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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].

CHAPTER 1



13

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.
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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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