
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Towards quantitative magnetic resonance assessment in parenchymal liver
disease

Runge, J.H.

Publication date
2015
Document Version
Final published version

Link to publication

Citation for published version (APA):
Runge, J. H. (2015). Towards quantitative magnetic resonance assessment in parenchymal
liver disease. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/towards-quantitative-magnetic-resonance-assessment-in-parenchymal-liver-disease(e24df8d8-1fc9-4a4f-9a5a-b389d8d0b87c).html




Chapter 7

Summary

Conclusions

Implications and future research



118

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.

SUMMARY
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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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