR Spectroscopie een hogere accura-
tesse dan histologie—Oil-Red O (ORO) kleuringen van cryocoupes van leverweefsel—in vergelij-
king met biochemisch bepaalde LTG als referentiestandaard. Deze resultaten—die eerdere studies 
bevestigen—staan in contrast met recent werk dat claimt dat MRI niet zo accuraat is als ORO voor 
de kwantificatie van steatose [1]. Gezien het feit dat MRI in staat is om signaal te meten van proto-
nen uit water en vet—in de lever afkomstig enerzijds uit intra- en extracellulair water en anderzijds 
voornamelijk uit een overmaat aan intrahepatische triglyceriden—is er een solide, natuurkundige 
onderbouwing die plausibel maakt hoe MRI voor de kwantificatie van levervet werkt [2]. Dit sterkt 
ons in de gedachte dat onze resultaten kloppen.

In hoofdstuk 3 werd beschreven dat de accuratesse van MRI methoden voor een groot ge-
deelte afhangt van de gekozen afkapwaarde voor het stellen van de diagnose steatose. Dit kan meer 
directe implicaties hebben. Vrijwel alle studies die MRI voor vetkwantificatie vergelijken met inva-
sieve methoden voor vetkwantificatie (i.e. leverbiopsie met semi-kwantitatieve stadiëring) hebben 
gebruikt gemaakt van cohorten met een brede reikwijdte aan vetgehaltes, e.g. variërend van 0% 
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tot 40% levervet op MRI. Het moge duidelijk zijn dat wanneer men een semi-kwantitatieve me-
thode als leverbiopsie met zijn slechts vier aparte categorieën wil vergelijken met een kwantita-
tieve methode om relevante vergelijkingen te maken en diagnostische accuratesse en ROC-curve 
analyses wil uitvoeren om MRI afkapwaardes voor het onderscheiden van steatosestadia te vinden, 
het noodzakelijk is om een wijde range aan vetgehaltes nodig is. Wanneer de scatter plots tussen 
histologische analyse en MRI resultaten nauwkeurig bekeken worden, valt telkenmale op dat in het 
0–10% macrovesiculaire steatose gebied er een minder afgebakende lineaire relatie is tussen de 
meetresultaten dan wanneer de gehele range aan metingen wordt gebruikt. Daarnaast is er binnen 
één steatosestadium vaak een aanzienlijke spreiding van MRI vetgehaltes te zien [3-6]. Het hierbo-
ven beschrevene impliceert dat wellicht de voortvarendheid waarmee gesteld wordt dat leverste-
atose aan- dan wel afwezig is in patiënten met levervetpercentages op MRI juist op of onder de af-
kapwaarde ter sprake gesteld zou moeten worden. Het is duidelijk dat nader onderzoek nodig is om 
dit punt te verhelderen. Men zou bijvoorbeeld intra-operatieve leverbiopsie kunnen uitvoeren in 
patiënten die electieve abdominale chirurgie ondergaan (i.e. cholecystectomie), waarbij het moge-
lijk wordt zowel een biochemische bepaling van het levertriglyceridengehalte als een histologische 
analyse van de lever uit te voeren hetgeen vervolgens vergeleken kan worden met preoperatief 
bepaalde MRI levervetpercentages. Een dergelijke opzet zou (i) enkele beperkingen van deze pre-
klinische studie wegnemen (grote voxel volumina, zeer beperkte invloed ademhalingsbewegingen, 
verbeterde shimming) en zou (ii) het mogelijk maken om vergelijkingen uit te voeren tussen in vivo 
MRI levervetpercentages met biochemische LTG om zodoende te achterhalen wat normale en wat 
verhoogde levervetpercentages zijn.

Ten slotte zijn lange-termijn studies noodzakelijk en tegelijkertijd lastig uit te voeren, om na te 
gaan wat de voorspellende waarde van specifieke MRI levervetpercentages is: wie gaan het goed 
doen en welke slechter? Dit in navolging van studies die de voorspellende waarde van bijvoorbeeld 
transiënte elastografie onderzocht hebben, welke voorspellend blijkt voor de lange-termijn bij fi-
brotische leverziekten als virale hepatitis en PSC [7, 8]. Als MRI de referentiestandaard gaat worden 
voor het onderzoek naar normale en pathologische levervetgehaltes, dan is het cruciaal dat we nor-
male en abnormaal verhoogde waardes in grote cohorten gaan achterhalen—waarbij in gedachten 
genomen dient te worden dat milde obesitas al een verhoging van het levervetgehalte met zich 
meebrengt—en daarnaast diezelfde mensen een lange tijd vervolgen om de lange-termijn gevol-
gen te kunnen meenemen in onze analyses.

Fibrose
De resultaten in hoofdstuk 4 lieten zien dat de interbeoordelaarsovereenkomst tussen MRE beoor-
delaars zeer goed is en dat—gesteld dat de MRE acquisitie lege artis is vervaardigd—MRE waardes 
zoals door verschillende beoordelaars gerapporteerd met vertrouwen met elkaar vergeleken kun-
nen worden. In het licht van eerdere MRE studies impliceren deze bevindingen dat MRE een plek 
heeft in het repertoire van iedere abdominaal radioloog om aan zijn of haar clinici aan te bieden. 
Sterker nog, MRE kan samen met kwantitatieve MRI voor levervetbepalingen de mogelijkheid bie-
den om non-invasief de hoeveelheid levervet- en fibrose te kwantificeren zonder dat daar een naald 
aan te pas komt. Dit komt de patiëntvriendelijkheid te goede en maakt sequentiële metingen mo-
gelijk met een ‘one-stop-shop’ techniek, waarbij de MRI zowel structurele als functionele informatie 
biedt.

Er kleven echter vanzelfsprekend nog steeds nadelen aan de huidige MRE techniek. Onder 
meer betreft het diens beperkte spatiële resolutie, diens beperkte spatiële bereik en diens relatief 
lange acquisitietijd met daarnaast de noodzaak voor offline post-processing voor sommige MRE 
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varianten. De verwachte translatie van MRE voor leveranalyse naar andere organen zal ongetwijfeld 
nieuwe ontwikkelingen in het veld brengen. MRE van de aorta en mammae hebben bijvoorbeeld 
hogere spatiële resoluties nodig [9].

Daarnaast is MRE niet de enige MRI smaak die informatie kan verstrekken over de mate van 
fibrose in een weefsel. Diffusiegewogen beeldvorming (DWI) en in het bijzonder intravoxel inco-
herent motion (IVIM) MRI maken het mogelijk de beperkingen in de beweeglijkheid van water in 
de aanwezigheid van fibrose af te beelden [10-12]. T1 mapping lijkt een andere belangrijke mogelijk-
heid te bieden om leverfibrose te beoordelen. In een invloedrijk paper over multiparametrische MRI 
voor de non-invasieve beoordeling van leverziekten lieten Banerjee et al zien dat voor leverijzerge-
halte gecorrigeerde T1 waardes verschillende fibrosestadia van elkaar konden onderscheiden [13]. 

Al deze nieuwe en zeer interessante technieken zullen de komende jaren verfijnd worden en 
dienen nog onderzocht te worden in grote(re), klinische trials maar ten minste enkele van hen zul-
len zeker hun weg gaan vinden het radiologische repertoire.

IJzerstapeling
De bevindingen in hoofdstuk 5 illustreerden dat voor leverijzermetingen, R2* methoden op dit mo-
ment te prefereren zijn gezien hun korte acquisitietijd waarin de gehele lever bemonsterd kan wor-
den en de mogelijkheid om een wijde range aan leverijzergehaltes te beslaan. De meeste gerenom-
meerde fabrikanten leveren nu online R2* reconstructie methoden wat kan helpen bij de verdere 
verspreiding van deze groep van methoden. Toch zijn er nog aspecten van de leverijzerbepaling die 
verder verfijnd dienen te worden. Zo houden niet alle reconstructie algoritmes die de fabrikanten 
standaard leveren rekening met de mogelijkheid dat er vet in de lever zit, hetgeen zal interfereren 
met MR signaal van water en waarvoor derhalve een correctie nodig is. Daarnaast is het zo dat in 
geval van extreme ijzerstapeling R2* methoden niet langer gevoelig zijn voor verdere veranderingen 
(zowel verbetering als verslechtering) in het leverijzergehalte, terwijl R2 methoden nog wel gevoelig 
zijn. Het nadeel van R2 methoden is echter hun lange acquisitietijd om heel de lever af te beelden. 
Als de acquisitie van spin echo’s verder versneld kan worden—bijvoorbeeld met technieken die 
k-space undersampling en data sparsity gebruiken—dan is de ontwikkeling van R2 mapping van de 
gehele lever in een enkele ademinhouding niet ver weg [14].

Inflammatie
In tegenstelling tot bij steatose, fibrose en ijzergehalte is het bij leverinflammatie tot noch toe zeer 
lastig gebleken dit op non-invasieve wijze te meten met MR of andere modaliteiten. Conventionele, 
anatomische beeldvormende technieken hebben hier geen rol omdat zij alleen late effecten van 
inflammatie kunnen afbeelden, zoals een hobbelige levercontour bij cirrhotische leverziekte. Noch 
hebben meer functioneel geënte beeldvormende technieken op overtuigende wijze kunnen laten 
zien dat zij de aanwezigheid van inflammatie konden detecteren, laat staan graderen. In hoofd-

stuk 6 werd een nieuwe 31P-MRSI techniek beschreven die het mogelijk maakt hoge SNR spectrale 
kaarten van de lever te vervaardigen. Aangezien bepaalde metabolieten een band lijken te hebben 
met inflammatie is dit zeker een gebied dat de aandacht heeft als potentiële methode om de in-
flammatoire staat van de lever te bemonsteren. 31P-MRS biedt ook de mogelijkheid tot dynamische 
metingen, zodat er nog meer van valt te verwachten. Zo wordt bijvoorbeeld fructose exclusief ge-
metaboliseerd in en door de lever, hetgeen een energie-verbruikend en dus ATP-verbruikend pro-
ces is. Doordat ATP meetbaar is met 31P-MRS, kan het fructosemetabolisme worden gevisualiseerd 
en gekwantificeerd met dynamische 31P-MRS vóór, gedurende en ná intraveneuze toediening van 

IMPLICATIES & TOEKOMSTIG ONDERZOEK

8



136

fructose [15, 16]. Mogelijk heeft de aanwezigheid en/of mate van inflammatie invloed op dit fructo-
semetabolisme: dit is een aspect dat enkel met 31P-MRS te meten is.

Net als bij fibrose zijn er meer potentiële MR technieken die onderzocht worden om inflamma-
tie af te beelden. Multifrequente MRE zou de effecten van fibrose en inflammatie op weefselstijfheid 
kunnen scheiden en daarmee in staat zijn beiden te kwantificeren [17]. Daarnaast werd al in 2008 
gepubliceerd over de mogelijkheid om MRI vóór en ná toediening van (ultra kleine) superparamag-
netische ijzeroxidepartikels of (U)SPIO patiënten met NAFLD (i.e. enkel steatose) te onderscheiden 
van patiënten met NASH (i.e. steatose én inflammatie) [18]. Sindsdien zijn er nog enkele studies 
verschenen die de relatieve verandering in signaalintensiteit na de toediening van SPIOs hebben 
verbonden met de aan- of afwezigheid van NASH. Aangezien SPIOs worden opgenomen door de 
Kupffer cellen—de huismacrofagen van de lever—bekijken we met SPIO-MRI feitelijk de Kupffer 
celfunctie. In de huidige Europese markt zijn er geen commerciële (U)SPIO middelen beschikbaar, 
maar recent werk met off-label gebruik van USPIOs bedoeld als medicijn voor ijzerarmoede heeft 
wederom bevestigd dat de Kupffer celfunctie verminderd zou kunnen zijn in NASH in vergelijking 
met alleen steatose [19]. Wat nog onduidelijk blijft, is of de Kupffer celdysfunctie gemeten met SPIO-
MRI specifiek is voor de inflammatie die bij NASH gezien wordt, of dat het wordt veroorzaakt wordt 
door een ander, nog niet verder opgehelderd proces. Terwijl meer en meer data beschikbaar komt 
op dit gebied, zou USPIO-MRI een efficiënte manier kunnen zijn om de aanwezigheid van NASH en 
daarmee van inflammatie te bevestigen. Om verder na te gaan of USPIO-MRI ook gevoelig is voor 
leverinflammatie in andere leverziekten, zou het zeer interessant zijn dit ook toe te passen in virale 
hepatitis waarin immers Kupffer cellen een verhoogde productie van pro-inflammatoire mediato-
ren laten zien [20]. Wellicht dat deze verhoogde productie van mediatoren en andere processen er 
voor zorgt dat de opnamecapaciteit van de Kupfer cellen achteruitgaat? Nader onderzoek zal dit 
verder moeten verhelderen.

Histologische beoordeling en verder
Het is tot dusverre duidelijk geworden dat een aantal aspecten van de histologische beoordeling 
van leverbiopten kan worden vervangen door non-invasieve MRI technieken. Het levervet-, fibro-
se- en ijzergehalte kunnen worden gemeten en eenvoudig worden vervolgd met herhaalde MRI 
scans. Andere aspecten zoals inflammatie ontspringen voorlopig de dans maar kunnen met aan 
zekerheid grenzende waarschijnlijkheid binnen de komende tien jaar met MR worden gemeten. 
Wellicht belangrijker is dat MR de mogelijkheid biedt veel verder te kunnen gaan dat wat mogelijk 
is met biopt.

Zo is MR in staat om de hele lever te beoordelen, hetgeen kan op segmenteel, lobair of gehele 
lever niveau. In tegenstelling is het leverbiopt slechts 1/62.000e tot 1/5.000e van het totale lever vo-
lume. En terwijl leverbiopsie een statische meting is die door middel van immunohistochemie welis-
waar iets van functionaliteit kan weergeven, kan MR daadwerkelijk in vivo de leverfunctie afbeelden. 
Zo kan met T1 mapping vóór en ná Gd-EOB-DTPA toediening indirect worden gemeten hoeveel Gd-
EOB-DTPA is opgenomen door de hepatocyten, hetgeen hun functie reflecteert [21]. Als de gehele 
dynamische opnamecurve wordt bemonsterd, is het zelfs mogelijk om de ‘hepatic extraction frac-
tion’ te berekenen, de mate waarin hepatocyten Gd-EOB-DTPA opnemen vanuit de intravasculaire 
en/of extracellulaire ruimtes [22]. MR maakt derhalve dynamische metingen mogelijk: beweging, 
stijfheid, de hiervoor genoemde leverfunctie en zelfs metabolisme worden inzichtelijk zonder bi-
opten, ioniserende straling of andere schadelijke procedures. En hoewel niet alle mogelijkheden die 
MR kan bieden in hun huidige vorm een plek zullen krijgen in de dagelijkse klinische analyses van 
leverpatiënten, zal de implementatie van acceleratietechnieken de acquisitietijden van tal van deze 
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zeer interessante MR mogelijkheden gaan reduceren tot klinische bruikbare tijden. Het eindresul-
taat bestaat uit nieuwe anatomische en functionele MR scans die vanuit de patiënt bezien comfor-
tabele acquisitietijden hebben, variërend van een enkele ademinhouding tot een korte acquisitie 
met doorademen en adembewegingscorrectie gedurende een post-processing stap. In het kort, 
een ‘one-stop-shop’ methode voor multi-parametrische leverbeeldvorming in een korte scantijd.

In dit proefschrift werden enkele kwantitatieve MR imaging en spectroscopie methoden voor het 
meten van steatose, fibrose, ijzerstapeling en inflammatie onderzocht. Zoals duidelijk naar voren is 
gekomen uit deze implicaties en uit mijn perspectief op toekomstig onderzoek, is er veel om naar 
uit te kijken, in het bijzonder omdat deze methoden ook een toenemend belangrijke rol zullen gaan 
krijgen bij biliaire ziekten. Ten slotte laat Tabel 1 zien welke onderzoeksonderwerpen op het gebied 
van kwantitatieve lever MRI de komende jaren centraal zullen staan.
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List of abbreviations

ATP  adenosine triphosphate
CAP  controlled attenuation parameter
CI  confidence interval
CL  chain length
DCE  dynamic contrast-enhanced
DIA  digital image analysis
DWI  diffusion weighted imaging
FSF  fat signal fraction
FOV  field of view
Gd  intravenous gadolinium-containing contrast agent 
HF  high-fat
HFHC high-fat high-cholesterol
1H-MRS proton magnetic resonance spectroscopy
H&E  haematoxylin and eosin
ICC  intraclass correlation coefficient
IQR  interquartile range
ISIS  image selected in vivo spectroscopy
LTC  liver triglyceride content
MRE  magnetic resonance elastography
MRI  magnetic resonance imaging
MRS  magnetic resonance spectroscopy
MRSI magnetic resonance spectroscopic imaging
NADPH nicotinamide adenine dinucleotide phosphate
NAFLD non-alcoholic fatty liver diease
NAS  NAFLD activity score
NASH non-alcoholic steatohepatitis
NDB  number of double bonds
NMIDB number of methylene-interrupted double bonds
NPV  negative predictive value
ORO  oil red-o
PDE  phosphodiester
PME  phosphomonoester
PPV  positive predictive value
ROI  region-of-interest
TE  transient elastography
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and Medicine. 2014 Aug;27(4):317-327.

A new murine model to study musculoskeletal tuberculosis (short communication). Kager 
LM, Runge JH, Nederveen AJ, Roelofs JJTH, Stoker J, Maas M, van der Poll T. Tuberculosis. 
2014 May;94(3):306-310.

Comparison of interobserver agreement of magnetic resonance elastography with histo-
pathological staging of liver fibrosis. Runge JH, Bohte AE, Verheij J, Terpstra V, Nederveen 
AJ, van Nieuwkerk CM, de Knegt RJ, Baak LC, Jansen PL, Sinkus R, Stoker J. Abdominal 
Imaging. 2014 Apr;39(2):283-290.

A multi-centre randomised double-blind placebo-controlled trial to evaluate the value of 
a single bolus intravenous alfentanil in CT colonography. Boellaard TN, van der Paardt MP, 
Hollmann MW, Eberl S, Peringa J, Schouten LJ, Kavaliauskiene G, Runge JH, Tielbeek JA, 
Stoker J. BMC Gastroenterology. 2013 May;13:94.

OP12.08 — Interobserver agreement of transvaginal ultrasonography and gel instillation 
sonohysterography (GIS) during follow-up of successful bilateral placement of Essure® mi-
croinserts. Emanuel MH, Tromp I, Runge JH. Ultrasound in Obstetrics and Gynecology 
2009 Sep;34(S1):101.
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Portfolio

Name:   Jurgen Henk Runge
PhD period:  December 2010–February 2015
Promotores:  Prof. dr. J. Stoker and Prof. dr. U.H.W. Beuers
Copromotor:  Dr. ir. A.J. Nederveen

1. PhD Training

General courses Year ECTS
Pubmed 2011 0.1

Reference Manager 2011 0.1

Practical Biostatistics 2011 1.1

Project Management 2011 0.6

Evidence-Based Searching 2011 0.1

Basiscursus Regelgeving en Organisatie voor Klinisch on-
derzoekers (BROK)

2011 0.9

Laboratory Animals (‘Artikel 9’) 2011 3.9

AMC World of Science 2011 0.7

Basic Laboratory Safety 2012 0.4

Clinical Data Management 2012 0.2

CRASH course: Basic Chemistry, Biochemistry and Molecu-
lar Biology

2012 0.4

Web of Science 2012 0.2

Scientific writing in English for publication 2012 1.5

Oral presentation in English 2012 0.8

Research and Finance 2012 0.2

Educational Skills Training 2013 0.4

Specific courses
Fat-Water Separation: Insights, Applications & Progress in 
MRI (ISMRM)

2012 1.0

Anatomy of the House Mouse 2012 1.1

Advanced Topics in Clinical Epidemiology 2012 1.1

Presentations Year ECTS
Scientific symposium during Spinoza Visiting Professorship 
at the Department of Radiology, AMC, Amsterdam

• Advanced MR for diffuse liver diseases?

2012 0.5

Scientific symposium at the Department of Hepatology, 
AMC, Amsterdam

• ‘Een forse dame’

2012 0.5
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1. PhD Training

Presentations Year ECTS
European Society of Gastrointestinal and Abdominal Radio-
logy (ESGAR), Barcelona

• Controlled Attenuation Parameter compared with 1H-
MR Spectroscopy for liver fat content measurement: a 
pilot study

• Interobserver agreement for 3T magnetic resonance 
elastography and histological liver fibrosis stage

2013 1.0

European Society for Magnetic Resonance Imaging in 
Medicine and Biology (ESMRMB), Toulouse

• Measuring liver triglyceride content in mice: noninva-
sive magnetic resonance methods as an alternative to 
histopathology

2013 0.5

Radiologendagen, ‘s Hertogenbosch
• Measuring liver triglyceride content in mice: noninva-

sive magnetic resonance methods as an alternative to 
histopathology

2013 0.5

European Congress of Radiology (ECR), Vienna
• Success rate of three MRI protocols for liver iron mea-

surements

2014 0.5

International Society for Magnetic Resonance in Medicine 
(ISMRM), Milan

•  31P-MRSI of the healthy liver at 3T and 7T with 
AMESING-boosted SNR

• Standard compared to optimized mDIXON liver fat 
fraction imaging

2014 1.0

Radiologendagen, ‘s Hertogenbosch
• Head-to-head comparison of mDIXON and proton 

density liver fat fraction (PDFF) maps with 1H-MRS as 
reference value for diagnosing hepatic steatosis

2014 0.5

Seminars, workshops and master classess
Weekly department seminars 2010-2015 16

Spinoza lectures 2012 0.4

(Inter)national conferences Year ECTS
Annual meeting of the European Society of Gastrointestinal 
and abdominal Radiology (ESGAR), Barcelona

2013 1.25

Radiologendagen, ’s Hertogenbosch 2013 0.5

Annual meeting of the European Society for Magnetic Re-
sonance in Medicine and Biology (ESMRMB), Toulouse

2013 1.25
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1. PhD Training

(Inter)national conferences Year ECTS
European Congress of Radiology (ECR), Vienna 2014 1.25

Annual meeting of the International Society for Magnetic 
Resonance in Medicine (ISMRM), Milan

2014 2.0

Annual meeting of the European Society of Gastrointestinal 
and abdominal Radiology (ESGAR), Salzburg

2014 0.25

Radiologendagen, ’s Hertogenbosch 2014 0.5

2. Teaching

Supervising Year ECTS
Nicole Tiel, master thesis: 
– P904-enhanced murine MRI to differentiate between a 
control group, simple steatosis and NASH

2012 5

Marian Troelstra, elective research:
– Visceral and subcutaneous fat compartments in obese 
children in relationship to liver steatosis and fat composi-
tion

– Co-author of study of MR-based liver iron assessment

2014 4

3. Parameters of esteem

Prizes and awards Year
ESGAR Top 20 presenter 2013
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Dankwoord
De totstandkoming van dit proefschrift is een verdienste van velen. In de eerste plaats wil ik alle pa-
tiënten en gezonde vrijwilligers die hebben deelgenomen aan de studies bedanken. Daarnaast gaat 
mijn dank uit naar alle mede-onderzoekers die direct of indirect bij mijn onderzoek betrokken zijn 
geweest. Ten slotte wil ik een aantal personen in het bijzonder bedanken.

Mijn promotores, prof. dr. J. Stoker en prof. dr. U.H.W. Beuers
Beste Jaap, in de zomer van 2010 reageerde ik zonder noemenswaardige ervaring op het gebied van 
wetenschap op een advertentie waarin gevraagd werd om een arts-onderzoeker voor een project 
over MRI van de lever. Het vertrouwen dat je mij gaf heb ik erg op prijs gesteld. Ik waardeer je drive 
op onderzoeksgebied, je snelheid van reviseren en bewonder dat je je taken als afdelingshoofd blijft 
combineren met het onderzoek. Als postdoc ga ik graag de uitdaging aan om het leveronderzoek 
verder vorm te geven.

Beste Ulrich, kort na mijn start als arts-onderzoeker spraken we over mogelijke onderzoeksonder-
werpen op het gebied van parenchymateuze leverziekten, jouw expertisegebied. Ik ben ontzettend 
verheugd dat je later ook mijn promotor geworden bent. De afgelopen jaren liep ik geregeld mee 
op jouw polikliniek op de maandagmiddag en woensdagochtend, wat ik altijd inspirerend vond. Met 
de CAP-studie hebben we onze eerste gezamenlijk project, ongetwijfeld niet de laatste.

Mijn copromotor, dr. ir. A.J. Nederveen
Beste Aart, als dagelijks begeleider heb ik vaak met je naar MR spectra gekeken, het onderwerp 
dat immers het belangrijkste deel van mijn proefschift moest vormen. Toch besloeg mijn project 
uiteindelijk een breed palet van MR-technieken om de lever te bemonsteren. Zonder jouw ken-
nis en advies over MRI was mijn promotietraject lang niet zo soepel verlopen als nu. Ik hoop in de 
toekomst nauw betrokken te zijn bij het onderzoek dat rond de 3T MRI plaatsvindt en veel mooie 
projecten samen op te zetten. Bedankt voor je advies over prioriteiten, dat zal ik blijven onthouden.

De leden van mijn promotiecommissie, prof. dr. O.M. van Delden, prof. dr. J.S. Laméris, prof. dr. 
P.L.M. Jansen, prof. dr. F.J.W. ten Kate, prof. dr. P.R. Luijten en dr. R.J. de Knegt
U allen wil ik cordiaal danken voor de bereidheid zitting te nemen in mijn promotiecommissie, voor 
het kritisch beoordelen van mijn proefschrift en voor de geregelde gedachtewisseling.

Mijn paranimfen, Thierry Boellaard en Robert Hemke.
Begin 2011 bleek dat wij niet alleen dezelfde smaak hadden wat betreft humor, maar ook wat be-
treft whisky en wetenschap en ik maakte dan ook snel de overstap naar G1-235D. Van tijdgaten tot 
honger, aftershave, professeurs en rookvrije ruimtes, het was een schitterende tijd. Als alles meezit 
zullen we in de tweede helft van 2016 zelfs nog een tijdje tegelijkertijd assistent zijn. In ieder geval 
zullen onze paden op wetenschappelijk, professioneel en persoonlijk vlak nog vaak kruisen.

Jeroen Bakker, Ingrid Gaemers en Theo Hakvoort
Beste Jeroen, Ingrid en Theo, zonder jullie hulp bij het ontwerpen, uitvoeren en analyseren van 
mijn muizenstudies was ik hopeloos vastgelopen. Het was erg prettig te kunnen bouwen op jullie 
ervaring en gebruik te kunnen maken van jullie (labs) apparatuur. Wellicht zorgt de komst van een 
specifieke dieren-MRI voor nieuwe samenwerkingsmogelijkheden.
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Joanne Verheij
Beste Joanne, jouw razendsnelle en indrukwekkende parate kennis over leverziekten bevestigen 
voor mij hoe nuttig het is om als ondersteunend specialist c.q. specialisme een volwaardig ge-
sprekspartner te kunnen zijn van onze klinische partners. Dank voor jouw hulp bij de analyse van 
het leverweefsel in mijn studies.

Wybe van der Kemp en Dennis Klomp
Beste Wybe en Dennis, bedankt voor al het geduld dat jullie hebben opgebracht wat betreft onze 
31P-MRS samenwerking. Uiteindelijk heeft onze gezamenlijke inspanning een mooi artikel opgele-
verd, dat ongetwijfeld spoedig geaccepteerd wordt. Wat mij betreft de eerste van vele gezamenlijke 
studies op het gebied van 31P-MRS van de lever en andere organen.

Erik Akkerman
Beste Erik, de wandelingen naar jouw kamer waren altijd een welkome afwisseling van mijn andere 
bezigheden: niet alleen omdat jij een raam hebt en dus uitzicht en daglicht, maar ook omdat we het 
vaak over andere dingen hadden dan onze gezamenlijke wetenschappelijke interessegebieden. Om 
maar eens wat te noemen: trusty tahrs, de Canarische Eilanden, klassieke muziek, talen, Wales en 
shear stress. Diolch yn fawr.

De overige medeauteurs van mijn artikelen: Anneloes Bohte, Valeska Terpstra, Karin van Nieuwkerk, 
Rob de Knegt, Bert Baak, Ralph Sinkus en Marian Troelstra
Hartelijk dank voor jullie help bij de inclusies, analyses, het schrijven van onze gezamenlijke artike-
len en voor de prettige samenwerking.

De (research)laboranten van de MRI, in het bijzonder Sandra van den Berg
Bedankt voor jullie hulp bij het (leren) scannen en voor de tips om ook jonge kinderen op hun ge-
mak te stellen bij MRI-scan van de lever.

De secretaresses van de afdeling Radiologie
Jullie allen hartelijk dank voor de organisatorische ondersteuning van mijn promotietraject. In het 
bijzonder dank ik Annemarie van de Woestijne en Ann-Sophie Lampaert die voor mij altijd een plek-
je in Jaaps agenda wisten te vinden.

Al mijn G1- en Z0-collega’s: Anouk, Carl, Sjoerd, Ivo, Charlotte N, Charlotte TN, Marije, Martine v 
D, Martine R, Anneloes, Shira, Anne, Jordi, Jeroen, Olvert, Isha, Laura, Floortje, Shandra, Anneke, 
Marieke, Mariëlle, Cheima, Joppe, Marjolein, Tanja, Margriet, Manon, Sanna, Franceline, Henk-Jan 
en Wouter, Jos, Oliver, Dennis, Ot, Kevin en Bram.
Het is maar goed dat ik nog even aan deze kant van de brug blijf als postdoc, want ik zou alle (kleine) 
kopjes koffie met jullie nog niet kunnen missen. Heel veel succes met jullie promotie-, postdoc- of 
opleidingstraject!

Alle leden van het Heerendispuut der R.S.V.U. ‘Okeanos’ RemeX, in het bijzonder de heeren  
O. Bezaan, J.B.W. Kluivers, T.W. Koetsier, J.T. Kraak en M.R. Maas
Ceterum censeo semper remigandum esse.
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Mathijs
Beste Mathijs,al vanaf het begin van de middelbare school zitten wij op één lijn. Ik vind het ontzet-
tend mooi dat jij ook de radiologie kant bent opgegaan en nu in Leiden je promotieonderzoek doet. 
Succes met de laatste loodjes daarvan. Wanneer gaan we die reis door Siberië maken?

Ada, Daniel, Corniels, Peter, Melissa, Dax, Roos en Martijn
Bedankt voor alle steun, grappen over muizen, gezellige klusmiddagen, grotten- en fietstochten. Ik 
kijk nu al weer uit naar het volgende familieweekend, verrassingsfeest of survivaltocht. Baie dankie!

Paula, Pieter, Faas en Kick
Lieve zus, toen ik ging studeren volgde ik jouw en Pieters voorbeeld en koos ik voor Amsterdam. 
Ook de keuze voor de VU was makkelijk, dichtbij Okeanos, jouw en later ook mijn roeivereniging. 
Wie weet doe ik te zijner tijd mijn perifere stage in het OLVG. Het zou erg leuk zijn om een tijdje in 
hetzelfde ziekenhuis als jij te werken! Faas en Kick, komen jullie snel bij ons logeren?

Rik
Mijn grote broer, jij zette het afgelopen anderhalve jaar je eerste stappen in de medische wereld. Ik 
heb veel bewondering voor jouw doorzettingsvermogen dat samen met enige bravoure een mooie 
plek heeft opgeleverd bij Philips. Het is erg leuk dat je nu betrokken bent bij interessante projecten 
die ook raakvlak hebben met mijn bezigheden. Ik kijk er naar uit om vaker met jou op de ECR, RSNA 
etc. rond te lopen. Onwijs bedankt voor het ontwerpen van de cover van mijn proefschrift! Ik denk 
ook aan onze reizen door Zuid-Afrika en Nepal. Laten we snel weer eens de fotoboeken tevoor-
schijn toveren, wat Captain Morgan’s & Coke inschenken en onze volgende reis gaan samenstellen!

Eric en Vera
Lieve papa en mama, bedankt voor jullie steun en zet in de juiste richting op het juiste moment. 
Zonder jullie advies had ik in 4 VWO voor het ‘maatschappij’ profiel gekozen en was het een lange 
weg terug geweest. Ik vind het leuk dat de 1H-MR Spectroscopie van origine een in de scheikunde 
ontwikkelde methode is, waar papa ook zijn carrière in begon. Wat geweldig dat jullie dit jaar jullie 
droom waarmaken en je definitief in Portugal gaan vestigen. Wij komen dan zeker langs om te ont-
spannen, te fietsen en de nodige klusjes te klaren.

Annerien
Lieve Pientje, jij hebt de goede én de leerzame momenten van dit promotietraject van dichtbij mee-
gemaakt. Samen wielrennen, mountainbiken, pony’s mennen en schuurtjes, tafels of bankjes bou-
wen, alles wat we samen doen maakt me gelukkig. Het is heerlijk om op die momenten alleen oog 
en gedachten voor elkaar te hebben. Ik ben zo blij dat we vorig jaar precies zeven jaar na onze eerste 
kus getrouwd zijn. Ik hou van je.
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Curriculum vitae

Jurgen Henk Runge werd geboren op 18 januari 1987 te Molenhoek. Hij groeide op in Heeze en 
behaalde in 2004 cum laude zijn gymnasiumdiploma aan het Strabrecht College in Geldrop. Na de 
middelbare school studeerde hij tussen 2004 en 2010 Geneeskunde aan de Vrije Universiteit Am-
sterdam. Tijdens zijn studie was hij drie jaar actief als wedstrijdroeier bij de R.S.V.U. ‘Okeanos’. In het 
laatste jaar van zijn doctoraal geneeskunde coachte hij de Eerstejaars Damesch 2008 naar een twee-
de plek in het landelijk klassement. Zijn wetenschappelijke stage deed hij op de afdeling gynaeco-
logie van het Spaarne Ziekenhuis te Hoofddorp en hij liep zijn regulier coschap kindergeneeskunde 
in het Paarl Provincial Hospital te Paarl, Zuid-Afrika. Een keuzecoschap radiologie in het Medisch 
Centrum Alkmaar bevestigde zijn voornemen om radioloog te worden. Na het behalen van zijn art-
senbul in 2010 startte hij—onder begeleiding van prof. dr. J. Stoker, prof. dr. U.H.W. Beuers en dr. 
ir. A.J. Nederveen—met zijn promotieonderzoek in het Academisch Medisch Centrum (AMC) te 
Amsterdam. Zijn onderzoek richtte zich op geavanceerde beeldvormende diagnostiek met MRI bij 
parenchymateuze leverziekten, met dit proefschrift als resultaat. In juli 2014 is hij gestart met een 
traject met als doel het opzetten van een eigen onderzoekslijn op het gebied van kwantitatieve MRI 
van de lever. In de tweede helft van 2016 zal hij van start gaan met zijn opleiding tot radioloog in het 
AMC. Jurgen is getrouwd met Annerien Tavenier. Zij wonen in Hilversum.


