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MRI is increasingly used as the definitive imaging modality 
for the detection and characterization of focal liver lesions. 
Recent developments in MRI technology and the availability of 
novel MRI contrast agents have resulted in MRI being recognized 
as the pre-operative standard in patients examined for focal liver 
lesions. This thesis describes new MRI developments for improved 
detection and characterization of liver metastases, focusing on 
the detection of small (<10mm) focal liver lesions. According 
to the studies in this thesis Single-Shot Spin Echo Echo Planar 
Imaging is considered the new gold standard for detection of 
focal liver lesions improving pre-operative evaluation of patients 
– especially in an oncological setting. Preliminary studies indicate 
the potential using perfusion MRI (4D THRIVE) to perform MRI 
of the whole liver with multiple dynamic (arterial and venous) 
phases. Its impact on the ability to differentiate malignant from 
benign focal liver lesions has to be examined further. The use 
of 4D THRIVE with parametric maps enables spatially matching 
tumour vascular characteristics such as blood volume, blood 
flow, permeability and leakage space. Parametric maps therefore 
have the advantage that they can be used in clinical practice and 
might also be useful for follow-up purposes (e.g. during therapy 
in an oncological setting).

Development of new imaging techniques for improveD 
Detection anD characterization of focal liver lesions 
using magnetic resonance imaging

Kenneth Coenegrachts
D

e
ve

lo
p
m

e
n
t o

f n
e
w

 im
a
g
in

g
 te

ch
n
iq

u
e
s fo

r im
p
ro

ve
d
 d

e
te

ctio
n
 a

n
d
 ch

a
ra

cte
riza

tio
n
 

o
f fo

ca
l live

r le
sio

n
s u

sin
g
 m

a
g
n
e
tic re

so
n
a
n
ce

 im
a
g
in

g
 —

 K
en

n
eth

 C
o
en

eg
rach

ts



 

 

 

Development of new imaging techniques 

for improved detection and characterization 

of focal liver lesions using 

magnetic resonance imaging. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Thesis: Development of new imaging techniques for improved 

detection and characterization of focal liver lesions using magnetic 

resonance imaging. 

Copyright: 2009, Kenneth Coenegrachts, Bruges, Belgium 

This thesis was prepared at the Department of Radiology, Academic 

Medical Center, University of Amsterdam, The Netherlands.  

Cover by: Kenneth Coenegrachts 

 

This thesis is also accessible at: 

-the website of Academic Medical Center, Amsterdam (AMC) at the 

following link: http://dare.uva.nl/record/292150 

and at 

-the website of AZ St.-Jan Brugge-Oostende AV, Campus St.-Jan at 

the following link: http://www.azbrugge.be/DrKennethCoenegrachts 

ISBN : 978 90 382 1371 2 

Academia Press, Ghent, Belgium.



 

 

 

Development of new imaging techniques 

for improved detection and characterization 

of focal liver lesions using 

magnetic resonance imaging. 

 

 

ACADEMISCH PROEFSCHRIFT 

ter verkrijging van de graad van doctor 

aan de Universiteit van Amsterdam 

op gezag van de Rector Magnificus 

prof.dr. D.C. van den Boom 

ten overstaan van een door het college voor promoties ingestelde 

commissie, in het openbaar te verdedigen in de Agnietenkapel 

op  

woensdag 25 februari 2009, te 14:00 uur 

 

door  

Kenneth Louis Stefan Coenegrachts 

 

geboren te Tongeren, België 



Promotiecommissie 

 

Overige leden:  Prof. dr. P.R. Luijten 

   Prof. dr. M. Oudkerk 

   Prof. dr. T.M. van Gulik 

   Prof. dr. D.J. Richel 

   Prof. dr. J.S. Laméris 

      

 

 

Faculteit der Geneeskunde 

 

 

 

  

Promotor:  Prof. dr. J. Stoker 





TTaabbllee  ooff  CCoonntteennttss  
Chapter 1  General introduction and Outline of the thesis 9 

Chapter 2  Comparison of Respiratory-Triggered T2-weighted 

Turbo Spin-Echo imaging versus Breath-Hold T2-

weighted Turbo Spin-Echo imaging in focal liver 

lesion detection and characterization.  

27 

Chapter 3  Improved focal liver lesion detection: Comparison of 

single shot diffusion-weighted echo planar and 

single shot T2w turbo spin echo techniques.  

49 

Chapter 4  Evaluation of true diffusion, perfusion factor, and 

apparent diffusion coefficient in non-necrotic liver 

metastases and uncomplicated liver hemangiomas 

using black-blood echo planar imaging.  

73 

Chapter 5  Improved focal liver lesion detection: Comparison of 

single-shot spin-echo echo-planar and 

superparamagnetic iron oxide (SPIO)-enhanced 

MRI. 

97 

Chapter 6  Comparison of MRI (including SS SE-EPI and SPIO-

enhanced MRI) and FDG-PET/CT for the detection of 

colorectal liver metastases.  

119 

Chapter 7  Focal liver lesion detection and characterization: 

Comparison of non-contrast-enhanced and SPIO-

enhanced diffusion-weighted single-shot spin echo 

echo planar and turbo spin echo T2-weighted 

imaging.  

145 

Chapter 8  Perfusion MRI of the whole liver at high temporal 

and spatial resolution with 4D THRIVE: feasibility of 

focal lesion characterization using parametric maps. 

175 

Chapter 9  Surface functionalization of magnetoliposomes in 

view of improving iron oxide-based magnetic 

resonance imaging contrast agents: anchoring of 

gadolinium ions to a lipophilic chelate. 

197 



Chapter 10 Evaluation of peri-tumoural vessels surrounding 

colorectal liver metastases after intravenous 

injection of magnetoliposomes in rats: correlation 

with 3T MRI and histopathology. 

Summary and Conclusions  

Samenvatting en Conclusies  

List of abbreviations 

List of publications 

Dankwoord en Curriculum Vitae 

 

 

 

 

221 

241 

257 

277 

281 

289 





CChhaapptteerr  11  
General introduction and  

Outline of the thesis  



General introduction 

 10

GGEENNEERRAALL  IINNTTRROODDUUCCTTIIOONN  

Metastatic disease to the liver is a very common clinical 

situation in oncology. The liver is one of the most common sites 

of metastatic spread of epithelial cancers, second only to regional 

lymph nodes. The true prevalence of metastatic disease is 

unknown, but approximately 20%-25% of patients with colorectal 

cancer have liver metastases at the time of diagnosis. Studies 

based on autopsy results showed that up to 70% of colon cancer 

patients have liver metastases at autopsy [1]. Further, Morana et 

al. [2] have shown in cadaver studies of primary colorectal 

carcinoma that on average at least one liver metastasis less than 

10mm in diameter is missed for each detected liver metastasis 

larger than 10mm. 

The early detection of liver metastases is of utmost 

importance in patients with cancer. In general, the presence of 

(relatively extended) liver metastases indicates non-resectability 

of the primary tumour for oncologic reasons [3], except for 

tumour palliation (i.e. to relieve obstruction of the 

gastrointestinal tract). In these patients, chemotherapy is the 

method of choice. Chemotherapy can also be used to decrease 

tumour load to allow subsequent surgical treatment. In many 

cases, chemotherapy is also used after surgery or ablation 

therapy as neo-adjuvant therapy. Resection of liver metastases 

of some malignancies (including colorectal cancer) has been 

shown to improve the survival of the patients [4]. The presence 

of limited synchronous colorectal liver metastases (i.e. occurring 

at the time of diagnosis of the primary tumour) or metachronous 

colorectal metastases (occurring after diagnosis of the primary 

tumour) warrants surgical resection [3]. 

10
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Exact knowledge of the number, size, and regional 

distribution of liver metastases is essential to determine their 

resectability. In patients with liver metastases from colorectal 

cancer, hepatic resection has proven survival benefits and is curative 

in a small proportion of cases. Patients whose metastases are small, 

few in number and metachronous have the best prognosis, but there 

is now good evidence that patients with more extensive disease can 

benefit from resection [5-8]. The number, size and distribution of 

lesions are no longer limiting factors, provided all lesions are 

removed with adequate tumour-free margins and there is sufficient 

normal liver to maintain liver function postoperatively. Based on the 

number and localization of the liver metastases and considering 

all other clinical parameters of the patient, only about 30% of 

colorectal patients with liver metastases may undergo resection. 

However, the 5-year survival of these patients is between 30% 

and 48% in comparison to a survival of less than 5% of patients 

with liver metastases not amenable to liver surgery [4, 9-11]. 

 

IMAGING: 

It is the task of imaging to evaluate the liver to assess the 

presence or absence of liver metastases in surgical candidates 

and to evaluate the success of chemotherapy or ablation therapy 

in others. Incomplete resection of colorectal liver metastases does 

not prolong survival [1], so knowledge of the exact extent of intra-

hepatic disease is crucially important in determining patient 

management and outcome. Almost all liver metastases larger than 

10mm are demonstrated with current imaging techniques but the 

detection of smaller liver metastases is still relatively poor [12-16]. 

 

11
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US, CT, PET(/CT): 

Transabdominal UltraSonography (US) is widely used to 

assess the liver, but has some limitations: it needs considerable 

operator expertise and often reveals equivocal results in patients 

with (chemotherapy-induced) fatty infiltration of the liver [17]. 

Contrast-Enhanced (CE)-US has increased potential in characterizing 

malignant and benign focal liver lesions compared with baseline US. 

CE-US increased diagnostic confidence in the detection and 

characterization of liver metastases compared with standard US 

[18]. Real-time CE-US is particularly advantageous in detecting 

small liver metastases, even when compared to CE-Multi-Slice 

Computed Tomography (MSCT) and Magnetic Resonance Imaging 

(MRI) [18-21]. CE-US with sulphur hexafluoride (Sonovue®) is 

comparable with CE-MSCT in the characterization of focal liver 

lesions [22, 23]. Limitations of CE-US are essentially the same as 

those of US and are related to the presence of bowel gas and to the 

patient’s body habitus [24]. Among radiologic imaging techniques, 

US and CE-US is a relatively cheap technique and therefore is used 

in many general radiology departments [25, 26]. However, for 

accurate oncological staging, US examinations often are 

complemented by other imaging techniques.  

Diagnostic problem cases using US are then often 

referred for a CT or MRI examination. With the introduction of 

MSCT imaging, the use of MSCT in oncologic patients to search 

for lung, liver, and lymph node metastases in the body has 

substantially increased [27, 28]. The development of MSCT has 

substantially increased patient throughput allowing volume 

coverage of the whole thorax and abdomen in one breath-hold. 

However, even using MSCT, the sensitivity and discrimination 

between small liver metastases and liver cysts is inferior 

12
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compared to MRI [27]. MRI with a liver specific contrast agent is 

therefore recommended for the preoperative evaluation before 

liver surgery for detection and characterization of liver metastases 

[27]. For the evaluation of lung metastases, imaging can be 

limited to chest radiography. In doubtful cases or potential 

candidates for surgery, CT of the chest can be performed [29]. 

Fluoro-18-DeoxyGlucose Positron Emission Tomography 

(FDG-PET) has been reported to be superior to CT for the detection 

of liver metastases from colorectal cancer [30-33] and was found to 

be the most sensitive non-invasive imaging modality for the 

detection of liver metastases [33, 34]. FDG-PET has also been 

described as the most accurate imaging technique to detect 

extrahepatic disease [29, 33, 35]. Direct comparison between MRI 

and FDG-PET has been limited, but would be critical for optimization 

of imaging at diagnosis and during follow-up. 

Combined PET/CT images have significant advantages over 

either technique alone because it provides both functional and 

anatomical data. The most significant additional information 

provided by PET/CT relates to the accurate detection of distant 

metastases. PET/CT should be performed on selected patients with 

possible but inconclusive metastatic lesions with CT [36]. The 

incremental value of integrated FDG-PET/CT imaging compared 

with either technique alone in a study by Roman et al. resulted in 

incremental diagnostic value of integrated PET/CT imaging in 27% 

and incremental impact on management in 12.5% of patients [37]. 

In a study by Wiering et al. FDG-PET was clearly superior to CT in 

predicting extrahepatic disease in patients with colorectal liver 

metastases [35]. 
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Magnetic Resonance Imaging: 

MRI is still limited in anatomic coverage, although the 

recent introduction of multi-channel MRI coils with wider 

coverage and the moving-table MRI technique has re-established 

the competitiveness of MRI with MSCT with regard to patient 

throughput. One of the advantages of MRI in liver imaging is the 

better soft tissue contrast, which reveals better characterization 

of focal liver lesions in question. The development of liver-specific 

MRI contrast agents has further improved the diagnostic yield of 

MRI in lesion detection and characterization [38]. Although the 

primary modalities for liver imaging are US and CT, recent studies 

have suggested that CE-MRI is the most sensitive method for 

detecting small liver metastases and MRI is now considered the 

preoperative standard [39-43]. Developments in MRI hardware and 

software and the availability of novel MRI contrast agents have 

improved small focal liver lesion detection [1]. During the last years, 

MRI enhanced with SuperParamagnetic IronOxide (SPIO) 

probably has been considered the most sensitive method for 

detecting liver metastases [1]. In the few studies which have 

compared the different liver specific agents, SPIO-enhanced MRI 

has demonstrated varying degrees of superiority, particularly for 

small focal liver lesions [44, 45]. Furthermore, the importance 

using ferucarbotran (SPIO contrast agent) by bolus injection 

and providing the opportunity to obtain dynamic T1w images 

has been described [1]. Ward et al. [1] has found early T1 

enhancement on 3D fat-suppressed T1w Gradient Echo images 

to be particularly valuable for depicting small focal liver lesions. 

The T1 effect is considerably less than occurs with extracellular 

fluid gadolinium-based contrast agents but this is often 

beneficial in the context of metastatic disease. Liver and vessels 
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often have a similar signal intensity which produces a virtual 

blank canvas against which small liver metastases are 

extremely conspicuous and reliably distinguished from vessels. 

The combination of thin-slice 3D T1w and T2w imaging after 

SPIO increases diagnostic confidence and is more accurate for 

small focal liver lesion detection than delayed T2w imaging alone 

[1].  

Mangafodipir trisodium (Mn-DPDP, Teslascan®, 

Nycomed, Oslo, Norway) significantly enhances the liver 

parenchyma in the delayed phase. Tumours of non-

hepatocellular origin show little or no contrast-enhancement 

resulting in increased lesion conspicuity in the delayed phase. 

Uptake of Mn-DPDP by both benign and malignant he-

patocellular tumours limits the accurate differentiation between 

benign and malignant focal liver lesions. The ensuing lack of a 

dynamic imaging capability is a disadvantage and has led some 

authors to propose the possibility of sequential administration 

of Gadolinium chelates and Mn-DPDP in a single visit to obtain 

both dynamic and delayed imaging [38]. 

 

Diffusion-weighted imaging (DWI): 

Diffusion-weighted MRI is sensitive to molecular diffusion due 

to random and microscopic translational motion of molecules, known 

as Brownian motion. Random motion in the field gradient produces 

incoherent phase shifts that results in signal attenuation. Flowing 

spins induce the same attenuation effect; the pseudorandom 

organization of the moving spins at the voxel level, such as 

perfusion, can also be considered to be an incoherent motion, and 

this effect can induce much larger signal attenuation than the 

diffusion effect on an image with very low Motion-Probing Gradients 
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(MPGs) [46, 47]. The strength of the applied MPG increases with 

increasing b-value (expressed in s/mm2). On the basis of this theory, 

the Apparent Diffusion Coefficient (ADC) value calculated from the 

images with no and low MPGs (ADClow) is considered to be more 

strongly influenced by the flowing spins (microcirculation) than 

molecular diffusion. The true diffusion coefficient (D) can be obtained 

from the calculation from images with the higher MPGs [46, 47]. D 

as measured at IntraVoxel Incoherent Motion MRI is a true 

parameter of molecular diffusion [46, 47]. It therefore permits 

characterization of tissues and pathologic conditions. Furthermore, 

the perfusion fraction f as measured at IntraVoxel Incoherent Motion 

MR imaging is the (microperfusion) deviation factor representing the 

fractional volume (of spins) occupied in the voxel by flowing spins (= 

sum of the spins in the microcirculation and spins in turbulent flow). 

Diffusion-Weighted Imaging (DWI) using Echo Planar Imaging 

(EPI) in the liver is useful for the detection of focal liver lesions 

because of the black-blood effect when using low b-values. The 

black-blood effect renders blood vessels black while focal liver 

lesions remain bright. The use of the black-blood effect for 

facilitating detection of focal liver lesions - by better differentiation 

between small vascular branches and small focal liver lesions - has 

been described previously [48]. This black-blood effect might be 

useful in detecting focal liver lesions. 

Single-Shot Spin Echo Echo Planar Imaging (SS SE-EPI) in 

this thesis is used with different b-values. The lower b-values are 

mostly useful for focal liver lesion detection and the higher b-values 

for focal liver lesion characterization. The SS SE-EPI sequence is 

prone to susceptibility artifacts (e.g. air from the bowel loops). 

Therefore, each patient is given some water just before the start of 

each MRI examination. In this thesis, the SS SE-EPI sequence is 
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performed as the first sequence during each MRI examination during 

respiratory triggering. 

 

Perfusion MRI: 

After the detection of focal liver lesions, the differentiation of 

benign from malignant focal liver lesions is a next crucial step. The 

rim surrounding malignant focal liver lesions on MRI has been 

evaluated in the past as a useful sign for distinguishing malignant 

from benign tumours [2]. To date, reports of liver perfusion at MRI 

have been limited and vary considerably [49]. T1w dynamic CE-MRI 

seems a promising method for the detection of cancer [50]. 

Remarkably, encouraging results have been obtained despite 

considerable variation in both the methods of data acquisition and 

analysis (e.g., visual inspection [51], parametric analysis [52], 

pharmacokinetic [53] or physiologic [54] modeling). In most cases, 

only one to a few slices within the whole liver parenchyma have 

been used to evaluate perfusion parameters. 

Thanks to new developments in MRI scanning technologies, it 

is now possible to perform T1w CE-MRI of the entire liver with high 

spatial and temporal resolution (using a so-called 4D THRIVE 

sequence). In this thesis, the 4D THRIVE sequence is evaluated for 

its ability to differentiate benign from malignant focal liver lesions. 
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OOUUTTLLIINNEE  OOFF  TTHHEE  TTHHEESSIISS  

In this thesis, new developments in diffusion weighted MRI 

(SS SE-EPI DWI) and perfusion MRI for liver lesion detection and 

characterisation are presented which were studied in different 

cohorts of patients suspected of colorectal liver metastases. The 

studies were performed in a tertiary referral center. 

In chapter 2 a respiratory-triggered fat-suppressed T2-

weighted Turbo Spin Echo (RT FS T2w TSE) and breath-hold fat-

suppressed T2-weighted Turbo Spin Echo (BH FS T2w TSE) sequence 

were prospectively compared for the evaluation of focal liver lesions. 

Qualitatively analysis was performed for image quality, lesion 

conspicuity, diagnostic confidence, artifacts and quantitative analysis 

was performed for lesion-to-liver CNR. The detection and 

characterization of focal liver lesions in patients suspected for 

colorectal liver metastases was evaluated. 

In chapter 3 the potential of SS SE-EPI DWI for the 

detection of focal liver lesions (biliary cysts, hemangiomas and 

metastases) with different sizes (<10mm, 10-20mm, and >20mm) 

was prospectively compared with T2w SS TSE. A qualitative and 

quantitative comparison of a respiratory-triggered SS SE-EPI DWI 

sequence with four b-values (b=0, b=20, b=300, b=800s/mm2) and 

T2w SS TSE was made. The detection of focal liver lesions in patients 

suspected for malignant liver lesions was evaluated with special 

focus on small (<10mm) focal liver lesions. 

In chapter 4 the primary purpose of this prospective study 

concerned the differentiation of liver metastases and liver 

hemangiomas by quantitative evaluation of D, f and ADClow using a 

respiratory-triggered BB SS SE-EPI sequence with four b-values 

(b=0, b=10, b=150, b=400s/mm2). The potential of BB SS SE-EPI 

as a useful technique to aid in differentiating between liver 
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metastases and liver hemangiomas by calculation of D, f and ADClow 

and its potential in avoiding liver biopsies was evaluated. 

In chapter 5 SS SE-EPI using b=0, 10, 150, 400 s/mm2 

was prospectively compared with standard MRI techniques after 

intravenous SPIO. Best lesion detection respectively best image 

quality was compared between SS SE-EPI and standard SPIO-

enhanced MRI sequences. Lesion characterization was compared 

between SS SE-EPI and standard MRI sequences pre- and post-

SPIO. The detection and characterization of focal liver lesions in 

patients suspected for metachronous liver metastases from 

colorectal carcinoma was evaluated with special focus on small 

(<10mm) focal liver lesions. 

In chapter 6 the accuracy of FDG-PET/CT and MRI (including 

SS SE-EPI and SPIO-enhanced MRI) were prospectively compared 

for the detection of liver metastases from colorectal cancer. The 

sensitivity and positive predictive value for the detection of colorectal 

liver metastases was studied. The potential of both MRI and FDG-

PET/CT was evaluated for the detection of colorectal liver 

metastases. 

In chapter 7 a prospective comparison between SS SE-EPI 

DWI before, immediately after and 5 minutes after intravenous 

injection of SPIO, between non-CE and post-SPIO T2w TSE 

sequences was performed for the detection and characterization of 

focal liver lesions. A comparison between SS SE-EPI DWI before, 

immediately after and 5 minutes after intravenous injection of SPIO 

evaluating image quality was performed. The potential of SS SE-EPI 

and the effect using SPIO with different time delays on image 

quality, detection and characterization of focal liver lesions was 

evaluated. 
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In chapter 8 a newly developed perfusion imaging 

sequence (4D THRIVE) was prospectively evaluated using 3T MRI. 

Imaging of the whole liver in high temporal and spatial resolution 

was performed. The potential of 4D THRIVE for perfusion imaging 

of the whole liver and automatically calculated parametric maps 

was prospectively evaluated for the characterization of focal liver 

lesions. 

In chapter 9 the feasibility to incorporate phospholipids, 

derivatized with a metal complexing moiety, into a magnetoliposome 

(ML) coat and to load the resulting nanocolloids with gadolinium ions 

was evaluated. The main goal of this paper was to study the 

feasibility to construct a corona of lanthanide ions on top of nano-

sized MLs. 

In chapter 10 the feasibility to correlate peri-tumoural 

vasculature (ring-enhancement) surrounding colorectal liver 

metastases after intravenous injection of magnetoliposomes using 

T1-weighted MRI in a rat model was evaluated. A proof-of-principle 

was given correlating peritumoural ring-enhancement on T1-

weighted MRI after intravenous injection of magnetoliposomes with 

histopathology. 

 

Finally, the results of this thesis are summarized and 

implications are made. 
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AABBSSTTRRAACCTT 

Objective: To compare a respiratory-triggered fat-suppressed and 

breath-hold T2-weighted Turbo Spin Echo (RT and BH FS T2w TSE) 

sequence for focal liver lesions. 

Methods: Prospectively, both T2w TSE sequences were acquired in 

40 patients using 1.5T MRI. Qualitatively analysis was performed for 

image quality, lesion conspicuity, diagnostic confidence, artifacts 

using two-tailed Wilcoxon signed-ranks test. Quantitative analysis 

was performed for lesion-to-liver Contrast-to-Noise Ratio (CNR) 

using two-tailed Student’s t-test. 

Results: Qualitatively, RT FS T2w TSE performed significantly (p < 

0.05) better than BH FS T2w TSE concerning image quality, lesion 

conspicuity, diagnostic confidence and artifacts. Seventy-eight 

metastases and 47 hemangiomas were detected on both FS T2w TSE 

sequences. Seven liver metastases and 2 hemangiomas <10mm and 

3 metastases between 10-20mm detected on RT FS T2w TSE were 

only retrospectively detected on BH FS T2w TSE. Diagnostic 

confidence scores were best using RT FS T2w TSE compared with BH 

FS T2w TSE. Mean CNR of all lesions, mean CNR of all lesions 

<10mm and mean CNR between hemangiomas and metastases was 

significantly better using the RT sequence compared with the BH 

sequence. 

Conclusion: RT FS T2w TSE might perform better than BH FS T2w 

TSE for lesion detection and characterization in this study. 
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IINNTTRROODDUUCCTTIIOONN  

Patient motion is the largest physiological effect that causes 

artifacts. T2-weighted sequences are mainstay in magnetic 

resonance imaging (MRI) of the liver. Still, controversy remains over 

the use and accuracy of respiratory-compensated (respiratory-

triggered (RT) and breath-hold (BH)) T2w TSE techniques for 

detection and characterization of focal liver lesions [1-5]. 

Half-Fourier single-shot (SS) TSE sequences (e.g., single-shot 

turbo spin echo (SS-TSE) and half-Fourier single-shot turbo spin 

echo (HASTE)) allow to acquire multiple slices covering the whole 

liver within a breath-hold. Since several studies have demonstrated 

that this technique can be a suitable substitute for conventional T2w 

sequences [6-8]. Conventional T2w TSE sequences have the 

potential to provide higher image contrast and spatial resolution if 

motion artifacts can be eliminated [9]. 

The purpose of this study was to compare the qualitative and 

diagnostic performance of a RT FS T2w TSE sequence with a BH FS 

T2w TSE sequence in a patient population suspected for malignant 

liver lesions. 

  

MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

Patients 

Forty consecutive patients (14 female and 26 male patients, 

mean age 60.9 ± 11.8 years) suspected for malignant colorectal 

liver lesions based on available laboratory results ((elevated Carcino-

Embryonic Antigen > 3.4 ng/ml for non-smokers, >4.3 ng/ml for 

smokers, elevated transaminase levels (ALT >41 U/l for male, >31 

U/l female patients), elevated alkaline phosphatase >129 U/l, 

elevated bilirubin (total bilirubin > 1.2 mg/dl)), findings on 

ultrasonographic (US) or computed tomographic (CT) examination 
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were included in this study. There was no patient in this study who 

received chemotherapy prior to the MRI. Chemotherapy therefore 

had no effect on RT and BH T2W TSE. Patients were excluded when 

there were contraindications for MRI. 

This prospective study was approved by the hospital ethics 

committee and written informed consent was obtained from all 

patients.  

 

MRI Technique 

A 1.5T MRI whole-body scanner (Intera, Philips Medical 

Systems, Best, The Netherlands) with a 4-elements body phased-

array coil was used. The first sequence performed was BH FS T2w 

TSE immediately followed by RT FS T2w TSE. 

The RT FS T2w TSE and BH FS T2w TSE images were acquired using 

following parameters:  

Axial RT FS T2w TSE: TR= one respiratory cycle, TE= 80ms, 

EchoTrain Length (ETL)= 50, flip angle= 90°, Number of Signal 

Averages (NSA)=4, Field-of-View (FOV)= 415mm x 312mm, 

matrix= 256mm x 208mm, half scan factor= 0.75, number of 

slices= 34, slice thickness= 5mm, slice gap= 0mm, foldover 

suppression, interleaved scanning, respiratory triggering with trigger 

delay 100ms (trigger pulse 100ms after onset of expiration). Parallel 

imaging factor= 4 along the in-plane phase-encoded direction. 

Spectral Attenuated Inversion Recovery (SPAIR) inversion delay= 

151ms, SPAIR TR= 453ms, water fat shift= 0.6 pixels, BW= 

355.1Hz. The acquired voxel size was 1.62mm x 2.32mm x 5mm 

and the reconstructed voxel size was 0.81mm x 0.81mm x 5mm. 

The prescribed scan time was 59s. Depending on the breathing 

frequency of each patient, the acquisition time for this sequence 
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ranged from 2 to 3 minutes. Respiratory triggering was performed 

using the bellow technique. 

Axial BH FS T2w TSE : TR= 3171ms, TE= 80ms, EchoTrain 

Length (ETL)= 50, flip angle= 90°, Number of Signal Averages 

(NSA)=3, Field-of-View (FOV)= 415mm x 312mm, matrix= 256mm 

x 208mm, half scan factor= 0.75, number of slices= 28, slice 

thickness= 6mm, slice gap= 0mm, foldover suppression, interleaved 

scanning, total scan time= 25.4s (2 breath-holds of 12.7s). Parallel 

imaging factor= 4 along the in-plane phase-encoded direction. 

Spectral Attenuated Inversion Recovery (SPAIR) inversion delay= 

151ms, SPAIR TR= 453ms, water fat shift= 0.6 pixels, BW= 

355.1Hz. The acquired voxel size was 1.62mm x 2.32mm x 6mm 

and the reconstructed voxel size was 0.81mm x 0.81mm x 6mm. 

 

Analysis 

Different types of detected focal liver lesions (hemangiomas 

and metastases) are sub-grouped by size (<10mm, 10-20mm, and 

>20mm) for further analysis. 

All examinations were anonymised and evaluated on a PACS 

workstation (Agfa, Mortsel, Belgium). 

For each lesion the location was recorded by writing down the 

number of the slice in which a detected lesion was found allowing a 

lesion-by-lesion comparison. 

 

Qualitative Analysis 

Two experienced abdominal radiologists (7 years and 15 

years of experience respectively) independently evaluated all MR 

images from each of both motion-compensated FS T2w TSE 

sequences during two sessions separated by at least 4 weeks to 

minimize recall bias. Hepatic cysts (defined as homogenously 
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hyperintense on T2w imaging with using short and long TE) were not 

evaluated in this study as these lesions almost never result in any 

diagnostic problem. The readers subjectively rated each sequence 

for image quality, lesion conspicuity, diagnostic confidence and 

artifacts. To avoid any learning bias, evaluation of each sequence 

was done in a randomized, blinded fashion. Overall image quality and 

lesion conspicuity were based on the following five point grading 

scale: excellent = 5; good = 4; fair = 3; poor = 2; and unacceptable 

= 1. Diagnostic confidence was rated using following five grading 

scale: definitely benign = 1; probably benign = 2; indeterminate = 

3; probably malignant = 4; and definitely malignant = 5. The 

presence of artifacts was rated using the following four grading 

scale: absent = 1; mild = 2; moderate = 3; and severe = 4. The two 

radiologists did not have any other information about patient history, 

clinical examination, laboratory results, findings of other imaging 

techniques, or final diagnosis.  

 

Quantitative analysis 

Lesions detection 

The number of lesions was recorded in each sequence. For 

lesion detection in each image, the lesions on each sequence were 

evaluated by comparing them lesion-by-lesion to the reference 

standard findings including US findings, follow-up CT, and contrast-

enhanced MRI (see paragraph reference standard). For comparison 

of lesion detection between RT FS T2w TSE and BH FS T2w TSE, only 

the maximum number of lesions identified on these two sequences 

was used to determine the total number of lesions. Discrepancies of 

interpretation regarding the presence or absence of a lesion were 

resolved by means of a consensus reading by the same abdominal 

radiologists. Only the consensus data concerning the evaluation of 
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both FS T2w TSE sequences were used in the final analysis. 

 

ROI placement 

The regions of interest (ROIs) for lesion-to-liver CNR 

determination were placed independently by both readers on the 

hepatic parenchyma and on all the focal liver lesions. An interval of 

at least 4 weeks was maintained between consensus reading for 

lesion detection and ROI placement. The ROIs on liver parenchyma 

were placed by avoiding intrahepatic vessels and intrahepatic lesions 

and consisted of at least 100 pixels. For the liver lesions, a ROI was 

drawn manually to encompass the whole lesion. For inhomogenous 

lesions, ROIs included entire lesions, without separating components 

with various signal intensities. 

 

Signal intensity measurements 

Signal intensities were measured unaware of the 

measurements and evaluations performed by the other reader. 

Lesion-to-liver CNR were calculated using the following equations: 

 

lesion-to-liver CNR = ([SIlesion] – [SIliver])/[SDliver]  

 

where [SIlesion] is the average signal intensity of the lesions and 

[SIliver] is the average signal intensity of the liver. [SDliver] is the 

standard deviation of the signal intensity of the surrounding liver 

within the ROIs. 

 

Reference standard 

For evaluating liver metastases, in patients eligible for 

surgery, intraoperative US (IUS) findings during surgery and 

histopathologic findings were used as reference standard. In the 
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remaining patients having liver metastases, the final diagnosis was 

established by independent reading of follow-up triple-phase CT or 

MRI examinations by the same two radiologists. No consensus 

reading was needed for this final evaluation as no differences existed 

in the evaluation of the images between both readers. 

For hemangiomas, the diagnosis was based on typical 

findings (mostly hyperechogenous lesion, showing globular 

peripheral enhancement and gradual fill-in) on contrast-enhanced US 

using sulphur hexafluoride (SonoVue®, Bracco Imaging, Milan, Italy) 

; US was performed before and after injecting SonoVue®. Injection 

of SonoVue® was performed as a bolus; 2.4ml was injected followed 

by a five minute US examination; after 5 minutes the second bolus 

of 2.4ml was repeated followed by a 5 minute US examination), 

triple-phase CT (using 16-slice Helical CT (General Electric Medical 

Systems, Milwaukee, USA) and 1.25mm slices using iobitridol 

(Xenetix® 300, Guerbet, Roissy, France) 2ml/kg (maximal volume 

of 140ml) at a rate of 3ml/s; scanning was performed before 

contrast agent injection in the arterio-portal phase using bolus 

triggering starting the scanning of the liver 2 seconds after the 

arrival of the contrast agent in the aorta at the level of the renal 

arteries, followed by a venous scan 80 seconds after the start of 

injection of the contrast agent), or Magnetic Resonance Imaging 

(MRI). Typical lesion characteristics had to be present on at least two 

of three imaging modalities. In one case tissue diagnosis by 

percutaneous biopsy had been performed. 

 

Statistical analysis 

The RT and BH FS T2w TSE images were compared 

qualitatively for image quality, lesion conspicuity, diagnostic 

confidence and artifacts by means of two-tailed Wilcoxon signed-
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ranks test. Interindividual reader agreement was examined 

performing kappa-analysis (or Kendall’s W test if kappa-analysis not 

appropriate) on the qualitative data. 

To evaluate the performance of both T2w TSE sequences for 

different types of focal liver lesions, the sensitivity and positive 

predictive value (PPV) for RT and BH FS T2w TSE was calculated on 

a lesion basis compared to the reference standard for hemangiomas 

and metastases. The sensitivity and PPV of RT and BH FS T2w TSE 

was calculated for all lesions (hemangiomas and metastases) on a 

patient basis compared to the reference standard allowing to 

evaluate the effect of both T2w TSE sequences on patient 

management.  

Mean CNR of all lesions (all sizes), of all lesions <10mm and 

CNR between hemangiomas and metastases <10mm were 

compared by means of paired two-tailed Student’s t-test. 

 

RESULTS 

In total 125 liver lesions were detected (Table 1, Table 2). 

The diameter of the liver metastases (n=78) ranged from 7 to 

32mm (mean 15.1mm) and of the hemangiomas (n=47) ranged 

from 5 to 30mm (mean 13.2mm). 

 

Table 1. Number of focal liver lesions in different subgroups

 Metastases Hemangiomas 

all 78 47 

<10mm 35 17 

10-20mm 29 18 

>20mm 14 12 
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Table 2. Number of focal liver lesions detected using RT and BH FS T2w TSE 

Lesion Size  RT FS T2w TSE BH FS T2w TSE 

Hemangioma <10mm 17 15 

10-20mm  18 18 

 >20mm  12 12 

Metastasis <10mm 35 28 

10-20mm 29 26 

>20mm 14 14 

The total number of focal liver lesions is indicated. Compared to RT FS T2w TSE one 

additional metastasis (4mm) was detected during operation by IUS in one patient 

(patient 8). 

 

An example of liver hemangioma and liver metastasis are 

given (respectively Fig.1 and 2). As stated above cysts were not 

evaluated. No other liver lesions were detected. 

 
1A 1B 

 
Figure 1. A liver hemangioma (white arrow) using the RT FS T2w TSE (fig.1a) and 

BH FS T2w TSE (fig.1b) sequence. The images are partially degraded by artifacts 

due to obesity of the patient. The internal architecture with the presence of internal 

septa typical of hemangioma is nicely displayed using the RT FS T2w TSE sequence 

but less accurate using the BH FS T2w TSE sequence. A more pronounced image 

degradation is noticed using the BH FS T2w TSE sequence when compared with the 

RT FS T2w TSE sequence as this critically ill patient was hampered in breath-

holding. 
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2A  2B 

 
Figure 2.  A small (8mm) liver metastasis (white arrow) using the RT FS T2w 

TSE (fig.2a) and BH FS T2w TSE (fig.2b) sequence. The liver metastasis is 

accurately displayed on the RT FS T2w TSE sequence but is hardly detectable 

on the BH FS T2w TSE sequence. 

 

Qualitative Analysis 

Image quality, lesion conspicuity and artifacts 

Qualitatively, RT FS T2w TSE performed significantly 

(p<0.05) better than BH FS T2w TSE concerning image quality, 

lesion conspicuity, and artifacts. Following statistically significant 

results were obtained comparing RT FS T2w TSE with BH FS T2w TSE 

for image quality (z=-3.317 ; p=0.001); for lesion conspicuity of 

hemangiomas (z=-4.583 ; p<0.001); for lesion conspicuity of 

metastases (z=-4.123 ; p<0.001); for artifacts (z=-2.000 ; 

p=0.046). 

Where available kappa-analysis was as follows: for image 

quality of RT FS T2w TSE respectively BH FS T2w TSE (kappa=0.773 

; p<0.001 resp. kappa=0.628 ; p<0.001); for lesion conspicuity of 

hemangiomas of RT FS T2w TSE respectively BH FS T2w TSE 

(kappa=0.914 ; p<0.001 resp. kappa=0.825 ; p<0.001); for lesion 

conspicuity of metastases of RT FS T2w TSE respectively BH FS T2w 

TSE (kappa=0.834 ; p<0.001 resp. Kendall’s W=0.141; p=0.001); 

for artifacts of RT FS T2w TSE respectively BH FS T2w TSE (no 
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analysis possible due to constant variable in the evaluation of one 

reader resp. kappa=0.554 ; p<0.001). 

 

Diagnostic confidence 

Concerning diagnostic confidence scores, indeterminate 

scores (score ‘3’) concerned 5 lesions <10mm on the RT FS T2w TSE 

sequence and 19 lesions <10mm on the BH FS T2w TSE sequence 

(Table 3). The RT FS T2w TSE sequence performed significantly 

(p<0.05) better than the BH FS T2w TSE sequence.  

The following statistically significant results were obtained for 

diagnostic confidence of hemangiomas respectively metastases (z=-

3.153; p=0.002 resp. z=-3.606; p<0.001).  

Kappa-analysis was as follows: for diagnostic confidence of 

hemangiomas of RT FS T2w TSE respectively BH FS T2w TSE 

(kappa=0.866 ; p<0.001 resp. kappa=0.850 ; p<0.001) and 

diagnostic confidence of metastases of RT FS T2w TSE respectively 

BH FS T2w TSE (kappa=0.932 ; p<0.001 resp. kappa=0.721 ; 

p<0.001). 

 

Table 3. Diagnostic confidence scores among all lesions and lesions <10mm 

Diagn confidence 1 2 3 4 5 

RT 43 3 5 14 60 

BH 34 4 19 15 53 

RT <10mm 13 3 5 14 17 

BH <10mm 4 4 19 15 10 

RT: respiratory-triggered sequence; BH: breath-hold sequence; RT <10mm: 

respiratory-triggered sequence for all lesions <10mm; BH <10mm: breath-hold 

sequence for all lesions <10mm. 
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Quantitative Analysis 

Liver metastases and hemangiomas 

In total 125 lesions (78 metastases and 47 hemangiomas) 

were detected using only both FS T2w TSE sequences (Table 1). 

Twenty patients were free of liver metastases and 20 patients had 

liver metastases (Table 4). Out of the latter 9 patients (having 20 

liver metastases) were operated and 11 patients (having 58 liver 

metastases) were not. IUS was performed in all patients undergoing 

liver resection surgery and the whole liver was examined in these 9 

patients. During liver surgery, resection was performed of all focal 

liver lesions having morphologic features of a liver metastasis, 

followed by histopathologic examination of these resected focal liver 

lesions. 

Seven liver metastases <10mm (2, 3 and 2 metastases in 

patient 14, 22 and 39) and 3 metastases between 10-20mm (2 and 

1 metastases in patient 22 and 40) detected on the RT FS T2w TSE 

sequence could only retrospectively be detected on the BH FS T2w 

sequence; 2 liver hemangiomas <10mm (2 hemangiomas in patient 

13) detected on the RT FS T2w TSE sequence could only 

retrospectively be detected on the BH FS T2w TSE sequence. No 

lesions were detected on the BH TSE images that were not 

prospectively seen on the RT TSE images. On the other hand, RT 

TSE detected 2 hemangiomas and 10 metastases that were not 

detected with BH T2w TSE.  In one patient (patient 8) who was 

operated, IUS detected one additional metastasis (diameter of 

4mm). Comparing T2w TSE with the reference standard yielded 1 

false-negative liver metastasis. No false-positive focal liver lesions 

were found using RT nor BH FS T2w TSE. 

All 20 patients without liver metastases had lesion 

characterization using US in all cases. Fifteen of these 20 patients 
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had additional imaging using triple-phase CT. The remaining 5 of 

these 20 patients had additional imaging using MRI. One patient had 

an atypical hemangioma; percutaneous biopsy was performed in this 

patient (see also table 4). In total 20 patients had liver metastases. 

Nine patients were operated on. The remaining 11 patients had 

follow-up imaging using triple-phase CT or MRI (table 4). Follow-up 

imaging was performed using MRI in those patients having only 

metastases <10mm (table 4). 

 

Sensitivity and PPV 

The sensitivity of RT FS T2w TSE on a lesion basis for 

hemangiomas respectively metastases was 1 (47/47) respectively 

0.99 (78/79). The PPV of RT FS T2w TSE on a lesion basis for 

hemangiomas respectively metastases was 1 respectively 1. 

The sensitivity of BH FS T2w TSE on a lesion basis for 

hemangiomas respectively metastases was 0.96 (45/47) respectively 

0.86 (68/79). The PPV of BH FS T2w TSE on a lesion basis for 

hemangiomas respectively metastases was 1 respectively 1. 

The sensitivity of RT FS T2w TSE for all lesions 

(hemangiomas and metastases) on a patient basis was 0.99 

(125/126). The PPV of RT FS T2w TSE for all lesions (hemangiomas 

and metastases) on a patient basis was 1. 

The sensitivity of BH FS T2w TSE for all lesions 

(hemangiomas and metastases) on a patient basis was 0.90 

(113/126). The PPV of BH FS T2w TSE for all lesions (hemangiomas 

and metastases) on a patient basis was 1. 
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Table 4. Overview of 40 consecutive patients showing number and type of focal liver 
lesions and reference standard 
Patient Hemangioma Metastases Reference 
 <10

mm 
10-
20mm 

>20
mm 

<10
mm 

10-
20mm 

>20
mm 

Histop. FU 
(weeks) 

Typ.find  

1   1      1 
2 2        2 
3 3    2 1 3  3 
4      3  3 (54)  
5    3  3  6 (48)  
6    2 4 2  8 (48)  
7    1 1  2   
8     1 2 3 + 1   
9  1       1 
10  1       1 
11 2 3 1      6 
12  1       1 
13 4        4 
14    2   2   
15 3        3 
16    3    3 (36)  
17  3       3 
18 3        3 
19   3      3 
20    2 1   3 (30)  
21  2       2 
22    3 2   5 (30)  
23  1       * 
24   2      2 
25  1       1 
26    1   1   
27   2      2 
28  2       2 
29    1 3  4   
30  2       2 
31   2      2 
32      2  2 (24)  
33   1      1 
34    3 3   6 (24)  
35    4 6   10 (24)  
36    5 3   8 (36)  
37    2 2   4 (24)  
38    1  1 2   
39  1  2   2  1 
40     1  1   

Only the total number of focal liver lesions detected by T2W TSE are indicated in 
columns 2 till 7. The total number of focal liver lesions is indicated using the reference 
standard (columns 8 till 10). H: hemangioma; M: metastasis; Histop.: operation and 
histopathologic examination of liver metastases; FU: Follow-Up on triple-phase CT or 
MRI ; Typ.find: Typical findings on US,triple-phase CT, MRI.  
In column 9 follow-up period is indicated between brackets (in weeks) and is based on 
the latest available examination (triple-phase CT or MRI). *: patient 23 with atypical 
hemangioma, confirmed by percutaneous biopsy. One additional metastasis (4mm) 
was detected during operation by IUS in patient 8. 
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CNR lesion-to-liver 

Comparing both FS T2w TSE sequences for mean CNR of all 

lesions, mean CNR of all lesions <10mm and mean CNR for 

hemangiomas and metastases <10mm by means of two-tailed 

Student’s t-test gave significantly (p<0.001) better results with RT 

FS T2w TSE compared with BH FS T2w TSE (table 5). 

 

Table 5. Comparison of mean CNR of all lesions (metastases and 

hemangiomas) 

Mean CNR RT BH t-value 2-tailed p-

value 

All lesions 9.72 8.11 8.976 p < 0.001 

Lesions <10mm 8.22 7.34 7.253 p < 0.001 

Hem <10mm 9.41 8.76 5.019 p < 0.001 

Mets <10mm 7.64 6.65 5.936 p < 0.001 

CNR: Contrast-to-Noise Ratio; RT: respiratory-triggered sequence; BH: breath-hold 

sequence; Lesions <10mm: all lesions <10mm; Hem: hemangiomas; Mets: 

metastases. 

 

DISCUSSION  

This study shows higher accuracy in lesion detection and 

characterization when dealing with liver hemangiomas and 

metastases using RT FS T2w TSE compared with BH FS T2w TSE. RT 

FS T2w TSE performs better in image quality, lesion conspicuity, 

diagnostic confidence, artifacts and lesion-to-liver CNR compared 

with BH FS T2w TSE. The sensitivity of RT FS T2w TSE on a lesion 

basis was always better compared with BH FS T2w TSE especially for 

liver metastases. The PPV was identical for both T2w sequences. 

Artifacts produced by physiologic motion have been a serious 

problem using MRI [10]. Turbo spin-echo imaging (TSE) with or 

without breath-hold has improved T2w abdominal image quality 

42



Chapter 2 

 43

compared to spin-echo acquisition [11, 12]. 

Pauleit D et al. [13] found significantly improved lesion 

detection by using an RT T2w TSE sequence with thin sections 

compared with BH T2w TSE. To our knowledge, Pauleit D et al. were 

the only authors to date stating that significantly better lesion 

detection was found using thin-slice RT T2w TSE compared with a 

thicker slice BH T2w TSE when focusing on lesions <10mm. 

Low et al. [10] found RT TSE imaging superior to non-

triggered TSE in evaluating liver masses producing images with 

improved lesion-liver contrast and contrast-to-noise ratio (CNR). 

Klessen C et al. [9] found T2w-TSE with navigator echo triggering 

able to significantly improve the delineation of intrahepatic vessels 

providing higher liver-spleen contrast. O’Riordan E et al. [14] 

characterized 171 hepatic lesions as hemangiomas, cystic or solid. 

They found a significantly better detection and characterization of 

focal liver lesions using RT T2w single-shot TSE compared with BH 

T2w single-shot TSE. Kim YK et al. [15] have shown that increasing 

phase-encoding steps for increased spatial resolution and decreased 

Echo Train Length significantly improved lesion-liver CNR in 

malignant lesions and hemangiomas. The above described studies 

are in agreement with the results of present study. 

Huang J et al. [16] found better image quality using BH FS 

fast-recovery T2w TSE than RT FS T2w TSE. In this study Huang J et 

al. report significantly higher liver SNR and higher lesion CNR for BH 

T2w TSE than for RT T2w TSE. This higher liver SNR and lesion CNR 

is remarkable and differs from many studies in literature. Katayama 

M et al. [17] report significantly higher detection of focal liver lesions 

using breath-hold fast-recovery TSE compared with respiratory-

triggered TSE. In present study, motion artifacts were more frequent 
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and lower image quality was obtained using BH T2w TSE as some 

severely ill patients couldn’t hold their breath. 

Augui J et al. [18] compared breath-hold T2w TSE with 

conventional respiratory-triggered TSE and breath-hold single-shot 

TSE. Breath-hold fast-recovery images displayed better lesion 

conspicuity than did single-shot TSE images (p<0.05). In present 

study RT T2w TSE sequences allowed to reduce motion artifacts as 

some severely ill patients couldn’t hold their breath on BH T2w TSE 

images. 

This study shows higher accuracy in lesion detection and 

characterization using RT FS T2w TSE compared with BH FS T2w 

TSE. RT FS T2w TSE is more time-consuming but also more accurate 

in lesion detection and characterization compared with BH FS T2w 

TSE. Regarding our results, respiratory-triggering in a clinical setting 

is advantageous moreover when breath-holding should be kept to a 

minimum in critically ill patients. 

The lack of histological proof in many lesions is a limitation of 

this study and many other studies on this topic. As the best 

reference standard for lesion detection – being IUS with resection 

and histopathologic correlation - could not be performed in many 

cases- reading of other available imaging examinations were used as 

a reference. As IUS examining the whole liver was not performed, 

the authors could not study the sensitivity nor the specificity. As a 

consequence ROC analysis could not be performed.  

There are certain limitations to our study. First, for lesion 

detection and characterization, our reference standard was 

suboptimal. However, a more rigorous standard such as biopsy or 

IUS would be impossible in most patients, especially those with 

benign lesions. Consensus review using available imaging, clinical, 

and pathology data more closely reflects routine clinical practice and 
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provides a reasonable standard because the relative proportion of 

detected lesions per sequence is most important. Also, some bias 

was unavoidable because the sequences have distinct appearances. 

However, recall bias was minimized by a 4-week time interval 

between evaluations of the different sequences. In all patients, the 

first sequence performed was BH FS T2w TSE immediately followed 

by RT FS T2w TSE. Both sequences were acquired within the first 5 

minutes of the whole MRI examination. According to our experience, 

patient cooperation (movement artifacts) does not alter during the 

first 5 minutes of an MRI examination. The primary intent of this 

study is not to show the potential of T2w imaging to replace 

contrast-enhanced liver imaging but only to show the technique for 

acquiring T2w images with better image quality than conventional 

images. Also, during sequence optimisation the RT FS T2w TSE was 

performed with 5mm slices whereas the BH FS T2w TSE was 

performed with 6 mm slices to have sufficient SNR. This might at 

least partly explain the better result for RT FS T2w TSE for liver 

metastases smaller than 10 mm. 

In conclusion, the presented RT FS T2w TSE sequence in this 

study is a robust T2w sequence that might replace BH FS T2w TSE 

for imaging focal liver lesions according to the results of this 

preliminary study. 
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AABBSSTTRRAACCTT  

Objective: To compare diffusion-weighted respiratory-triggered 

Single-Shot Spin-Echo Echo-Planar Imaging (SS SE-EPI) sequence 

using four b-values (b=0, b=20, b=300, b=800 s/mm2) and 

Single-Shot T2-weighted Turbo Spin Echo (T2W SS TSE) in 

patients with focal liver lesions, with special interest in small 

(<10mm) lesions. 

Methods: Twenty-four patients underwent routine MRI. The five 

sequences were compared qualitatively for image quality, lesion 

conspicuity and artifacts. Quantitative analysis was performed for 

lesion identification and lesion-to-liver Contrast-to-Noise Ratio. 

Subgroup analyses were performed for different types of lesions 

with different sizes. Sequences were compared by rank order 

statistic (RIDIT) and Kruskal-Wallis. 

Results: Best image quality (p<0.05) was achieved with T2W TSE 

and best lesion conspicuity (p<0.05) with T2W TSE for biliary cysts 

and SE-EPI DWI (b=20s/mm2) for hemangiomas and metastases. 

Image artifacts were lowest (p<0.05) with T2W TSE. T2W TSE was 

found to be the best protocol (p<0.05) for identification of biliary 

cysts and SE-EPI DWI (b=20s/mm2) for hemangiomas and 

metastases. The lesion-to-liver CNRs were highest on T2W TSE for 

biliary cysts and SE-EPI DWI for hemangiomas and metastases 

(p<0.05). 

Conclusion: This study shows the potential of SS SE-EPI DWI 

(especially b-value 20s/mm2) as a promising technique for 

detecting small (<10mm) focal liver lesions. 
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IINNTTRROODDUUCCTTIIOONN  

T2-weighted (T2W) fast spin-echo (FSE) sequences are widely 

applied in the identification of focal liver lesions [1-3]. Although 

many focal liver lesions can be easily identified on T2-weighted FSE, 

this mainly applies for lesions larger than 10mm in diameter [4]. 

Smaller focal liver lesions are more difficult to identify. To enable the 

detection of small (<10mm) liver lesions, high spatial resolution in 

combination with high signal-to-noise is needed. This was one of the 

reasons for the authors to use a respiratory-triggered T2W single 

shot TSE sequence and was a reason why a multi-shot T2W TSE 

sequence was less appropriate for this study. A respiratory-triggered 

multi-shot T2W TSE sequence in patients with irregular breathing 

may suffer from a significant risk of blurring, degrading the images 

when compared with a single shot T2W TSE sequence. One reason 

for decreased identification using T2W TSE is the difficulty to 

distinguish small focal liver lesions from intrahepatic vessels [5]. 

Recently, diffusion-weighted imaging techniques for the 

identification of focal liver lesions have been examined [6, 7]. Using 

diffusion-weighted Single-Shot Spin-Echo Echo-Planar Imaging (SS 

SE-EPI DWI), black-blood images of the liver were obtained by 

applying low b-values, facilitating differentiation between a lesion 

and vessel [6, 8]. 

The purpose of this study was to compare qualitatively and 

quantitatively respiratory-triggered SS SE-EPI DWI sequences with 

four b-values (b=0, b=20, b=300, b=800 s/mm2) and T2W SS TSE 

in patients with focal liver lesions, with special focus on small 

(<10mm) lesions. The potential of SS SE-EPI DWI concerning 

identification of different types of focal liver lesions (biliary cysts, 

hemangiomas and metastases) with different sizes (<10mm, 10-

20mm, and >20mm) was compared with T2W SS TSE. 
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MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

Patients  

24 consecutive patients (9 female; 15 male, mean age 59.8 

± 12.8 years) suspected for malignant liver lesions based on 

available laboratory results ((elevated Carcino- Embryonic Antigen > 

3.4 ng/ml for non-smokers, >4.3 ng/ml for smokers, elevated 

transaminase levels (ALT >41 U/l for male, >31 U/l female patients), 

elevated alkaline fosfatase >129 U/l, elevated bilirubin (total bilirubin 

> 1.2 mg/dl)), findings on ultrasonographic (US) or computed 

tomographic (CT) examination were included in this study.  

This prospective study was approved by the hospital ethics 

committee and written informed consent was obtained from all 

patients. 

 

Technique 

A 1.5T MRI whole-body scanner (Intera, Philips Medical 

Systems, Best, The Netherlands) with a 4-elements SENSE 

(SENSitivity Encoding) body phased-array coil was used. The 

respiratory-triggered T2W SS TSE and respiratory-triggered SS SE-

EPI DWI images were acquired using the following parameters:  

1) Axial T2W Half-Fourier turbo spin-echo (SS TSE): TR: 

single shot technique, TE: 60ms, EchoTrain Length (ETL): 85, flip 

angle: 90°, Number of Signal Averages (NSA):1, Field-of-View 

(FOV): 375mm, rectangular FOV of 70% (reduction of the number of 

phase-encodings to 70% (FOV: 375mm x 265mm), matrix 256x256 

with 80% scan percentage (matrix: 256x208), half scan factor: 

0.59, slice thickness: 6mm, slice gap: 0mm, CLEAR: yes. The 

acquired voxel size was 1.46mm x 1.84mm x 6mm. Depending on 

the breathing frequency of each patient, the acquisition time for this 

sequence ranged from 2 to 3 minutes. 
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2) Axial fat-suppressed SS SE-EPI DWI sequence with b-

values of 0, 20, 300, and 800 s/mm2:TR: single shot technique, 

TE:49.7ms, flip angle:90°, NSA:4, FOV: 385mm, rectangular FOV of 

75%, matrix 160x256 with 80% scan percentage, half scan factor 

0.605, slice thickness 7mm, slice gap 0mm, foldover direction AP, 

EPI-factor 51, SENSE-factor 2 along the in-plane phase-encoded 

direction. The measured voxel size was 2.41mm x 3.02mm x 7mm. 

Susceptibility artifacts from bowel loops were partially overcome by 

giving the patients 0.5l of water just before starting the SS SE-EPI 

DWI. Depending on the breathing frequency of each patient, the 

acquisition time for this sequence ranged from 3 to 5 minutes. 

 

Analysis 

The different types of detected focal liver lesions (biliary 

cysts, hemangiomas and metastases) are sub-grouped by size 

(<10mm, 10-20mm, and >20mm) for further analysis. 

All examinations were read on a PACS workstation (Agfa, 

Mortsel, Belgium) allowing the readers to scroll up and down the 

data set to evaluate whether a suspected lesion could be mistaken 

for a vascular structure. 

Each lesion was detected without bias and once detected the 

location was recorded by writing down the number of the slice in 

which a detected lesion was found. Matching was possible by 

comparing the slice numbers of each sequence of the different 

readers. 

  

Qualitative analysis  

Two abdominal radiologists, experienced in interpreting liver 

MRI in daily clinical practice (5 years and 13 years of experience 

respectively), independently evaluated all images and subjectively 
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rated each sequence for overall image quality, lesion conspicuity, 

and artifacts. To avoid any learning bias, review of each image was 

done in a randomized, blinded fashion. Overall image quality and 

lesion conspicuity were based on the following five grading scales: 

excellent = 1; good = 2; fair = 3; poor = 4; and unacceptable = 5. 

The presence of artifacts was rated using the following four grading 

scales: absent = 1; mild = 2; moderate = 3; and severe = 4.The two 

radiologists did not have any other information about patient history, 

clinical examination, laboratory results, findings of other imaging 

techniques, or final diagnosis.  

  

Quantitative analysis 

Lesions identification 

Discrepancies of interpretation regarding the presence or 

absence of a lesion were resolved by means of a consensus 

reading by the same abdominal radiologists. The number of lesions 

was recorded in each sequence.  

For lesion identification in each image, the lesions on each 

image were evaluated by comparing them to the reference 

standard findings including US findings, follow-up CT, and contrast-

enhanced MRI (see paragraph reference standard). 

 For comparison of lesion identification between T2W SS 

TSE and SS SE-EPI DWI, only the maximum number of discrete 

lesions identified on one sequence was used to determine the total 

number of discrete lesions. Lesions not identified with any of the 

four remaining sequences were rated with the worst score for 

evaluation of the overall image quality and lesion conspicuity 

(score “5”) and for evaluation of image artifacts (score “4”) (see 

paragraph qualitative analysis). 
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ROI placement 

The regions of interest (ROIs) were placed independently by 

both readers on the hepatic parenchyma and on all the focal liver 

lesions. An interval of at least 4 weeks was maintained between 

consensus reading for lesion identification and ROI placement. The 

ROIs on liver parenchyma were placed by avoiding intrahepatic 

vessels and intrahepatic lesions and consisted of at least 100 pixels. 

These ROIs were always placed in the posterior sector of the right 

liver lobe to avoid artifacts from the great vessels. For the liver 

lesions, a ROI was drawn manually to encompass the whole lesion. 

For heterogeneous lesions, ROIs included entire lesions, without 

separating components with various signal intensities. 

 

Signal intensities measurements 

Signal intensities were measured unaware of the 

measurements and evaluations performed by the other reader. To 

minimize any learning bias, we set the intervals of reviewing the 

five types of imaging protocols —that is, respiratory-triggered T2W 

SS TSE and SS SE-EPI DWI with b=0, b=20, b=300, and 

b=800s/mm2 — at 2 weeks. Lesion-to-liver Contrast-to-Noise Ratio 

(CNR) was calculated using the following equation: 

 

lesion-to-liver CNR =([SIlesion] – [SIliver])/[SDliver],  

 

where [SIlesion] is the average signal intensity of the lesions and 

[SIliver] is the average signal intensity of the liver. [SDliver] is the 

standard deviation of the signal intensity within the ROIs. 

Lesions which were not visible on a given pulse sequence (using only 

the studied T2W SS TSE sequence and the SS SE-EPI DWI sequence 

with b-values b=0, 20, 300, 800s/mm2) were rated with CNR = 0. 
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Reference standard 

For biliary cysts and hemangiomas, the diagnosis was based 

on typical findings on US, CT, or MRI. Typical lesion characteristics 

had to be present on at least two of the three imaging modalities.  

For evaluating liver metastases, in patients eligible for 

surgery, intraoperative US findings during surgery and 

histopathologic findings were used as reference standard. In all other 

patients the final diagnosis was established by independent reading 

of all available imaging examinations (retrospective and prospective 

analysis) of all available imaging studies (US, CT, and MRI) by two 

radiologists, and follow-up imaging were used. MRI included T2W SS 

TSE, T2W SS TSE with fat saturation, inversion recovery T1W 

gradient echo, in and out phase imaging, and fat saturated T1W 3D 

gradient-echo imaging before the injection of gadolinium BOPTA, 

during the arterial, portal-venous and late venous phase and during 

the delayed phase (one to one-and-a-half hour after the injection of 

gadolinium BOPTA). Findings at SS SE-EPI DWI were not taken into 

account. No consensus reading was needed for this final evaluation 

as no differences existed in the evaluation of the images between 

both readers. To differentiate between a focal liver lesion and an 

artifact, all patients had a follow-up CT or MRI examination at least 6 

months after the SS SE-EPI DWI.  

 

Statistical Analysis 

1) The five imaging protocols were compared for image 

quality, lesion conspicuity, artifacts and lesion identification by RIDIT 

analysis [9].  

In addition subgroup analyses concerning lesion conspicuity were 

performed for different types of lesions (biliary cysts, hemangiomas, 

and metastases) and lesions <10mm. 
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2) The five imaging protocols were compared for lesion 

identification by RIDIT analysis. In addition subgroup analyses were 

performed for different types of lesions (biliary cysts, hemangiomas, 

and metastases) and different sizes (<10mm, 10-20mm, >20mm). 

3) The five imaging protocols were compared for lesion-to-

liver CNR by Kruskal-Wallis test 

(http://www2.chass.ncsu.edu/garson/pa765/statnote.htm). In 

addition subgroup analyses were performed for different types of 

lesions (biliary cysts, hemangiomas, and metastases) and different 

sizes (<10mm, 10-20mm, >20mm). 

 

RIDIT analysis was originally developed by Bross for the 

analysis of ordinal data [9]. RIDIT analysis calculates one aggregate 

score that is the probability of a higher/lower score in the distribution 

under investigation (e.g. image quality of T2W images) relative to an 

common reference distribution (e.g. image quality of all images 

irrespective the technique). [9-12]. The null hypothesis is an a priori 

RIDIT of 0.5, which implies a fifty-fifty distribution. The RIDITs were 

all subtracted by 0.5 to have the mean at zero and multiplied by (-1) 

to have positive values for the promising results.  

The more positive the RIDIT the better the result, the more 

negative the worse the result is for the considered imaging protocol. 

A RIDIT of zero means that the distribution of values of the criterion 

under consideration in the subgroup (e.g. T2W), is not different from 

the distribution of values in the reference population (all techniques). 

A difference was considered statistical significant with p<0.05.  

For RIDIT analysis Microsoft Excel 2000 (version 5.0, 

Washington, USA) was used and for Kruskall-Wallis test, SPSS 12.0. 

(Windows, SPSS, Chicago, IL).  
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RIDIT-analysis is not a readily available function in Excel but 

the authors programmed it themselves and is available from them 

upon request. 

As well known the “best” gold standard for lesion detection is 

intra-operative ultrasound with resection and histopathologic 

analysis. Because of inoperable disease or because of detection of 

merely benign liver lesions this gold standard could not be performed 

in many cases. So the authors could not study the sensitivity nor the 

specificity. As a consequence ROC analysis could not be performed.  

 

RESULTS 

129 hepatic masses (36 biliary cysts, 53 hemangiomas, 40 

metastases) were identified. 

 

Biliary cysts and hemangiomas 

53 hepatic lesions in 8 patients were hemangiomas and of 36 

lesions in 18 patients were biliary cyst. The diameter of 

hemangiomas and biliary cysts measured on the MR images ranged 

from 4 to 72mm (mean diameter: 14.5mm ± SD: 10.3mm) and 

from 3 to 29mm (mean diameter: 15.0mm ± SD: 9.0mm) 

respectively. 

 

Liver metastases 

Forty lesions in 14 patients were colorectal liver metastases; 

5 of these liver metastases were diagnosed by intraoperative US 

findings during surgery and histopathology findings. Diagnosis of the 

remaining 35 was determined based on all available imaging 

examinations and follow up imaging after at least 6 months. The 

diameter of the liver metastases ranged from 4 to 26mm (mean 

diameter: 10.9mm ± SD: 6.2 mm). 
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Qualitative analysis 

Image quality 

Figure 1a shows significantly (p=2.7x10-11) better overall 

image quality for T2W SS TSE compared with all SS SE-EPI DWI 

sequences. SS SE-EPI DWI with b=20s/mm2 (p=2.4x10-8) was 

significantly the best SS SE-EPI DWI sequence. 

 

 

Figure 1a. Comparison of overall image quality. 

 

Lesion conspicuity 

For all types of lesions, a significantly (p=1.02x10-89) better 

lesion conspicuity was obtained with SS SE-EPI DWI with 

b=20s/mm2 (Figure 1b). 

A significantly (p=4.5x10-12) better lesion conspicuity was 

obtained with T2W SS TSE for biliary cysts and with SS SE-EPI DWI 

with b=20s/mm2 for hemangiomas (p=1.3x10-85) and metastases 

(p=3.0x10-102) (Figure 1c). 
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Figure 1b. Comparison of lesion conspicuity for all lesions (biliary cysts, 

hemangiomas and metastases). 

 

 

Figure 1c. Comparison of lesion conspicuity for each type of lesions 

(biliary cysts (1), hemangiomas (2) or metastases (3)). 

 

A significantly (p=3.2x10-16) better lesion conspicuity was 

obtained with T2W SS TSE for biliary cysts <10mm and with SS SE-

EPI DWI with b=20s/mm2 for hemangiomas (p=1.7x10-92) and 

metastases <10mm (p=2.4x10-105) (Figure 1d). 
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Figure 1d. Comparison of lesion conspicuity for each type of lesions (biliary cysts 

(1), hemangiomas (2) or metastases (3)) < 10 mm. 

 
The usefulness of the coinciding black-blood effect for the 

identification of focal liver lesions in the vicinity of the intrahepatic 

vasculature is shown in figure 2. 

 

Lesions identification 

Table 1 shows the number of lesions identified on T2W SS 

TSE and SS SE-EPI DWI with respectively b-values of 0, 20, 300, 

800s/mm2. A substantial part of the focal liver lesions included were 

<10mm in diameter. This is important for an accurate comparison of 

the studied sequences for the purpose of lesion identification. Four 

additional small (<10mm) liver metastases were identified by SS SE-

EPI DWI with b=20s/mm2 compared with (the second best imaging 

sequence being) T2W SS TSE. Two of those additionally detected 

small liver metastases (<10mm) were resected during surgery with 

histopathologic proof; the other two additionally detected small liver 

metastases showed increase in diameter during follow-up studies 

and were also detected on the additionally performed MRI sequences 

after IV injection of Gd-BOPTA.  
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2A     2B 

2C     2D 

2E 
Figure 2. On T2W SS TSE (axial plane; 

fig.2a) and SS SE-EPI DWI with 

b=0s/mm2 (axial plane; fig.2b), the 

attention is drawn on two small 

hyperintense nodules (white arrow and 

white arrowhead). These hyperintensities 

are hard to differentiate from the 

surrounding intrahepatic vessels. When 

evaluating the SS SE-EPI DWI images 

(mainly b=20s/mm2 (axial plane; fig.2c)  

and b=300s/mm2 (axial plane; fig.2d),these nodules are clearly displayed as 

hyperintense nodules, contrasting with the surrounding intrahepatic vessels which 

show a strong signal intensity decrease. On the SS SE-EPI DWI image with 

b=800s/mm2 (axial plane; fig.2e), a low signal-to-noise hampers the evaluation of 

the liver. Hepatic segmentectomy confirmed the presence of two small liver 

metastases in this hepatic region. 
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The increased detection of small lesions with the SS SE-EPI 

DWI sequence was thus not accompanied by an increase of false 

positives. T2W SS TSE and SS SE-EPI DWI with b=20s/mm2 

identified the same number of biliary cysts and hemangiomas. 

 

Table 1. Comparison of the number of identified lesions on each technique 

Lesion size 

Lesions 

identified

T2W SS 

TSE b=0 b=20 b=300 b=800 

Biliary cysts 36 36 34 36 31 31 

<10mm 13 13 11 13 9 9 

10-20mm 11 11 11 11 10 10 

>20mm 12 12 12 12 12 12 

Hemangiomas 53 53 51 53 49 47 

<10mm 20 20 18 20 17 17 

10-20mm 28 28 28 28 27 25 

>20mm 5 5 5 5 5 5 

Metastases 40 36 32 40 31 29 

<10mm 24 20 17 24 16 15 

10-20mm 12 12 11 12 11 10 

>20mm 4 4 4 4 4 4 

T2W SS TSE = respiratory triggered T2W single-shot TSE images; b=0 = SS SE-EPI 

DWI images without MPG; b=20 = SS SE-EPI DWI images with MPG (b=20s/mm2); 

b=300 = SS SE-EPI DWI images with MPG (b=300s/mm2); b=800 = SS SE-EPI DWI 

images with MPG (b=800s/mm2). 

 

Artifacts 

Image artifacts were significantly (p=1.4x10-44) less noted in 

T2W SS TSE when compared with SS SE-EPI DWI (Figure 3). 

 

Quantitative analysis 

The mean lesion-to-liver CNR among biliary cysts, 

hemangiomas, and metastases in liver for T2W SS TSE and SS SE-

EPI DWI images with b=0s/mm2 and b=20s/mm2 are summarized in 
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table 2. Comparison with SS SE-EPI DWI with b=300s/mm2 and 

b=800s/mm2 was difficult because of hampered visualization of 

several liver lesions due to suboptimal signal-to-noise and more 

pronounced artifacts. 

 

 
Figure 3. Comparison of image artifacts. 

 

For all biliary cysts, the highest lesion-to-liver CNR was found 

on T2W SS TSE compared to SS SE-EPI DWI images with b=0s/mm2 

and b=20s/mm2 (z=11.63 and z=11.46 respectively).  For all 

hemangiomas, the mean lesion-to-liver CNR was highest on SS SE-

EPI DWI with b-value of 20s/mm2 compared to T2W SS TSE and SS 

SE-EPI DWI with b=0s/mm (z=14.22 and z=14.35 respectively). 

For all metastases, the mean lesion-to-liver CNR was highest 

on SS SE-EPI DWI with b-value of 20s/mm2 compared to T2W SS 

TSE and SS SE-EPI DWI images with b=0s/mm (z=11.17 and 

z=11.82 respectively). 

For biliary cysts <10mm, significant differences in lesion-to-

liver CNR were seen between SS SE-EPI DWI with b-value of 

20s/mm2 and T2W SS TSE  (z=6.28) and between SS SE-EPI DWI 
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with b-value of 0s/mm2 and 20s/mm2 (z=6.56). In this evaluation, 

T2W SS TSE  showed the highest lesion-to-liver CNR. 

 

Table 2. Comparison of mean lesion-to-liver CNR 

Mean lesion-to-liver 

CNR 

T2W SS TSE b=0 b=20 

CNR SD CNR SD CNR SD 

Biliary cysts       

<10mm 13,2 1,4 3,5 0,6 6,6 0,2 

10-20mm 20,3 0,3 8,4 0,3 14,2 0,3 

>20mm 30,7 0,2 19,3 0,4 29 0,2 

Total weighted mean 21,2 0,7 10,7 0,4 16,4 0,2 

Hemangiomas       

<10mm 6,2 0,7 6,1 0,5 16,7 0,2 

10-20mm 15,6 1,2 11,7 1,2 19,1 0,5 

>20mm 10,2 0,3 13 0,2 30,1 0,2 

Total weighted mean 11,5 0,9 9,9 0,8 19,2 0,4 

Metastases      

<10mm 8,8 0,7 8,5 0,4 12,7 0,4 

10-20mm 8,9 0,6 8,8 0,5 11,6 0,3 

>20mm 10 0,3 9,7 0,4 15 0,2 

Total weighted mean 9 0,6 8,8 0,4 12,6 0,4 

Total weighted mean was calculated with absolute values of the different AppCNRs. 

T2W SS TSE = respiratory triggered T2W single-shot TSE images; b=0 = SS SE-EPI 

DWI images without MPG; b=20 = SS SE-EPI DWI images with MPG (b=20s/mm2). 

CNR : Contrast-to-Noise Ratio ; SD : Standard Deviation. The shaded parts in the 

table indicate the best results concerning the lesion-to-liver CNR when comparing 

the presented imaging sequences. 

 

For hemangiomas <10mm, significant differences in lesion-

to-liver CNR were seen between SS SE-EPI DWI with b-value of 

20s/mm2 and T2W SS TSE  (z=8.44) and between SS SE-EPI DWI 

with b-value of 0s/mm2 and 20s/mm2 (z=8.68). In this evaluation, 

SS SE-EPI DWI ( b=20s/mm2) showed the highest lesion-to-liver 

CNR. 
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For metastases <10mm, significant differences in lesion-to-

liver CNR were seen between SS SE-EPI DWI with b-value of 

20s/mm2 and T2W SS TSE  (z=8.08) and between SS SE-EPI DWI 

with b-value of 0s/mm2 and 20s/mm2 (z=8.81). In this evaluation, 

SS SE-EPI DWI (b=20s/mm2) showed the highest lesion-to-liver 

CNR. 

 

DISCUSSION  

A significantly (p<0.05) better overall image quality for T2W 

SS TSE was found compared with SS SE-EPI DWI, followed by SS 

SE-EPI DWI with b=20s/mm2 and b=0s/mm2. When comparing the 

imaging protocols, better lesion conspicuity was obtained with T2W 

SS TSE for biliary cysts and with SS SE-EPI DWI with b=20s/mm2 

for hemangiomas and metastases. Comparing the imaging protocols 

for lesions <10mm, better lesion conspicuity was obtained with T2W 

SS TSE for biliary cysts and with SS SE-EPI DWI with b=20s/mm2 

for hemangiomas and metastases. 

For diffusion-weighted imaging, SS SE-EPI DWI with 

b=20s/mm2 shows the best results for identification of focal liver 

lesions and lesion-to-liver CNR, especially for  small (<10mm) focal 

liver lesions. Overall, SS SE-EPI DWI with b=300s/mm2 and even 

more with b=800s/mm2 is not accurate in this study for the 

identification of focal liver lesions. The presence of artifacts is 

explained by a severe chemical shift due to a rather low band width 

in the phase-encoding direction of EPI sequences, and infolding 

which can be found on locations determined by the SENSE-factor 

[13] and RFOV. Susceptibility artifacts of the lungs and surrounding 

air filled bowel loops hampered the evaluation in those lesions which 

were located at the periphery of the liver and in the subphrenic 

hepatic areas [14]. 
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The application of diffusion-weighted EPI for liver lesion 

identification and characterization is still not widely used. Mostly, 

emphasis has been on calculation of parameters such as true 

diffusion, perfusion factor and apparent diffusion coefficient [15-19]. 

However, new interest has risen for the potential of diffusion-

weighted EPI in the identification of focal liver lesions [6, 8]. To our 

knowledge, this is the first study using diffusion-weighted imaging 

for the identification of small (<10 mm) liver lesions. The use of the 

black-blood effect for facilitating identification of liver lesions has 

been described previously [8]. This coinciding black-blood effect 

mainly when using a b-value b=20s/mm2 was useful in this study for 

identifying lesions <10mm in diameter. The identification of small 

(<10mm) focal liver lesions was a main purpose of this study. 

In a review article by Morana G et al. [4] the clinical 

relevance of small lesion detection is discussed. Morana G et al. state 

when performing non-invasive imaging techniques like US, CT and 

MRI (even when using intravenous contrast agents) focal liver 

lesions mostly are only detected down to a diameter of 10mm. 

However, they showed when performing cadaver studies, when 

dealing with a primary colorectal carcinoma, on average at least one 

liver metastasis <10mm in diameter is missed for each detected 

liver metastasis having a diameter above 10mm. The detection of 

even the smallest liver lesions thus is clinically important. 

In the presented SS SE-EPI DWI sequence, the main 

importance of parallel imaging was the shortening of the echo-train, 

thus reducing blurring effects [20]. 

Absence of the confusing bright signals from the intrahepatic 

vessels in this study facilitated identification of focal liver lesions, 

particularly of small (<10mm) liver metastases situated against 
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intrahepatic vessels. No false positive results were observed in this 

study. 

As the “best” gold standard for lesion detection – being intra-

operative ultrasound with resection and histopathologic correlation - 

could not be performed in many cases reading of all available 

imaging examinations (retrospective and prospective analysis of all 

available imaging studies ((US, CT, Magnetic Resonance Imaging 

(MRI)) and follow-up imaging were used as a reference. Regarding 

the above explanation sensitivity, specificity and accuracy cannot be 

calculated. 

The RIDIT analysis is a powerful and elegant method in 

quantifying the different imaging techniques based on the visual 

scoring of the images as is commonly done in clinical practice by 

radiologists.  

Table 1 gives the lesion count which are given to illustrate the 

number of detected lesions. Since a detection means a CNR it is our 

variable of interest.  Consequently, Kruskal-Wallis tests are 

calculated on these CNR values that reveal a statistical significant 

difference along the technique. CNR was measured with different 

techniques (T2W, b=0, b=20, b=300, b=800).  We consider these 

techniques as independent from each other.  For these reasons, the 

Kruskal-Wallis test was used. Comparing contrasts with Kruskal-

Wallis produces z-scores which indicate significance. 

A potential limitation could be the use of the presented T2W 

TSE sequence as a comparison for the diffusion-weighted SS SE-EPI 

DWI sequence. The authors preferred to use a respiratory triggered 

SS TSE rather than a breath-holding TSE to avoid cross-talk 

artifacts, to increase SNR and for patient comport. The NSA was 1 in 

the acquired T2W SS TSE sequence. Increasing the number of signal 

averages might increase the intrinsic contrast of a TSE sequence but 
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also increases the risk of irregular breathing and movement of the 

patient. These movements may decrease image quality and might 

increase the false-positive detection of focal liver lesions. The 

comparison of the presented diffusion-weighted SS SE-EPI DWI 

sequence with a dedicated MRI sequence in combination with the 

use of superparamagnetic iron oxide (SPIO) could be a useful study 

to further evaluate the performance of SS SE-EPI DWI in the 

identification of focal liver lesions. 

In this study, SS SE-EPI DWI was not examined for the 

accuracy of characterizing the different focal liver lesions. Further 

study needs to be done regarding the potential of SS SE-EPI DWI to 

characterize different focal liver lesions.  

After consensus reading, ROI placements were performed by 

the same two radiologists. This could have had an influence of the 

ROI placement on the identified focal liver lesions. The drawing of 

the different ROIs was however performed independently by two 

radiologists with a time interval of 4 weeks, resulting in independent 

signal intensity measurements.  

The retrospective and prospective analysis of all available 

imaging studies was performed by the same two abdominal 

radiologists for establishment of the reference standard for the 

identification of focal liver lesions. This could have had a bias on the 

identification of the focal liver lesions. The purpose of this evaluation 

was however to optimize the reference standard for lesion 

identification. Therefore both retrospective and prospective analyses 

of all available images were preferred. 

In conclusion, this preliminary study shows the potential of 

SS SE-EPI DWI especially using b-value 20s/mm2 as a promising 

technique for the identification of small (<10mm) focal liver lesions. 

Further studies are necessary to support these results and to further 
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optimize this sequence. The authors have already noticed a potential 

improvement for lesion identification and lesion conspicuity when 

using a b-value 10s/mm2 instead of b-value 20s/mm2 and are now 

studying the effect of multiple low b-values to further improve the 

identification of small focal liver lesions. This study shows that SS 

SE-EPI DWI (especially b-value 20s/mm2) has advantages over T2W 

SS TSE imaging for the identification of small (<10mm) focal liver 

lesions. 
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AABBSSTTRRAACCTT  

Objective: To assess the added value of true diffusion (D), 

perfusion factor (f) and Apparent Diffusion Coefficient at low b-

values (ADClow) for differentiation between liver metastases and 

hemangiomas based on respiratory-triggered high-resolution Black-

Blood Single-Shot Spin-Echo Echo Planar Imaging (BB SS SE-EPI). 

Methods: Twenty-five patients suspected for malignant colorectal 

liver lesions were included in this study. A total of 106 lesions were 

examined. Different b-value images were compared for lesion 

conspicuity, image quality and artifacts using rank order statistic 

(RIDIT) and Student’s t-test. D, f, and ADClow values were 

calculated. Pearson correlation coefficient is used for comparison of 

interobserver variability. 

Results: Best lesion conspicuity (p<0.05) was achieved with BB SS 

SE-EPI (b=0s/mm2 and b=10s/mm2); best image quality (p<0.05) 

with b=10s/mm2. Image artifacts were lowest (p<0.05) with 

b=0s/mm2. Over the whole sample, D in metastases (Dmet) was 

significantly (p<0.05) lower than D in hemangiomas (Dhem); f and 

ADClow of metastases (fmet respectively ADClow met) was significantly 

(p<0.05) higher than f and ADClow of hemangiomas (fhem respectively 

ADClow hem). All Pearson correlations were statistically significant at a 

0.01 level. 

Conclusion: This preliminary study shows the potential of BB SS 

SE-EPI as a useful technique to aid in differentiating between liver 

metastasis and hemangioma. The calculation of D, f and ADClow 

provides useful additional information for differentiating metastases 

from hemangiomas. 
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IINNTTRROODDUUCCTTIIOONN  

Recently, diffusion-weighted imaging techniques for the 

identification of focal liver lesions have been studied [1, 2]. Using 

Black-Blood Single-Shot Spin-Echo Echo Planar Imaging (BB SS SE-

EPI), black-blood images of the liver are obtained by applying low b-

values, facilitating differentiation between a lesion and vessel [1, 3]. 

In a previously published paper [4, 5], BB SS SE-EPI showed 

promising results in the detection of small (<10mm) focal liver 

lesions. Although detection of small focal liver lesions is an important 

issue in the follow-up of oncologic patients, the main goal remains 

the characterization of all detected focal liver lesions. 

Diffusion-weighted MRI is sensitive to molecular diffusion due 

to random and microscopic translational motion of molecules, known 

as Brownian motion, because random motion in the field gradient 

produces incoherent phase shifts that result in signal attenuation. 

Flowing spins induce the same attenuation effect; the pseudorandom 

organization of the moving spins at the voxel level, such as 

perfusion, can also be considered to be an incoherent motion, and 

this effect can induce much larger signal attenuation than the 

diffusion effect on an image with very low motion-probing gradients 

(MPGs) [6]. On the basis of this theory, the apparent diffusion 

coefficient (ADC) value calculated from the images with no and low 

MPGs is considered to be more strongly influenced by the flowing 

spins (microcirculation) than molecular diffusion. The true diffusion 

coefficient (D) can be obtained from the calculation from images with 

the higher MPGs [7]. D as measured at IntraVoxel Incoherent Motion 

(IVIM)  MR imaging is a true parameter of molecular diffusion [7]. It 

therefore permits characterization of tissues and pathologic 

conditions. Furthermore, the perfusion fraction f as measured at 
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IVIM MR imaging provides another useful measure enabling 

characterization of abdominal organs and hepatic lesions [8]. 

The primary purpose was to study the differential diagnostics 

between liver metastases and hemangiomas by quantitative 

evaluation of D, f and ADClow using a respiratory-triggered BB SS SE-

EPI sequence with four b-values (b=0, b=10, b=150, b=400s/mm2). 

Evaluation of lesion conspicuity, image quality and artifacts were the 

secondary purpose of this study. 

 

MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

Patients  

Twenty-five consecutive patients (11 female; 14 male, mean 

age 62.3 ± 13.1 years) suspected for metastatic focal liver lesions 

from colorectal carcinoma were included in this study. Patients were 

included in the present study when at screening a new non-cystic 

focal lesion was detected at ultrasound and/or laboratory results 

showed elevated Carcino Embryonic Antigen > 3.4 ng/ml for non-

smokers, >4.3 ng/ml for smokers in combination with elevated 

transaminase levels (ALT >41 U/l for male, >31 U/l female patients),  

elevated alkaline phosphatase >129 U/l, and elevated bilirubin (total 

bilirubin > 1.2 mg/dl). Patients were excluded when there were 

contraindications for IV injection of Small Particles of IronOxide 

(SPIO) or MRI. 

In total 106 liver lesions were present. Twelve liver 

metastases were diagnosed at surgery, and 7 were diagnosed on the 

basis of the pathologic study of the biopsy specimen. The remaining 

48 liver metastases showed lesion regression or progression on 

serial CT (LightSpeed 16, General Electric Medical Systems, 

Milwaukee, USA) and/or MRI examinations during treatment, 

respectively corresponding with response respectively 
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absent/insufficient response to treatment. Progressive disease in this 

study is defined as at least 20% increase of the maximum initial 

diameter or at least 5mm increase of the maximum initial diameter 

of a focal liver lesion. Partial response in this study is defined as at 

least 20% decrease of the maximum initial diameter or at least 5mm 

decrease of the maximum initial diameter of a focal liver lesion. 

The site of primary disease included the colon and rectum in 

all cases. The diameter of the liver metastases ranged from 3 to 

39mm (mean 13.9mm). There were no necrotic liver metastases 

present in this study. 

The diagnosis of 39 hepatic lesions was hemangioma on the 

basis of typical findings on contrast-enhanced CT scans and stability 

in size and morphology on serial US (Aplio, Toshiba Medical Systems 

Corporation, Tochigi, Japan) scans after a minimum of 6 months. 

The diameter of the hemangiomas measured on MR images ranged 

from 3 to 28mm (mean 12.1mm). None of the hemangiomas 

showed signs of complications. 

Liver cysts were not evaluated as they (almost) never pose 

any differential diagnostic problem using MRI. 

This prospective study was approved by the hospital ethics 

committee and written informed consent was obtained from all 

patients.  

 

Technique 

A 1.5T MRI whole-body scanner (Intera (release 11.1.3), 

Philips Medical Systems, Best, The Netherlands) with a 4-elements 

SENSE (SENSitivity Encoding) body phased-array coil was used. 

Gradients were used with a maximum gradient of 66mT/m along x-

,y-, and z-axis. A routine MRI examination was performed using T2w 

TSE Half-Fourier (short TE with fat suppression and long TE without 
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fat suppression), T2* GE, in and out phase imaging, and fat 

saturated T1w 3D gradient echo imaging before the IV injection of 

SPIO (Resovist®, Schering, Berlin, Germany), during the arterial, 

portal-venous, late venous phase (80 seconds after IV injection) and 

15 minutes after IV injection of SPIO, followed by T2w TSE Half-

Fourier (short TE with fat suppression) and T2* GE in the delayed 

phase (>15minutes after IV injection of SPIO) in all patients. 

All these MRI examinations were combined with a 

respiratory-triggered BB SS SE-EPI. The respiratory-triggered BB SS 

SE-EPI images were acquired at the start of each MRI examination 

using the following parameters:  

Axial fat-suppressed BB SS SE-EPI sequence with b-values of 

0, 10, 150, and 400 s/mm2:TR: single shot technique, TE:55.83ms 

(gradient over-plus), flip angle:90°, NSA:4, FOV: 300mm x 315mm, 

matrix 160x256 with 80% scan percentage, half scan factor 0.6, 

slice thickness 7mm, slice gap 0mm, foldover direction RL, EPI-factor 

51, SENSE-factor 2 along the in-plane phase-encoded direction, 

Spectral Attenuated Inversion Recovery (SPAIR) pulse inversion 

delay: 52.2ms, water fat shift: maximal. The measured voxel size 

was 1.91mm x 2.42mm x 7mm and the reconstructed voxel size was 

1.19mm x 1.19mm x 7mm. Respiratory-triggering using a belt 

system was performed with scanning performed during the 

expiration phase. Depending on the breathing frequency of each 

patient, the acquisition time for this sequence ranged from 3 to 5 

minutes. 

 

Qualitative analysis  

Two abdominal radiologists, experienced in interpreting liver 

MRI in daily clinical practice (6 years and 14 years of experience 

respectively), independently evaluated all BB SS SE-EPI images and 
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subjectively rated each BB SS SE-EPI sequence (b=0, 10, 150 and 

400s/mm2) for overall lesion conspicuity, image quality and artifacts. 

Overall lesion conspicuity and image quality were based on the 

following five grading scales: excellent = 5; good = 4; fair = 3; poor 

= 2; and unacceptable = 1. The presence of artifacts was rated using 

the following four grading scales: absent = 4; mild = 3; moderate = 

2; and severe = 1.  

 

Lesions characterization 

ROI placement  

Both readers placed the regions of interest (ROIs) 

independently on all the focal liver lesions. The ROIs were drawn 

manually to encompass the whole lesion at maximum diameter. 

ROIs were drawn starting on the images where lesions could be best 

detected (b=10s/mm2). Then, each ROI was copied to the 

corresponding other b-value images to most accurately encompass 

each lesion with a ROI. One value of signal intensity was measured 

by each reader and the average was computed.  

Signal intensities were measured independently by the same 

two abdominal radiologists experienced in interpreting liver MRI in 

daily clinical practice. They were unaware of the measurements and 

evaluations performed by each other. They did not have any other 

information about patient history, clinical examination, laboratory 

results, findings of other imaging techniques, or final diagnosis. 

After at least a four weeks interval after ROI placement 

consensus reading for identification of the earlier detected focal liver 

lesions on the BB SS SE-EPI images was performed based on the 

routinely obtained MRI sequences. 
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Quantitative analysis 

The contribution of flowing spins/microperfusion to the signal 

intensity is almost negligible [9] when performing diffusion imaging 

of the liver with a b-factor of 150 and 400 s/mm2. In this study the 

true diffusion value, D, was calculated as: 

 

D = [ln (SI(b=150)/SI(b=400))]/250 

SI(b=150): the average signal intensity of a focal liver lesion 

measured in a ROI on a b=150 image 

 

The perfusion factor f was calculated as: 

f = (SI b=0  -  SIa) / SI b=0 

f is the (microperfusion) deviation factor representing the fractional 

volume (of spins) occupied in the voxel by flowing spins (= sum of 

the spins in the microcirculation and spins in turbulent flow) 

 

SIa is the expected signal intensity based on diffusion effects onlyat b 

= 0. 

 

SIa can be obtained from the following equation: 

ln (SIa) = ln (SI b=150) + 150 D 

 

Apparent diffusion coefficient at low b-values (ADClow), which 

integrates the effects of both diffusion and perfusion is defined and 

calculated as: 

ADClow = [ln (SI b=0/SI b=10)]/10 

The ADClow value is expected to be relatively more affected by 

flowing spins than true diffusion [9]. 

 

80



Chapter 4 

 81

Statistical Analysis 

The different b-value images were compared qualitatively for 

lesion conspicuity, image quality and artifacts using rank order 

statistic (RIDIT) and Student’s t-test for independent groups.  

The mean D, f and ADClow of liver metastases and liver 

hemangiomas were compared using the two-tailed Student’s t-test. 

Besides overall comparison in the sample, analysis was repeated for 

three subgroups categorized by lesion size: group 1 with size < 

10mm; group 2 with size ranging between 10mm and 20mm; and 

group 3 with size >20mm.  

Lesion resection and histopathologic verification could not be 

performed in many cases. As a consequence sensitivity, specificity 

and accuracy cannot be calculated because of lack of best reference 

standard. Therefore Pearson correlation coefficient is used for 

comparison of interobserver variability.  

Numeric D, f and ADClow measurements of two readers are 

compared for six sets of lesion-size combinations. Lesions are 

metastases and hemangiomas, sizes are <10mm, 10-20mm and 

>20mm in diameter. 

 

RESULTS 

From all patients diffusion-weighted images (figure 1, 2 and 

3) could be obtained and consequently signal intensity 

measurements were calculated in all detected focal liver lesions 

excluding all biliary cysts.  

In total 67 liver metastases (30, 23, and 14 metastases with 

a diameter of respectively <10mm, 10-20mm, and >20mm) and 39 

liver hemangiomas were identified (20, 13, and 6 hemangiomas with 

a diameter of respectively <10mm, 10-20mm, and >20mm). 

Nineteen liver metastases were histologically proven. 
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1A       1B 

1C     1D 

1E 
Figure 1. Two small liver metastases 

(<10mm) (white arrows). The detection 

of one of these metastases abutting the 

intrahepatic vasculature is clearly 

hampered using BB SS SE-EPI 

(b=0s/mm2, fig.1a).  

The usefulness of the coinciding black-

blood effect using BB SS SE-EPI 

(b=10s/mm2, fig.1b; b=150s/mm2, 

fig.1c; b=400s/mm2, fig.1d) for the de- 

tection of one of these metastases abutting the intrahepatic vasculature is 

illustrated. Fig.1e shows the corresponding T2w TSE Half-Fourier (short TE with 

fat suppression) in the delayed phase (>15minutes) after IV injection of SPIO. 

The metastasis abutting the intrahepatic vasculature is harder to detect. 
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2A 2B 

2C   2D 

2E 
Figure 2. A medium size subphrenic liver 

metastasis (white arrow) using BB SS SE-

EPI (b=0s/mm2, fig.2a; b=10s/mm2, 

fig.2b; b=150s/mm2, fig.2c; 

b=400s/mm2, fig.2d). Susceptibility 

artifacts of the lungs sometimes hamper 

the evaluation in lesions which are located 

at the periphery of the liver in the 

subphrenic hepatic areas especially in the 

higher b-value BB SS SE-EPI images. 

Fig.2e shows the corresponding T2w TSE Half-Fourier (short TE with fat 

suppression) in the delayed phase (>15minutes) after IV injection of SPIO of the 

subphrenic metastasis (white arrow). 
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3A 3B 

3C 3D 

 
Figure 3. A typical behaviour of a liver metastasis (white arrow; b=10s/mm2, 

fig.3a; b=400s/mm2, fig.3b) and a liver hemangioma (white arrow; b=10s/mm2, 

fig.3c; b=400s/mm2, fig.3d) using BB SS SE-EPI with low (b=10s/mm2) and high 

(b=400s/mm2) b-value. A decrease of signal intensity at higher b-values is more 

in keeping with a hemangioma than a metastasis. 

 

Qualitative analysis 

Lesion conspicuity 

For all liver metastases, a significantly (p<0.05) better lesion 

conspicuity was obtained with BB SS SE-EPI with b=10s/mm2 

(Figure 4a) when compared with the remaining BB SS SE-EPI b-

value images. Lesion conspicuity of liver hemangiomas was also 

significantly (p<0.05) better with BB SS SE-EPI with b=10s/mm2 
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when compared with the remaining BB SS SE-EPI b-value images 

(Figure 4b). 

 

 
Figure 4a. Comparison of the lesion conspicuity for all liver metastases. 

 

 

 

Figure 4b. Comparison of the lesion conspicuity for all liver hemangiomas. 
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Image quality 

There was significantly (p<0.05) better overall image 

quality for BB SS SE-EPI (b=0s/mm2 and b=10s/mm2) when 

compared with the remaining BB SS SE-EPI b-value images (Figure 

4c). BB SS SE-EPI with b=150s/mm2 and b=400s/mm2 had 

significantly (p<0.05) inferior overall image quality which in part 

could be explained by a loss of signal. 

 

 

Figure 4c. Comparison of image quality. 

 

Artifacts 

Image artifacts were significantly (p<0.05) less in BB SS SE-

EPI with b=0s/mm2 when compared with the remaining BB SS SE-

EPI b-value images (Figure 4d). 

 

Lesions identification 

A substantial part of the focal liver lesions included were 

<10mm in diameter. This is important for an accurate comparison of 

the studied sequences for the purpose of lesion detection. 
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Figure 4d. Comparison of image artifacts. 

 

 

Quantitative analysis 

The mean D (D mean), mean f (f mean) and mean ADClow 

(ADClow mean) for metastases and hemangiomas in the liver are 

summarized in table 1. 

Results for the whole sample show true diffusion in 

metastases (Dmet) was significantly (p<0.05) lower than true 

diffusion in hemangiomas (Dhem); the perfusion factor of metastases 

(fmet) was significantly (p<0.05) higher than the perfusion factor of 

hemangiomas (fhem); and the apparent diffusion coefficient at low b-

values of metastases (ADClow met) was significantly (p<0.05) higher 

than the apparent diffusion coefficient at low b-values of 

hemangiomas (ADClow hem).  

The same pattern applied for small lesions <10mm. 

For medium size lesions, only D showed statistical significant 

difference (p<0.05) between metastases and hemangiomas. 

For lesions >20mm, D and f showed statistical significant 

difference (p<0.05) between metastases and hemangiomas. 

87



Respiratory-triggered BB SS SE-EPI sequence  

 88

 

Table 1. Comparison of D, f and ADClow between liver metastases and 

hemangiomas 

D mean Metastasis Hemangioma t-value two-tailed p-value 

all 0,001097 0,002118 7,266 <0,001 

<10mm 0,001284 0,001491 2,6079 0,014 

10-20mm 0,001093 0,003213 8,5208 <0,001 

>20mm 0,0007 0,001833 5,8175 <0,001 

     

f mean Metastasis Hemangioma t-value two-tailed p-value 

All 0,20594 0,05474 -6,6166 <0,001 

<10mm 0,159047 0,002909 -5,963 <0,001 

10-20mm 0,197692 0,119932 -1,9092 0,066 

>20mm 0,319976 0,086261 -7,2943 <0,001 

     

ADClow mean Metastasis Hemangioma t-value two-tailed p-value 

All 0,013413 0,007037 -3,5612 0,001 

<10mm 0,018743 0,005023 -4,9542 <0,001 

10-20mm 0,007827 0,008919 0,3829 0,706 

>20mm 0,011171 0,009672 -0,8672 0,397 

 

Results of Pearson correlation coefficient are given in table 2. 

All Pearson correlations are statistically significant at a 0.01 level. 
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Table 2. Calculation of interobserver agreement using Pearson correlation 

coefficient for D, f and ADClow 

Lesion type Lesion 

size (in 

mm) 

Pearson 

Correlation 

Coefficient (D) 

Pearson 

Correlation 

Coefficient (f)

Pearson 

Correlation 

Coefficient 

(ADClow) 

Metastasis <10 0.969 0.993 0.994 

Metastasis 10-20 0.991 0.998 0.963 

Metastasis >20 0.999 0.999 0.997 

Hemangioma <10 0.993 0.999 0.981 

Hemangioma 10-20 0.999 0.999 0.999 

Hemangioma >20 0.983 0.999 0.978 

 

 

DISCUSSION  

In this study, the potential of BB SS SE-EPI [4, 5] for 

identification and characterization of focal liver lesions was 

examined. Overall lesion conspicuity, image quality and artifacts are 

better using BB SS SE-EPI at low b-values. The RIDIT plots 4a and 

4b suggest that a solid lesion that becomes less conspicuous at 

higher b-values is more in keeping with hemangioma rather than 

metastases (fig.3). The calculation of D seems promising in 

differentiating between liver metastases and liver hemangiomas 

when considering all subgroups of focal liver lesions. The calculation 

of f performs second best as an indicator of differentiation since it 

shows only a non-significant difference in the medium size lesion 

subgroup. The calculation of ADClow seems less promising as an 

indicator for differentiation between metastases and hemangiomas 

since it only shows statistical significant differences in the whole 

sample and for small sized lesions. These study results have to be 
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confirmed in future studies. For all six sets of lesion-size 

combinations, a very good interobserver agreement was obtained. 

All Pearson correlations are statistically significant at a 0.01 level. 

This means that the studied technique for calculation of D, f and 

ADClow is invariant from the reader and thus stable. 

The overall better lesion conspicuity for BB SS SE-EPI with 

b=10s/mm2 can be explained by the black blood effect in these 

images, which is especially helpful for detection of small (<10mm) 

lesions in the vicinity of intrahepatic vessels. The overall better 

image quality for BB SS SE-EPI at low b-values (b=0 and 10s/mm2) 

when compared with the BB SS SE-EPI at higher b-values (b=150 

and 400s/mm2) can be explained by a loss of signal at higher b-

values. The overall less present artifacts for BB SS SE-EPI at low b-

values (b=0 and 10s/mm2) when compared with the BB SS SE-EPI 

at higher b-values (b=150 and 400s/mm2) can be explained by less 

pronounced susceptibility artifacts. 

Comparison with previous studies is difficult as for the 

moment there is few literature available. If available the size of the 

focal liver lesions is not mentioned or the study is performed with 

large liver lesions. Yamada I et al. [10] do not report on the 

dimensions of the examined liver lesions. Accurate comparison with 

our study is not possible as Yamada et al. used a combination of low 

and high b-values for their calculations. Moteki T et al. [7] report on 

the D, f and ADClow of focal liver lesions with a diameter of more than 

20mm. True diffusion in their study was lower when considering all 

metastases and was comparable with our results when considering 

all hemangiomas. However, they did not find any significant 

differences regarding f when comparing liver metastases and liver 

hemangiomas. Taouli B et al. [11] report on the ADC (calculated 

with low and high b-values) of focal liver lesions with a diameter of 
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more than 20mm (when focusing on the liver metastases and the 

liver hemangiomas). The ADC values for liver metastases and liver 

hemangiomas cannot be compared with the ADClow values in our 

study. Koh D-M et al. [12] report on the D, f and ADC of liver 

metastases from colorectal malignancies with a mean diameter of 

21mm. They report a mean D and f value in the range of values 

which were obtained in our study. The ADC value in their report was 

clearly lower than the ADC value in our study. The ADC calculation 

was performed with signal intensities of lesions on the b=0 and 

b=10 images (Koh D-M et al. used the combination of b=0, b=150 

and b=500s/mm2); the perfusion effect being more pronounced 

(compared with the diffusion effect) in our study could explain the 

higher ADC values in our study. 

In our study, the liver metastases had lower D values when 

compared with liver hemangiomas. This can be explained by their 

high tumoural content, which restricts the water diffusion. All the 

metastatic lesions included in our study were solid and did not 

manifest necrotic components that can increase the D value. In this 

study, an overall higher f (representing the density of the capillaries 

containing flowing blood) and ADClow value in the liver metastases 

when compared with hemangiomas is seen. Hemangiomas are 

composed of vascular lakes containing lakes of blood pooling. 

Therefore, it is expected that their blood fraction should be lower 

than that of colorectal liver metastases recruiting arterial neo-

angiogenetic vessels. The blood pooling in the hemangiomas in this 

study is probably too slow to be influenced by the diffusion-weighted 

sequence. Another explanation can be that results in this study are 

biased by partial volume effects as many lesions in this study were 

<10mm. 
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To our knowledge this is the first study reporting on D, f and 

ADClow values comparing liver metastases and liver hemangiomas of 

different size ranges. When dealing with small liver lesions, the 

differentiation between liver metastases and liver hemangiomas can 

be difficult. Since a previously described BB SS SE-EPI sequence [4, 

5] allows for the detection of small (<10 mm) liver lesions, the 

characterization of these small lesions is of clinical importance, 

especially in the staging of an oncologic disease. This study is a first 

step in offering additional tools for the characterization of focal liver 

lesions by calculating D, f, and ADClow. In case of difficult 

characterization of focal liver lesions, the calculation of D, f, and 

ADClow might be useful when comparing the quantitative values D, f, 

and ADClow.  

Our study has several limitations. Biliary cysts were excluded 

as these are highly affected by the flowing spins, even in the 

absence of perfusion [7]. Therefore, this study was focused on the 

calculation of D and f in non-necrotic liver metastases and in non-

complicated liver hemangiomas. Considering that breath movement 

may rock both the liver and the cysts within it, it is very likely that 

turbulent flow causes marked signal attenuation in the images with 

MPGs when dealing with cystic/necrotic liver lesions. When dealing 

with cystic or necrotic lesions/components in a lesion, movements of 

any kind will affect the different diffusion values in an unpredictable 

manner [7]. This is a limitation in our study. 

When measuring the different diffusion values in focal liver 

lesions, some authors stress the importance of performing the 

scanning within each patient with an identical time delay after the 

QRS-complex/systolic contraction of the heart. This allows obtaining 

images with comparable perfusion between different heart beats. 

Also, pulse triggering to the diastolic heart phase is important to 
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some authors as it leads to reduced motion artifacts on the diffusion-

weighted images and to a significantly improved accuracy and 

reproducibility of measurements of the ADCs of the abdominal 

organs [13]. As described above, this study was performed only 

using respiratory-triggering. In a pilot study (unpublished data), we 

experienced that the addition of ECG- or pulse-triggering to this 

sequence on average caused a near three-fold increase in scan time 

of the above described BB SS SE-EPI sequence. Moreover, 

movements of some patients during this long-lasting sequence 

caused considerable artifacts. 

An additional limitation of this study is the lack of atypical 

hemangiomas which can be particularly difficult to differentiate 

from liver metastases. A future study focusing on the 

differentiation between these two types of liver lesions seems 

useful. 

The results in this study could be biased by partial volume 

effects as many lesions in this study were <10mm. The lack of 

histological proof in many lesions is a limitation of this study. 

In conclusion, this study provides evidence that diffusion-

weighted MR imaging can give additional physiologic information of 

focal liver lesions. Diffusion-weighted MR imaging allows the 

calculation of D, f and ADClow values which can potentially be useful 

for the differentiation between liver metastases and liver 

hemangiomas. The most appropriate and time-effective b-value 

combination for the daily practice as a consequence of this study are 

as follows: overall lesion conspicuity/detection for liver metastases 

and hemangiomas is optimized using BB SS SE-EPI with 

b=10s/mm2. Using two different b-values (150 s/mm2 or higher 

(e.g. 400 s/mm2)) allows the calculation of true diffusion. Combining 

these two different b-values (150 s/mm2 or higher) with b=0 and 
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10s/mm2 allows the calculation of D, f and ADClow. Considering these 

results, diffusion-weighted imaging and the calculation of D, f, and 

ADClow could have a useful clinical impact to the more standard used 

sequences for the characterization of focal liver lesions and seems a 

promising sequence to decrease biopsy procedures in the future. 

Further studies are required to confirm the presented results. 
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AABBSSTTRRAACCTT  

Objective: To prospectively compare Single-Shot Spin-Echo Echo 

Planar Imaging (SS SE-EPI) using b=0, 10, 150, 400 s/mm2 with 

standard MRI techniques after intravenous Super Paramagnetic 

Iron Oxide (SPIO) in the detection and characterization of focal 

liver lesions with focus on small (<10mm) focal liver lesions. 

Methods: A total of 25 patients suspected for colorectal liver 

metastases were included. Number of detected lesions was 

evaluated. Image quality was compared between SS SE-EPI 

sequence and post-SPIO (fat-suppressed T1-weighted (T1w) 

Gradient Echo (GE), T2-weighted (T2w) Turbo Spin Echo (TSE) and 

T2* GE) sequences using rank order statistic (RIDIT). Lesion 

characterization was performed for SS SE-EPI and for all remaining 

sequences pre- and post-SPIO. Reference standard comprised 

surgery, biopsy and/or follow-up. 

Results: Reference standard demonstrated 25 hemangiomas and 

70 metastases. Best lesion detection respectively best image 

quality (p<0.05) was achieved with SS SE-EPI (b=10s/mm2) 

respectively post-SPIO T1w GE and T2w TSE. Lesion 

characterization using all sequences pre- and post-SPIO performed 

best for lesion characterization compared with SS SE-EPI. 

Conclusion: This preliminary study shows the potential of SS SE-

EPI as a stand-alone sequence for the detection of liver 

hemangiomas and metastases when compared with SPIO-

enhanced imaging. Sequences pre- and post-SPIO are needed for 

qualitative lesion characterization. 
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IINNTTRROODDUUCCTTIIOONN  

In patients with (suspicion of) colorectal liver metastases, 

accurate diagnostic work up is mandatory with respect to number 

and characterization of lesions. Present imaging techniques have a 

high accuracy for detection of metastases larger than 10mm, but 

provide poor results for smaller liver lesions [1]. Morana G et al. [2] 

have shown in cadaver studies of primary colorectal carcinoma that, 

on average, at least one liver metastasis less than 10mm in 

diameter is missed for each detected liver metastasis larger than 

10mm. Optimization of imaging techniques for the detection of all 

(benign and malignant) focal liver lesions less than 10mm is needed, 

especially in the detection and staging of malignant disease. Super 

Paramagnetic Iron Oxide (SPIO)-enhanced MR imaging nowadays is 

regarded as the best available non-invasive examination technique in 

the evaluation of hepatic metastases [3]. 

Characterization of the detected liver lesions is a second 

important step in liver imaging. Characterization of liver lesions 

can be very difficult especially when dealing with small liver 

lesions. Hemangiomas are frequently detected benign liver lesions. 

A good differentiation between liver hemangiomas and metastases 

determines the actual treatment planning in patients treated for 

colorectal carcinoma. SPIO-enhanced MR imaging has high 

sensitivity that matches that of Computed Tomography (CT) during 

arterioportography and higher specificity than that of CT during 

arterioportography [4-7]. SPIO-enhanced MRI for the moment is 

regarded as the best available non-invasive imaging technique in 

the evaluation of hepatic metastases. 

Diffusion-weighted imaging in the liver is useful for the 

detection of focal liver lesions because of the black-blood effect when 

using low b-values. This black blood effect has been proven to be 



SS SE-EPI sequence and post-SPIO sequences 

 100

useful in detecting focal liver lesions near the intrahepatic vessels 

[8]. Moreover, diffusion-weighted imaging of the liver has been 

shown to be promising in the detection of small (<10mm) focal liver 

lesions, especially -but not only- when lying in the vicinity of the 

intrahepatic vasculature [9]. 

A previous study [9] examining the potential of the presented 

Single-Shot Spin Echo Echo Planar Imaging (SS SE-EPI) sequence 

compared with a respiratory-triggered T2-weighted (T2w) Turbo 

Spin Echo (TSE) has demonstrated the potential of low b-values in 

the detection of small (< 10mm) focal liver lesions. To further 

evaluate the performance of SS SE-EPI in the detection of focal liver 

lesions, a dedicated MRI sequence in combination with the use of 

SPIO seems useful. 

The purpose of this study is to prospectively compare SS SE-

EPI as a stand-alone sequence with “state-of-the-art” MRI 

techniques before and after the intravenous injection of SPIO in the 

detection and characterization of focal liver lesions with focus on 

small (<10mm) focal liver lesions. 

  

MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

Patients 

From October 2005 to November 2006, twenty-five 

consecutive patients (13 female; 12 male, mean age 62.8 ± 9.7 

years) suspected for metachronous liver metastases from colorectal 

carcinoma at a tertiary referral centre were included in this study. 

Patients were included in the present study when at follow-up for a 

primary tumour, a new non-cystic focal liver lesion was detected at 

ultrasound (US) and/or laboratory results showed elevated Carcino-

Embryonic Antigen > 3.4 ng/ml for non-smokers, >4.3 ng/ml for 

smokers in combination with elevated transaminase levels (alanine 
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aminotransferase (ALT) >41 U/l for male, >31 U/l female patients),  

elevated alkaline phosphatase >129 U/l, and elevated bilirubin (total 

bilirubin > 1.2 mg/dl). Patients were excluded when there were 

contraindications for intravenous injection of SPIO (Resovist®, 

Schering, Berlin, Germany) or for MRI. This prospective study was 

approved by the hospital ethics committee and written informed 

consent was obtained from all patients.  

 

MRI technique 

A 1.5T MRI whole-body scanner (Intera (release 11), Philips 

Medical Systems, Best, The Netherlands) with a 4-elements SENSitivity 

Encoding (SENSE) body phased-array coil was used. Gradients were 

used with a maximum gradient of 66mT/m along x-, y-, and z-axis. 

An overview of the applied MRI sequences (see also Table 1) 

in all patients is displayed below. Sequence 1 was compared with the 

set of post-SPIO sequences (sequence 6 to 8) concerning lesion 

detection. Sequence 1 was compared with the remaining set of 

sequences (sequence 2 to 8) concerning lesion characterization. 

Sequence 1: respiratory-triggered SS SE-EPI 

Sequence 2: fat-suppressed T2w TSE (short TE) 

Sequence 3: T2w TSE with long TE without fat suppression 

Sequence 4: fat-suppressed T2* gradient echo (GE) 

Sequence 5: T1-weighted (T1w) GE in and out phase imaging 

Sequence 6: fat-suppressed T1w 3D GE imaging before the 

intravenous (IV) injection of SPIO, during the arterial, portal-venous, 

late venous phase (80 seconds after intravenous injection) and 15 

minutes post-SPIO (delayed phase) 

Sequence 7: post-SPIO fat-suppressed T2w TSE: T2w TSE (short 

TE with fat suppression) > 15 minutes post-SPIO (delayed phase) ; 

parameters identical to those of sequence 2 
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Sequence 8: post-SPIO fat-suppressed T2* GE > 15 minutes post-

SPIO (delayed phase) ; parameters identical to those of sequence 4 

 

Details of the respiratory-triggered SS SE-EPI (sequence 1) 

are as follows: axial fat-suppressed single-shot spin-echo (SE) type 

of EPI sequence with b-values of 0, 10, 150, and 400 s/mm2. The 

motion-probing gradient pulses of the SS SE-EPI sequence were 

placed along the S, P and M (Slice, Phase and Measurement) 

direction. During image interpretation, we used only the isotropic 

images synthesized from the three images in which the motion-

probing gradient pulses were placed in each direction. The measured 

voxel size was 1.91mm x 2.42mm x 7mm and the reconstructed 

voxel size was 1.19mm x 1.19mm x 7mm. Depending on the 

respiratory efficiency of each patient, the acquisition time for this 

sequence ranged from 3 to 5 minutes. Further details of the above 

mentioned sequences are given in table 1. 

In all patients 1.4ml of SPIO was administered intravenously 

as a bolus immediately followed by a bolus of 20ml of physiologic 

saline (NaCl 0,9%). Injection of SPIO and saline was performed at 

an infusion rate of 3ml/s using a Spectris MR injector (Medrad, 

Maastricht, The Netherlands). 

 

MRI image analysis: lesion detection and characterization 

After the initial US examination, anonymous patient labels 

were assigned to each patient for blinded image interpretation. Then 

the images were sent to the Picture Archiving and Communication 

System (PACS; Agfa, Mortsel, Belgium) viewing stations for further 

evaluation. Liver cysts were not evaluated as they (almost) never 

pose any differential diagnostic problem using MRI. 
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Table 1. Parameters of the studied sequences 

Parameter Seq 1 Seq 2 Seq 3 Seq 4 Seq 5 Seq 6 

TR (ms) 1122 777 1343 10 177 4.2 

TE (ms) 55.83 60 350 4.2 2.3/4.6 2 

Flip (°) 90 90 90 30 80 20 

Scan plane axial axial axial axial axial axial 

NSA 4 1 1 2 1 1 

FOV (mm) 305 375 375 375 375 400 

RecFOV (%) 95 70 70 70 70 70 

Matrix scan 160 256 256 256 256 192 

Scan 

percentage 

80 80 80 70 60 80 

Half scan 

factor 

0.6 0.6 0.6 none none none 

Act.BW 

(Hz/pixel) 

15.3 415.6 394.6 148.2 571.4 399.1 

ST (mm) 7 6 6 7 5 4 

Slice gap 

(mm) 

0 0 0 0 0 0 

SENSE-factor 2 0 0 2 2 2 

Fat-

suppression 

mode 

SPAIR 

delay: 

52.2 ms 

SPIR none SPIR none SPIR 

Scan mode Resp.tr. Resp.tr Resp.tr BH BH BH 

Seq.: sequence, TR: repetition time, TE: time to echo, NSA: Number of Signal 

Averages indicates the number of times each (acquired) line in k-space is 

sampled, FOV: Field-of-View, RecFOV: rectangular FOV (reduction of the number 

of phase-encodings to x%), scan percentage: is a percentage of phase-encoding 

values (profiles) of k-space around k=0 profile, half scan factor: is a method in 

which approximately only one half of k-space in the phase-encoding direction is 

acquired, Act.BW: actual band width, ST: slice thickness, SPAIR: SPectral 

Attenuated Inversion Recovery inversion delay, SPIR: SPectral Inversion 

Recovery, Resp.Tr.: respiratory-triggering, BH: breath-hold. PS: Sequence 2 

identical parameters compared with sequence 7; sequence 4 identical parameters 

compared with sequence 8. 
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Lesion detection 

Lesion detection was independently performed by reader 1 

and 2 (both radiologist with respectively 6 years and 14 years of 

experience in abdominal MRI). The two radiologists did not have any 

other information about patient history, laboratory results, findings of 

other imaging techniques, or final diagnosis during this evaluation 

session, except for the US findings necessitating additional imaging 

techniques. 

Sequence 1 was evaluated separately for all b-values (b=0, 

10, 150, 400 s/mm2) and in random patient order and independently 

by reader 1 and 2. These two readers evaluated the images for 

lesion detection, number of hepatic lesions, size of the lesions 

(<10mm, 10-20mm, >20mm). Measurement of lesion size was 

performed on that b-value image that most sharply depicted a 

lesion. Measurement of the lesion size was performed in one 

consensus reading by reader 1 and 2. Post-SPIO sequences 

(sequence 6 to 8) were evaluated for lesion detection, presence of 

hepatic lesions, number of hepatic lesions, size of the lesions 

(<10mm, 10-20mm, >20mm). For each detected lesion the location 

was recorded by writing down the number of the sequence slice. 

After blinded evaluation, matching was possible by comparing the 

slice numbers of each sequence of reader 1 and 2. Consensus 

reading was not required for detection due to absence of inconsistent 

results. 

 

Lesion characterization 

Lesion characterization was also independently performed by 

reader 1 and 2. Lesion characterization was performed using SS SE-

EPI and using all other MRI sequences. On sequence 1, all detected 

lesions were only visually/qualitatively evaluated (hyperintense or 
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hypointense lesion) for lesion characterization. All other MRI 

sequences (2 to 8) were evaluated for characterization (for a 

maximum of ten lesions per patient) independently and in one 

session by reader 1 and 2 with an interval of two weeks after the 

evaluation of SS SE-EPI. Characterization of the focal liver lesions 

was performed on the basis of lesion characteristics described in the 

literature using SPIO [10, 11]. During the perfusion phase (and 

persisting during delayed imaging) using SPIO-enhanced T1w GE 

imaging, a significant increase of signal intensity is seen in 

hemangiomas [11-13]. Hemangiomas often lose signal on delayed 

T2w imaging [12]. During the perfusion phase using SPIO-enhanced 

T1w GE imaging, ring enhancement is highly suggestive of malignant 

liver lesions [11]. Metastases show increased lesion conspicuity post-

SPIO on T2w imaging compared with unenhanced T2w imaging [14-

16]. Consensus reading was not required for characterization due to 

absence of inconsistent results. 

 

Reference standard: lesion detection and characterization 

Lesion detection 

The sum of focal liver lesions detected on SS SE-EPI and on 

the post-SPIO sequences (sequences 6 to 8) was used to determine 

the total number of lesions.  

For comparison of lesion detection between SS SE-EPI and 

the post-SPIO sequences, only the maximum number of discrete 

lesions detected on a complete set of diffusion-weighted images 

(b=0, 10, 150, 400 s/mm2) or on the post-SPIO sequences 

(sequences 6 to 8) as a whole was used to determine the total 

number of discrete lesions. 
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Lesion characterization 

Surgical findings 

For those lesions that were operated on, intra-operative US 

(IOUS) with histopathology was used as the reference standard in 

this study. Patients operated on for hepatic malignant disease all 

routinely had an IOUS examination. Individual lesions detected with 

SS SE-EPI or SPIO-enhanced imaging were matched by a hepatic 

surgeon having 11 years of experience in hepatic surgery using IOUS 

examination before hepatic resection was performed. During the 

IOUS examination the findings on all MRI sequences were available. 

 

Follow-up 

Suspected lesions that were not operated on underwent a 

US-guided biopsy of one of the lesions suspected for a metastatic 

lesion and/or were included in the following imaging study protocol: 

an MRI examination of the liver (all sequences including sequence 1) 

was performed as a reference examination just before the start of 

the therapy and as a follow-up examination with an interval of 12 

weeks during therapy.  Follow-up of the liver with MRI using this 

protocol was performed (at least) twice during therapy. A time 

interval of 12 weeks comprised the time of six cycles of 

chemotherapy. In case of progressive disease (as defined below) a 

follow-up was performed until the moment where the therapeutic 

effect was at least stable disease (stable disease in this study 

defined as a less than 20% change of the maximum initial diameter 

and less than 5mm change of the maximum initial diameter of a 

focal liver lesion) or (partial) response (as defined below) or until the 

moment when therapy was of a merely palliative use. In case of 

response (partial or complete) or in case of progressive disease 
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(according to the below stated definition) the focal liver lesions were 

considered as metastatic lesions. 

Lesion characterization was compared as well on SS SE-EPI, 

as on the reference and follow-up MRI sequences 2 to 8. Individual 

detected lesions were matched with follow-up imaging assigning a 

specific liver segment for each detected lesion using Couinaud’s 

segmental anatomy. 

 

MRI image quality analysis  

Image quality analysis was independently performed by 

reader 3 and 4 (reader 3 and 4, both have 16 years of experience in 

abdominal MRI) to evaluate overall image quality independent of 

lesion conspicuity. Reader 3 and 4 were aware of the location and 

number of the lesions detected by reader 1 and 2. Reader 3 and 4 

rated each set of b-values and the post-SPIO sequences for overall 

image quality (in total seven sets of images) in order to evaluate a 

possible correlation of overall image quality on lesion detection. 

Overall image quality was based on the following five grading scales: 

unacceptable = 1; poor = 2; fair = 3; good = 4; and excellent = 5. 

 

Statistical analysis 

McNemar test was used to compare the best set of SS SE-EPI 

images with the post-SPIO set for the detection of all liver 

metastases. 

The above mentioned seven sets of images were compared 

for image quality by RIDIT analysis. RIDIT analysis was originally 

developed by Bross [17] for the analysis of ordinal data. The null 

hypothesis is an a priori RIDIT of 0.5, which implies a fifty-fifty 

distribution. The RIDITs were all subtracted by 0.5 to have the mean 

at zero and multiplied by (-1) to have positive values for the 
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promising results. The more positive the RIDIT the better the result, 

the more negative the worse the result is for the considered imaging 

protocol. A RIDIT of zero means that the distribution of values of the 

criterion under consideration in the subgroup, is not different from 

the distribution of values in the reference population. A difference 

was considered statistically significant with p<0.05. 

 

RESULTS 

Lesion Detection 

In total 95 hepatic lesions were detected on SS SE-EPI and 

post-SPIO sequences (sequences 6 to 8); 25 of them were found 

to be hemangiomas and 70 were metastases using surgical and 

follow-up findings (tables 2 and 3).  

 

Table 2. Overview of the reference standard used for the characterization 

of liver hemangiomas 

Size (mm) IOUS with 

resection  

IOUS w/o 

resection 

Follow-up 

typical app. 

Follow-up 

no typ.app. 

<10 1 2 11 1 

10-20 0 3 6 0 

>20 0 0 1 0 

Total 1 5 18 1 

IOUS with resection: including histopathology for final diagnosis; IOUS w/o 

resection: final diagnosis on the basis of IOUS findings without 

resection/histopathology; follow-up typical app: final diagnosis using only follow-up 

imaging and having typical imaging appearance (app.) on sequences 2 to 8; follow-

up no typ. app: final diagnosis using only follow-up imaging and having no typical 

(typ.) imaging appearance on sequences 2 to 8. 

 

The 95 hepatic lesions (25 hemangiomas and 70 metastases) 

detected in total on SS SE-EPI and post-SPIO images, classified by 

size and type are displayed in table 4. 
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Table 3. Overview of the reference standard used for the characterization 

of liver metastases 

Size (mm) IOUS with 

resection 

biopsy w/o 

resection 

Follow-up 

typical app. 

Follow-up 

no typical app. 

<10 15 0 4 6 

10-20 12 0 10 0 

>20 9 1 13 0 

Total 36 1 27 6 

IOUS with resection: including histopathology for final diagnosis; biopsy w/o 

resection: final diagnosis on the basis of biopsy/histopathology without resection; 

follow-up typical app: final diagnosis using only follow-up imaging and having 

typical imaging appearance (app.) on sequences 2 to 8; follow-up no typical app: 

final diagnosis using only follow-up imaging and having no typical imaging 

appearance on sequences 2 to 8. 

 

 

Table 4. The sum of focal liver lesions detected on SS SE-EPI and on the 

post-SPIO sequences (total number of lesion detection) 

Lesion Hemangioma 

N (mean diameter±SD) 

Metastasis 

N (mean diameter±SD) 

<10mm 15 (6.9 ± 1.4) 25 (6.1 ± 2.0) 

10-20mm 9 (12.3 ± 1.8) 22 (13.8 ± 3.1) 

>20mm 1 (22) 23 (40.6 ± 25.4) 

Total 25 (9.4 ± 4.0) 70 (20 ± 20.8) 

N: Number of lesions. SD: Standard Deviation. Numbers in brackets are given in 

mm. 

 

In table 5 the data on the separate sequences (4 sets of b-

values of SS SE-EPI and the post-SPIO sequences) by type are 

displayed. The best set of SS SE-EPI images (b=10s/mm2) was 

significantly (z= –2.12; p=0.034) better for the detection of liver 

metastases compared with the post-SPIO set of images. All lesions 
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missed on the different sequences comprised only small (<10mm) 

liver lesions (table 5). 

 

Table 5. Number of detected lesions on the 4 sets of b-values of SS SE-EPI 

and the post-SPIO sequences 

Lesion b=0 b=10 b=150 b=400 post-SPIO sequences 

Hemangioma 25 25 25 25 25 

Metastasis 50 69 65 63 63 

Total 75 94 90 88 88 

 

Using b=0s/mm2 images for lesion detection, 20 lesions 

<10mm were missed; these lesions were all hard to differentiate 

from nearby intrahepatic vessels. Using b=10s/mm2 images, one 

lesion <10mm in subphrenic location was missed; this lesion could 

only be visualized on post-SPIO fat-suppressed T2w TSE. Using 

b=150s/mm2 respectively b=400s/mm2 images, five respectively 

seven lesions <10mm in subphrenic locations were missed. Using 

post-SPIO sequences for lesion detection, seven lesions <10mm 

were missed; these lesions were all hard to differentiate from nearby 

intrahepatic vessels (fig.1). 

 

Lesion Characterization 

Concerning lesion characterization, all 95 hepatic lesions were 

displayed as hyperintense focal liver lesions on all b-value images of 

SS SE-EPI making qualitative lesion characterization impossible 

using only SS SE-EPI. 

Using sequences 2 to 8 for lesion characterization, 2 

hemangiomas (resp. 4mm and 6mm) could not be characterized 

using typical imaging characteristics. The hemangioma of 6mm was 
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resected during partial hepatectomy for liver metastases. A follow-up 

period of 8 months did not show any change in the hemangioma of 

4mm. The remaining 23 hemangiomas showed typical imaging 

appearances diagnostic for hemangioma using sequences 2 to 8. The 

diameter of all detected hemangiomas measured on the MR images 

ranged from 4 to 22 mm (mean diameter: 9.4 mm ± SD: 4.0 mm). 

Table 2 gives an overview of the reference standard used for the 

final characterization of hemangiomas. 

Using sequences 2 to 8 for lesion characterization, 17 

metastases (all <10mm) could not be characterized using typical 

imaging characteristics. For 6 liver metastases follow-up was needed 

for characterization. Four of these 6 metastases showed complete 

response and two showed partial response. In total 36 metastases 

were resected (including 15 metastases <10mm among which 11 

metastases that could not be characterized using typical imaging 

characteristics on sequences 2 to 8). One metastasis (>20mm) was 

biopsied but not operated on. The diameter of all detected liver 

metastases ranged from 2 to 123 mm (mean diameter: 19.8 mm ± 

SD: 20.8 mm). Table 3 gives an overview of the reference standard 

used for the final characterization of metastases. 

 

Image Quality 

Image quality (fig.2) for seven sets of images (4 sets of b-

values and the post-SPIO sequences) was compared using RIDIT 

analysis. Post-SPIO fat-suppressed T1w GE and T2w TSE both had 

significantly (p<0.05) better image quality when compared with SS 

SE-EPI. 
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1A  1B 

1C 1D 

Figure 1. A 54-year-old female patient with a medical history of colorectal 

carcinoma for which she had been operated on. On the b-value image 

(b=0s/mm2; fig.1a) an intrahepatic vessel can be depicted in the vicinity of the 

surgically proven small (<10mm) liver metastasis (long arrow). Due to the black 

blood effect when applying SS SE-EPI the detection of the metastasis is clearly 

facilitated. Using SS SE-EPI, b-value image (b=10s/mm2; fig.1b) clearly shows 

only one lesion (long arrow). The relatively bright extended area in the liver to 

the right of the indicated liver metastasis (in this case) is caused by chemical 

shift of subcutaneous fat. Post-SPIO fat-suppressed T2w TSE (falsely) shows two 

hyperintensities suggestive of metastatic lesions (fig.1c). Post-SPIO fat-

suppressed T2* GE (falsely) shows two hyperintensities suggestive of metastatic 

lesions (fig.1d). 
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Figure 2. Comparison of image quality (fig.2) for each set of b-values and 

the post-SPIO sequences using RIDIT analysis. 

 

DISCUSSION  

The studied SS SE-EPI sequence using b=10s/mm2 showed 

the best (p<0.05) results for detection of focal liver lesions, 

especially for small (<10mm) focal liver lesions in the vicinity of 

intrahepatic vessels. This sequence did not allow for characterization 

of liver hemangiomas and metastases. Combining sequences before 

and post-SPIO allowed the characterization of many but not all 

lesions. Best image quality was achieved with post-SPIO fat-

suppressed T1w GE and T2W TSE when comparing SS SE-EPI and all 

post-SPIO sequences. 

The use of the black-blood effect for facilitating detection of 

liver lesions has been described previously [18]. This coinciding 

black-blood effect mainly when using a low b-value is useful in this 

study for detecting small (<10mm) lesions especially when lying in 

the vicinity of intrahepatic vessels. Nasu K. et al. [3] retrospectively 

compared accuracy of SS SE-EPI with that of SPIO-enhanced MRI in 

the evaluation of hepatic metastases. They concluded that combined 
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image interpretation with SS SE-EPI and T2w TSE and dual-echo 

T1w GE imaging yielded better accuracy in the detection of hepatic 

metastases than did SPIO-enhanced MR imaging. Liver 

hemangiomas were not included in their study. In clinical practice, 

the differentiation of micrometastases from small hemangiomas is 

important in treatment planning. In the presented study, a SS SE-

EPI sequence was prospectively examined as a stand-alone 

sequence and compared with MRI sequences before and post-SPIO 

for detection of liver hemangiomas and metastases. SS SE-EPI 

(especially b=10s/mm2 images) performed best for lesion detection 

when compared with post-SPIO sequences. Disturbing signals from 

the intrahepatic vessels using b=0s/mm2 images might explain the 

hampered detection of nearby small liver lesions whereas artifacts 

from air in the lungs might explain hampered detection of subphrenic 

lesions using higher b-value images (b=150 respectively 

b=400s/mm2). Disturbing signals from nearby intrahepatic vessels 

might explain why small lesions were missed using the post-SPIO 

sequences even when using post-SPIO fat-suppressed T1w GE for 

more accurate identification of small vessels. The hard differentiation 

between small intrahepatic vessels and small liver lesions has been 

mentioned before in the literature [19]. In the presented study a 

prospective evaluation of patients suffering from a colorectal primary 

is made comparing SS SE-EPI as a stand-alone sequence for the 

detection and characterization of liver hemangiomas and 

metastases. 

Unfortunately, the characterization of liver hemangiomas and 

liver metastases was impossible in this study using only a visual 

evaluation of SS SE-EPI. The high signal intensity of liver 

hemangiomas on all b-value images in this study could be explained 

by a combination of a long T2 relaxation time and impaired diffusion 
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by the septa present in hemangiomas. The high signal intensity of 

liver metastases on all b-value images in this study could be 

explained by impaired diffusion due to a high concentration of 

(malignant) cells within the liver metastases. Characterization of the 

focal liver lesions on the basis of measurements of signal intensities 

of lesions with calculation of true diffusion, perfusion factor and 

apparent diffusion coefficient was not useful in this study. 

Characterization of focal liver lesions on the basis of measurements 

of signal intensities of lesions with calculation of apparent diffusion 

coefficient is a valuable method for larger liver lesions. However, in 

this study a substantial number of focal liver lesions were <10mm in 

diameter resulting in suboptimal Region-of-Interest (ROI) 

measurements (difficult delineation of small focal liver lesions with 

suboptimal ROI placement; partial volume effects. Therefore, only 

visual/qualitative evaluation for lesion characterization was feasible 

in this study. Combining the findings of sequences before and post-

SPIO allowed the characterization of many lesions, but still some 

small (<10mm) lesions could not be differentiated. The apparent 

superiority of SPIO-enhanced MRI for lesion characterization may 

have been increased by the availability of the unenhanced T2-

weighted images, which were not available during the reading of the 

diffusion-weighted images. The purpose of this study was to 

compare SS SE-EPI with “state-of-the-art” MRI techniques in lesion 

detection and characterization. During one session, SS SE-EPI was 

evaluated separately for all b-values and in random patient order. 

Still some bias might be present concerning the evaluation of the 

different sets of b-value images. However, it seems unlikely that the 

b=10s/mm2 value images would have had an advantage in lesion 

detection compared with the remaining b-value images. The lack of 

histological proof in many lesions is a limitation of this study and 
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many other studies on this topic. As the best reference standard for 

lesion detection – being IOUS with resection and histopathologic 

correlation - could not be performed in many cases, reading of other 

available imaging examinations and follow-up imaging were used as 

a reference. Therefore sensitivity, specificity and accuracy cannot be 

calculated. In this study SS SE-EPI was always performed as the first 

sequence. One could argue that SS SE-EPI in this study performs 

better in lesion detection when compared with the post-SPIO 

sequences due to an increase of patient movement at the end of an 

MRI examination. However, the best image quality is seen in fat-

suppressed T1w GE and T2W TSE. Therefore it seems unlikely that 

patient movements had an impact on the evaluation of the studied 

sequences. 

The World Health Organization (WHO) and Response 

Evaluation Criteria in Solid Tumours (RECIST) criteria are widely 

used to judge progression or regression of tumour size, but have 

well known limitations with respect to monitoring treatment 

response, especially when concerning small lesions. When reviewing 

the literature, the use of RECIST criteria for small lesions is 

controversial. For example, Therasse et al. [20] even classify lesions 

<10mm as non-measurable disease. For this reason, other criteria 

were used in this study to judge lesion size. 

In conclusion, this study shows the potential of SS SE-EPI 

(especially b=10s/mm2) as an accurate stand-alone sequence for the 

detection of liver hemangiomas and especially (small) liver 

metastases when compared with SPIO-enhanced imaging. 

Combining the findings at SS SE-EPI with sequences before and 

post-SPIO allowed the characterization of many lesions, but still 

some small lesions could not be differentiated. 
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AABBSSTTRRAACCTT  

Objective: To prospectively compare FDG-PET/CT and MRI including 

unenhanced SS SE-EPI and SPIO-enhancement for detecting 

colorectal liver metastases. 

Methods: Twenty-four patients underwent MRI and FDG-PET/CT. 

Fourteen patients (58%) had previously received chemotherapy, 

including 7 whose chemotherapy was still continuing to within one 

month of the PET/CT study. Mean interval between FDG-PET/CT and 

MRI was 10.2±5.2 days. Histopathology (n=18) or follow-up imaging 

(n=6) were reference.  

Results: Seventy-seven metastases were detected. In 9 patients, 

MRI and PET/CT gave concordant results. Sensitivities for 

unenhanced SS SE-EPI, MRI without SS SE-EPI and FDG-PET/CT 

respectively were 100% (p = 9.10-10 vs PET, p = 8.10-3 vs MRI 

without SS SE-EPI), 90% (p = 2.10-7 vs PET) and 60%. PET/CT 

sensitivity dropped significantly with decreasing size, from 100% in 

lesions larger than 20 mm (identical to MRI), over 54% in lesions 

between 10 and 20 mm (p = 3.105 versus SS SE-EPI), to 32% in 

lesions under 10 mm (p = 6.10-5 versus SS SE-EPI). Positive 

predictive value of PET and MRI was 100%. 

Conclusion: MRI, particularly unenhanced SS SE-EPI, has good 

sensitivity and positive predictive value for detecting colorectal liver 

metastases. Its sensitivity is better than that of FDG-PET/CT, 

especially for small lesions. 
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IINNTTRROODDUUCCTTIIOONN  

In patients with colorectal tumours the detection of liver 

metastases (LMs) is crucial for treatment planning and improved 

outcome [1]. Therefore, an imaging technique with high sensitivity 

and specificity for LMs is important. 

Imaging techniques used for evaluating LMs in many centers 

include ultrasound and computed tomography (CT). In selected 

cases magnetic resonance imaging (MRI) and fluoro-18-

deoxyglucose positron emission tomography (FDG-PET) are used. 

Reported sensitivities for the detection of LMs have varied widely and 

no consensus exists on which imaging method for the detection of 

LMs is the most sensitive in patients with colorectal cancer [2]. 

MRI has been found comparable to CT arterial portography 

(CTAP) and superior to multi-phase CT with respect to sensitivity and 

specificity for detecting and characterizing focal liver lesions 

(FLLs)[3, 4]. SPIO-enhanced MRI was found to be more sensitive 

than MultiDetector Computed Tomography (MDCT) [5]. MRI also has 

higher accuracy for characterizing small lesions as cysts or solid 

lesions compared with MDCT [5]. A previous study demonstrated the 

potential of a novel SS SE-EPI sequence [6] compared with SPIO-

enhanced MRI, especially when searching for small (< 10 mm) FLLs. 

FDG-PET has been reported to be superior to CT for detecting 

LMs from colorectal cancer [7-9] and by some was found the most 

sensitive non-invasive imaging investigation for detecting LMs [2, 

10]. For overall patient management, FDG-PET has the added 

advantage of an improved therapeutic response assessment because 

FDG is only taken up by vital tumour cells [11]. By comparison, CT 

and MRI only rely on indirect Response Evaluation Criteria in Solid 

Tumours (RECIST) criteria to assess therapeutic response. Another 
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strength is the whole-body imaging which may provide clinically 

relevant information on local recurrence or extrahepatic metastases. 

Direct comparison between MRI and FDG-PET has been 

limited, but would be critical for optimization of imaging at diagnosis 

and during follow-up. Therefore, the purpose of this study was to 

prospectively compare FDG-PET/CT and MRI (including SPIO-

enhancement and unenhanced SS SE-EPI) in 24 consecutive patients 

suspected of having colorectal LMs. 

  

MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

Patients 

Between October 2005 and January 2008, 24 consecutive 

patients (14 men, 10 women; mean: 65.3±10.8 years) with 

suspected colorectal cancer LMs underwent MRI and FDG-PET/CT. 

Patients were included when at screening a new non-cystic focal 

lesion was detected at ultrasound and/or laboratory results showed 

elevated Carcino Embryonic Antigen > 3.4 ng/ml for non-smokers, 

>4.3 ng/ml for smokers in combination with elevated transaminase 

levels (ALT >41 U/l for male, >31 U/l female patients), elevated 

alkaline phosphatase >129 U/l, and/or elevated bilirubin > 1.2 

mg/dl). Patients with contraindications for MRI (pacemakers, metallic 

implants) were excluded. Patients were only included in this study if 

the time interval between the MRI and FDG-PET/CT was at most 3 

weeks. The mean interval between PET/CT and MRI was 10.2±5.2 

days. 

Twenty-four patients were included. Fourteen patients out of 

the 24 included (58%) had previously received chemotherapy for 

their colorectal malignancy, including 7 patients whose 

chemotherapy was still continuing to within one month of the PET 
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study. The study protocol was approved by the Ethical Review Board 

at our institution and all patients gave informed consent. 

 

MRI technique 

A 1.5T whole-body MRI system (Intera, Philips Medical 

Systems, Best, The Netherlands) release 11 was used with explorer 

gradients (maximum gradient of 66mT/m along x-,y-, and z-axis). 

Each patient drank half a litre of tap water just before the start of 

the MRI acquisition, in order to reduce air in stomach and 

duodenum. 

The applied MRI sequences (see also Table 1) are listed 

below. Sequence 1 was compared with post-SPIO sequences 

(sequences 6 to 8) for FLL detection. 

Sequence 1: respiratory-triggered diffusion-weighted sequence (SS 

SE-EPI) 

Sequence 2: fat-suppressed T2w TSE (short TE) 

Sequence 3: T2w TSE with long TE without fat suppression 

Sequence 4: fat-suppressed T2* gradient echo (GE) 

Sequence 5: T1w gradient echo (GE) in-and-out-of-phase imaging 

Sequence 6: fat-suppressed T1w 3D gradient echo (GE) imaging 

before the IV injection of SPIO, during the arterial, portal-venous, 

late venous phase (80 seconds after intravenous injection) and 5 

minutes post-SPIO (delayed phase) 

Sequence 7: post-SPIO fat-suppressed T2w TSE: T2w TSE (short 

TE with fat suppression) 10 minutes post-SPIO (delayed phase); 

parameters identical to those of sequence 2 

Sequence 8: post-SPIO fat-suppressed T2* GE > 10 minutes post-

SPIO (delayed phase); parameters identical to those of sequence 4 

 

123



FDG-PET/CT vs MRI 

 124

Details of the respiratory-triggered SS SE-EPI (sequence 1) 

are as follows: axial fat-suppressed SS SE-EPI with b-values of 0, 

10, 150, and 400 s/mm2. The motion-probing gradient pulses of the 

SS SE-EPI sequence were placed along the S, P and M (Slice, Phase 

and Measurement) direction. The measured voxel size was 1.91 mm 

x 2.42 mm x 7 mm and the reconstructed voxel size was 1.19 mm x 

1.19 mm x 7 mm. Depending on respiratory efficiency, acquisition 

time for this sequence ranged from 3 to 5 minutes. Further details 

are given in Table 1. 

In all patients 1.4 ml of ferucarbotran (SPIO; Resovist®, 

Schering, Berlin, Germany) was administered intravenously as a 

bolus immediately followed by a bolus of 20 ml of physiologic saline 

(NaCl 0,9%). Injection of SPIO and saline was performed at an 

infusion rate of 3 ml/s using a Spectris MR injector (Medrad, 

Maastricht, The Netherlands). 

 

Whole-body FDG-PET/CT technique 

FDG-PET/CT was performed on a Discovery ST integrated 

PET/CT camera (General Electric Healthcare, Milwaukee, USA). 

Patients fasted for 6 hours before the FDG-PET/CT scan. About one 

hour before tracer injection, an intravenous line was applied and 

blood glucose was measured on a drop of venous blood using a 

Lifescan-Ultratouch glucosemeter (Ortho-Clinical Diagnostics NV, 

Beerse, Belgium). All patients received 10 mg of diazepam 

intravenously. A first beaker of peroral contrast (Telebrix Gastro 300 

mg I/ml, meglumine-ioxitalamate, Codali, Brussels, Belgium; 50 ml 

of the solution dissolved in 1 litre of water) was administered 1 hour 

before the injection of at least 222 MBq of 18F-fluorodeoxyglucose. 

Between the tracer injection and the start of the acquisition, the 

patients remained supine and silent in a quiet room. A second 
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beaker of oral contrast medium was given half an hour before data 

acquisition began. One hour after tracer injection patients were 

installed supine on the camera bed. A topogram was performed and 

followed by the administration of 100 ml intravenous contrast 

medium (Ultravist, iopromidum 93,51 g + aqua ad inject ad 150 ml - 

300 mg I/ml, Schering, Berlin, Germany) at a rate of 3 ml/sec, 

except in patients in whom intravenous contrast medium was 

contraindicated (patients number 6 and 9). A whole body helical 4 

slice CT covering the body from the head to the groin was started 

approximately 45 seconds after the start of contrast injection. Table 

pitch was 1.5, table speed was 15 mm/rotation. Tube current was 

100 mA and the tube was operated at 140 kV. No breath-hold was 

performed. Subsequently, PET images were acquired in 5 to 6 bed 

positions, each of 4 minutes duration, covering the head to the 

upper thigh. The camera was used in 2-dimensional mode. Each bed 

position corresponded to 47 slices in a 128x128 matrix, 3 of which 

were overlapped by the next bed position. The transverse and axial 

resolution of this camera type have been published to have full width 

at half maximum between 6 and 7.5 mm [12]. 

 

Image analysis of MRI 

All patient data were blinded. Images were sent to Picture 

Archiving and Communication System (PACS; Agfa, Antwerp, 

Belgium) viewing stations. Blinded evaluation was done 

independently by two radiologists with respectively 7 years and 15 

years of experience in abdominal MRI. The radiologists were 

knowledgeable of the patient's history of malignancy, the finding of 

metastases at liver ultrasound, and that the scan was performed for 

tumour staging. They evaluated the images for detection, localization 
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and size measurement of LMs (<10 mm, 10-20 mm, >20 mm). In 

case of disagreement, a consensus reading was performed.  

 

Table 1.  Parameters of the studied sequences 

Parameter Seq 1 Seq 2 Seq 3 Seq 4 Seq 5 Seq 6 

TR (ms) 1122 777 1343 10 177 4.2 

TE (ms) 55.83 60 350 4.2 2.3/4.6 2 

Flip (°) 90 90 90 30 80 20 

Scan plane axial axial axial axial axial axial 

NSA 4 1 1 2 1 1 

FOV (mm) 305 375 375 375 375 400 

RecFOV (%) 95 70 70 70 70 70 

Matrix scan 160 256 256 256 256 192 

Scan percentage 80 80 80 70 60 80 

Half scan factor 0.6 0.6 0.6 none none none 

Act.BW 

(Hz/pixel) 

15.3 415.6 394.6 148.2 571.4 399.1 

ST (mm) 7 6 6 7 5 4 

Slice gap (mm) 0 0 0 0 0 0 

SENSE-factor 2 0 0 2 2 2 

Fat-suppression 

mode 

SPAIR 

delay: 

52.2 ms 

SPIR none SPIR none SPIR 

Scan mode Resp.tr. Resp.tr. Resp.tr. BH BH BH 

Seq.: sequence, TR: repetition time, TE: time to echo, NSA: Number of Signal 

Averages indicates the number of times each (acquired) line in k-space is sampled, 

FOV: Field-of-View, RecFOV: rectangular FOV (reduction of the number of phase-

encodings to x%), scan percentage: is a percentage of phase-encoding values 

(profiles) of k-space around k=0 profile, half scan factor: is a method in which 

approximately only one half of k-space in the phase-encoding direction is acquired, 

Act.BW: actual band width, ST: slice thickness, SPAIR: SPectral Attenuated 

Inversion Recovery inversion delay, SPIR: SPectral Inversion Recovery, Resp.Tr.: 

respiratory-triggering, BH: breath-hold. PS: Sequence 2 identical parameters 

compared with sequence 7; sequence 4 identical parameters compared with 

sequence 8. 
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Characterization of FLLs was performed on the basis of lesion 

characteristics described in the literature on SPIO-enhanced imaging 

[13, 14]. During the perfusion phase (and persisting during delayed 

imaging) of SPIO-enhanced T1w GE imaging, a significant increase 

of signal intensity is seen in hemangiomas [14-16]. Hemangiomas 

often loose signal on delayed T2w imaging [15]. During the perfusion 

phase of SPIO-enhanced T1w GE imaging, ring enhancement is 

highly suggestive of malignant liver lesions [14]. Metastases show 

increased lesion conspicuity post-SPIO on T2w imaging compared 

with unenhanced T2w imaging [17-19]. 

 

Lesion detection, localization and size measurement of liver 

metastases using MRI 

For the detection of colorectal LMs, SS SE-EPI was evaluated 

independently from the remaining MRI sequences. Lesion size was 

measured on images obtained after IV injection of SPIO on the 

image that most sharply depicted a LM; if a LM was only detected 

with SS SE-EPI, then the b=10s/mm2-value image was used. 

 

Image analysis of FDG-PET/CT 

FDG-PET/CT images were reconstructed into contiguous 3.75 

mm thick axial, coronal, and sagittal slices on an Advance 

Workstation (GE, Milwaukee, USA). These were viewed as PET, CT 

and fused images on an esoft workstation (Siemens, Hoffman 

Estates, USA) independently by 2 nuclear medicine physicians with 

respectively 15 years and 8 years of experience, together with a 

radiologist who helped interpret the CT images. In case of 

disagreement between the nuclear physicians, a consensus reading 

was performed. The readers were blinded to the MRI result, but 

aware of the patient's history of malignancy and that PET/CT had 
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been performed for tumour staging. Focal increased uptake of FDG 

in the liver was regarded as consistent with a malignant lesion, 

whether or not it was accompanied by a hypodense enhancing CT 

lesion. To increase specificity, hypodense lesions on CT were not 

taken into account as metastases if they were not accompanied by 

increased FDG accumulation. CT-data were also used for lesion 

localization into Couinaud’s segments. 

 

Lesion detection using MRI and PET 

To compare the performance of SS SE-EPI, MRI without SS 

SE-EPI and PET/CT for the detection of liver metastases, all lesions 

identified as possible metastases on any of these imaging modalities 

were compared to the reference standard.  

 

Reference standard 

Surgical findings 

For lesions which were operated on, intra-operative 

ultrasound with histological result was used as the gold standard. 

The findings on the MRI and FDG-PET/CT examination were all 

provided at the time of intra-operative ultrasound examination. 

Follow-up 

Suspected lesions which were not operated on, were followed 

by repeated MRI. The diagnosis of LM was made when: 

-a FLL was progressive under therapy (at least 20% relative or at 

least 5mm absolute increase of the maximum initial diameter);  

-a new FLL appeared during follow-up; 

-a FLL showed partial response under therapy (at least 20% relative 

or at least 5mm absolute decrease of the maximum initial diameter); 

-a FLL showed complete response under therapy (complete 

disappearance). 
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Statistics 

The sensitivity and positive predictive values (PPVs) of MRI 

and FDG-PET for the detection of LMs were calculated on a per 

patient as well as on a per lesion basis. Clopper-Pearson binomial 

confidence intervals (CIs) were calculated. Two-tailed McNemar 

tests were used to compare the sensitivity of different imaging 

techniques. The difference of PPV between MRI and PET was 

assessed by a two-tailed z-test. The effects of lesion size on the 

sensitivity of PET/CT and MRI were assessed by one-tailed Fisher’s 

exact tests. The association between discordant PET/CT and MRI 

results and recent chemotherapy was assessed by one-tailed 

Fisher’s exact tests. A p-value less than 0.05 was regarded as 

statistically significant. 

 

RESULTS 

Diagnostic verification 

All 24 patients (Figs. 1-2) included had a total of 77 LMs. 

Eighteen of these 24 patients (75%) underwent surgery with intra-

operative ultrasound and the diagnosis of LMs was made by 

histological examination. In the 6 patients who did not undergo 

hepatic surgery, the diagnosis of LMs was made by follow-up 

imaging showing progression in 4 and regression in 2 patients. Fifty-

two (67.5%) of 77 MRI lesions in 18 patients out of 24 were verified 

histologically. The remaining 25 (32.5%) MRI lesions in 6 patients 

were verified by follow-up imaging. Out of 47 PET lesions in 23 

patients, 30 lesions (63.8%) in 17 patients were verified 

histologically. The remaining 17 PET lesions (36.2%) in 6 patients 

were verified by follow-up imaging. 

The number of LMs per patient varied between 1 and 8, with 

a median of 4 LMs per patient. Twenty-two (29%) LMs measured 
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less than 10 mm in diameter, 35 (45%) were between 10 and 20 

mm in diameter, and the remaining 20 (26%) were larger than 20 

mm. LMs were located in Couinaud’s liver segments 1 (n=1), 2 

(n=5), 3 (n=10), 4 (n=8), 5 (n=8), 6 (n=13), 7(n=16), 8 (n=16). 

 
1A 1B 

1C 
Figure 1. A transverse unenhanced 

T2w TSE (short TE with fat 

suppression) image (fig.1a) in a 66-

year-old women. There is no visible 

lesion in the area indicated by the 

white arrow. Fig.1b displays a 

corresponding transverse SPIO-

enhanced T2w TSE (short TE with fat 

suppression)  image  in  the   delayed 
phase in the same 66-year-old women having a liver metastasis (white arrow). 

Fig.1c displays a corresponding transverse PET image with the same liver 

metastasis (white arrow). 

 

Reading consistency 

Consensus reading for MRI was necessary only for one 

metastasis (18 mm) in a patient (patient number 19) having 8 LMs. 

Consensus reading for FDG-PET was necessary for one LM (12 mm) 
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in a patient (patient number 20) having two LMs. Image quality for 

MRI was unvariably good. 

2A 2B 

2C     2D 

Figure 2. A transverse SS SE-EPI using b=0s/mm2 image (fig.2a) in a 62-year-old 

man hardly detecting any visible lesion in the area indicated by the white arrow. 

Fig.2b displays a corresponding transverse SS SE-EPI using b=10s/mm2 image in 

the same 62-year-old man clearly detecting a liver metastasis (white arrow). Fig.2c 

displays a corresponding transverse fat-suppressed T1w 3D GE image in the portal-

venous phase after intravenous injection of SPIO hardly detecting this liver 

metastasis (white arrow). Fig.2d displays a corresponding transverse SPIO-

enhanced T2w TSE (short TE with fat suppression) image hardly detecting this liver 

metastasis (white arrow). No lesion was seen on PET (not shown). 

 

Extrahepatic lesions 

PET/CT identified extrahepatic malignant lesions in 8 patients 

(Table 2). 
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Table 2. Extrahepatic lesions found at PET; some benign lesions are 

indicated in italics 

Patient 

Number of 

extrahepatic 

lesions Location of extrahepatic lesions 

2 1 sigmoid (primary) 

4 2 sigmoid (2 primaries) 

7 3 2 lymph nodes in retroperitoneum, 1 sigmoid 

(primary), rectum (tubulovillous adenoma) 

9 1 sigmoid (primary) 

12 2 prostate (second primary) 

13 2 prostate (lesion beyond reach for biopsy), 

iliac lymph node 

17 1 1 lymph node retroperitoneum 

18 1 ovary (cyst) 

19 1 presacral mass 

 

Per patient analysis 

On a per patient basis (Table 3), unenhanced SS SE-EPI or 

MRI without SS SE-EPI correctly identified the 24 patients with LMs, 

whereas PET missed one of them. Neither PET nor MRI showed false 

positive results. Sensitivity on a per patient basis was 96% (95% CI 

79% to 100%) for PET and 100% for MRI (CI 86% to 100%).  PPV 

on a per patient basis was 100% both for PET (CI 85% to 100%) 

and for MRI (CI 86% to 100%). For the identification of patients with 

LMs, the sensitivity neither the PPV were significantly different 

between MRI and PET. 

All except two PET lesions (one of two metastases in patient 

12 and patient 10 each) were accompanied by a corresponding 

hypodense lesion on CT. 
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Table 3. Patient based comparison of MRI and PET for the detection of liver 

metastases 

Confirmed liver M+ 

PET 

present absent 

Positive 23 0 

Negative 1 0 

Confirmed liver M+ 

MRI (all sequences) 

present absent 

Positive 24 0 

Negative 0 0 

Confirmed liver M+ 

MRI w\o SS SE-EPI 

present absent 

Positive 24 0 

Negative 0 0 

MRI (all sequences) 

PET 

True positive False negative 

True positive 23 0 

False negative 1 0 

M+ : metastasis. 
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Table 4. Lesion based comparison of MRI and PET for the detection of liver 

metastases  

Confirmed liver M+ 

PET 

present absent 

Positive 47 0 

negative 30 0 

Confirmed liver M+ 

MRI (all sequences) 

present absent 

positive 77 0 

negative 0 0 

Confirmed liver M+ 

MRI w\o SS SE-EPI 

present absent 

positive 69 0 

negative 8 0 

MRI (all sequences)

PET 

True positive False negative 

True positive 47 0 

False negative 30 0 

M+ : metastasis. 

 

Per lesion analysis 

When analyzed on a per lesion basis (Table 4), MRI and PET 

were completely concordant in only 9 patients. A solitary 19 mm LM 

was missed by PET in 1 patient. 

Unenhanced SS SE-EPI correctly identified more LMs than 

PET in 15 patients. MRI without SS SE-EPI correctly identified more 

LMs than PET in the same 15 patients. Unenhanced SS SE-EPI 

correctly identified more LMs than MRI without SS SE-EPI in 6 

patients (Table 5). No additional lesions were seen on the sequences 

without SS SE-EPI versus unenhanced SS SE-EPI. No false-positives 

were present on MRI nor on PET/CT. Thus, the sensitivity of 
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unenhanced SS SE-EPI for detecting LMs was 100% (95% CI 95% to 

100%) (p = 2.10-9 vs PET, p = 8.10-3 vs MRI without SS SE-EPI), 

that of MRI without SS SE-EPI 90% (95% CI 81% to 95%) (p = 

5.10-7 vs PET), and that of FDG-PET/CT 61% (95% CI 49% to 72%). 

The PPV of PET was 100% (95% CI 92% to 100%), like that of 

unenhanced SS SE-EPI or MRI without SS SE-EPI (95% CI both 95% 

to 100%). 

 

Table 5. Number of liver metastases detected with different techniques 

according to lesion size 

Lesion size 

SS SE-

EPI 

MRI w/o SS 

SE-EPI PET Histology

Follow-up 

imaging 

<10mm 22 15 8 13 9 

10-20mm 35 34 19 23 12 

>20mm 20 20 20 16 4 

Total 77 69 46 52 25 

Columns 2-4 give the number of confirmed liver metastases detected by SS SE-EPI, 

MRI without SS SE-EPI, and PET, respectively. Columns 4 and 5 indicate how these 

metastases were confirmed.  

 

Table 6. Relationship between recent chemotherapy (within 1 month of PET) 

and discordancy between PET and SS SE-EPI on a per patient basis (A) and 

on a per lesion basis (B) 

A 

Chemotherapy within 1 month of PET 

yes no 

discordancy (more lesions on SS SE-EPI) 5 10 

concordancy (same number of lesions on SS SE-

EPI) 

2 7 

B 

Chemotherapy within 1 month of PET 

yes no 

discordancy (false negative PET) 14 16 

concordancy (true positive PET) 12 35 
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Effect of recent chemotherapy 

Patients who had recently received chemotherapy were more 

likely to have more lesions identified on unenhanced SS SE-EPI than 

on PET, but the difference was not significant (Table 6). 

 

Effect of lesion size 

Lesion detection was analyzed according to lesion size (Table 

5). PET sensitivity drops with decreasing lesion size, from 100% in 

FLLs larger than 20 mm (identical to that of unenhanced SS SE-EPI), 

over 54% in FLLs between 10 and 20 mm (p = 3.10-5 versus 

unenhanced SS SE-EPI), to 36% in FLLs smaller than 10 mm (p = 

1.10-4 versus unenhanced SS SE-EPI). This drop in sensitivity is 

significant both for FLLs smaller versus those larger than 10 mm 

(p=6.10-3) and for FLLs smaller versus those larger than 20 mm 

(p=0).  The sensitivity of MRI without SS SE-EPI drops less 

spectacularly from 100% in FLLs larger than 20 mm (identical to that 

of unenhanced SS SE-EPI), over 97% in FLLs between 10 and 20 

mm (almost identical to that of unenhanced SS SE-EPI), to 68% in 

FLLs smaller than 10 mm (p = 0.02 versus unenhanced SS SE-EPI). 

The decrease in sensitivity of MRI without SS SE-EPI is significant for 

FLLs smaller versus those larger than 10 mm (p=5.10-4), but not for 

FLLs smaller versus those larger than 20 mm. Using SS SE-EPI for 

lesion detection, the b=10s/mm2-value images were most useful. 

 

DISCUSSION  

This preliminary study shows that  MRI is superior over FDG-

PET/CT for detecting LMs in colorectal carcinoma, especially small 

ones. Several factors contribute to the higher sensitivity of MRI 

compared with FDG-PET/CT. First, the spatial resolution of MRI is 

higher than that of FDG-PET. Second, the better contrast allowed by 

136



Chapter 6 

 137

SS SE-EPI improves the sensitivity over that obtained by SPIO-

enhanced MRI. Third, the lower sensitivity of FDG-PET/CT in this 

study is in part accounted for by the effects of recent chemotherapy, 

which, when effective, decreases FDG uptake in liver metastases. 

Although it could be argued that the inclusion of patients after 

chemotherapy has introduced a bias in the present study, the need 

to reassess LMs after chemotherapy arises frequently in clinical 

practice, in particular in patients being considered for liver surgery or 

radiofrequency ablation.  

Image quality of the SS SE-EPI was always good, as was 

documented in earlier studies [6]. Low b-values were used with the 

SS SE-EPI sequence and half a litre of water was taken in by the 

patients just before the start of the MRI examination (starting with 

SS SE-EPI), to reduce air in the stomach and duodenum. This 

strategy clearly reduced susceptibility artifacts allowing good image 

quality, even in the left liver lobe. 

The 61% sensitivity of PET/CT for detecting LMs in the 

present study, is in the lower range of published results. Eleven 

studies of PET for detecting LMs from colorectal cancer have reported 

lesion-by-lesion sensitivities ranging from 65 to 94% [8,20-29].The 

rather low sensitivity found in the present study can be explained in 

part by the relatively large number of small (<10mm) LMs (29%). In 

the studies mentioned before, PET was also found to have low 

sensitivity for detecting LMs less than 10 mm. Recent chemotherapy 

in 42% of the patients may have lowered the sensitivity in our study 

as well, although we could only show a statistically significant 

decrease in sensitivity for lesions in patients who had undergone 

chemotherapy over the last month before their PET/CT. Rappeport et 

al. also showed a decline in PET sensitivity in patients with 

chemotherapy within 1 month before PET [5]. 
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Only few studies have compared FDG-PET with MRI. 

Rappeport et al. [5] compared FDG-PET/CT with MRI and CT in 35 

patients suspected of LMs from colorectal cancer. Global sensitivity 

of PET in this study was 66%, comparable with the 61% in our 

study. In the Rappeport study, FDG-PET only detected one out of 19 

(5%) LMs smaller than 10 mm, whereas in our study it detected 8 of 

22 (36%). For MRI, Rappeport et al. found a global sensitivity of 

82%. In our study, the sensitivity for SS SE-EPI was 100% and that 

for MRI without SS SE-EPI 90%. In clear distinction to our results, 

Rappeport et al. found PET was more specific than SPIO-enhanced 

MRI. The PPV of PET on a per-lesion basis was 97% in the Rappeport 

study, whereas for MRI the PPV was only 87%. In our study, PPV 

was 100% for both modalities. Rappeport et al. [5] did not include 

3D T1-weighted sequences as we did, but 2D sequences for dynamic 

images. This may have influenced the detection and characterization 

of LMs by MRI. 

Sahani et al. [30] retrospectively compared mangafodipir 

trisodium-enhanced MRI of the liver and whole-body FDG-PET within 

a 6-week interval in 27 patients with adenocarcinoma of the colon 

and 7 with adenocarcinoma of the pancreas. They used a reference 

standard similar to ours: surgery in most cases, follow-up imaging in 

others. On a per patient basis these authors found a sensitivity for 

PET of 100%, comparable with our 96% and a PPV for PET of 90%, 

less than the 100% in our study. Global sensitivity of PET on a per 

lesion basis in their study was 67%, again comparable with the 61% 

in our study. For FLLs smaller than 10 mm, sensitivity dropped to 

36%, as in our study. Unlike our study, however, Sahani et al. found 

some additional LMs at surgery, resulting in a sensitivity of only 81% 

for MRI. Moreover, some lesions found at MRI turned out not to be 

LMs, resulting in imperfect specificity and a PPV of 90% for MRI in 
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the study of Sahani et al, in contrast to the 100% PPV in our study. 

The different MRI sequences used by Sahani et al. may account for 

these differences between their results and ours. 

The size of our patient sample was rather small. This was 

partly caused by logistic difficulties in obtaining pretreatment MRI 

and FDG-PET/CT within a period of 3 weeks. This constraint, 

however, was felt necessary to minimize growth of LMs between the 

different imaging studies. Our sensitivity estimates may be biased, 

by the fact that FLLs on imaging were used to select patients for 

operation and by limitations of intra-operative findings or imaging 

follow-up. Still, most patients were operated on with histologic 

correlation of the lesions. Sensitivity of PET may have been lowered 

by previous or ongoing chemotherapy; although this reflects the real 

situation in this setting, the sensitivity of PET in chemotherapy-naive 

patients will be higher. Since this study focused on LMs, we have 

chosen to analyse the PPV rather than the specificity of the imaging 

methods.  

The CT protocol used with PET was not optimized for 

detecting LMs, since CT was primarily used for anatomic reference 

and for attenuation correction [21]. Futhermore the CT part of the 

PET/CT system was only 4 slices. Therefore, a further comparison of 

PET and MRI with stand-alone CT for detecting LMs, was not deemed 

fair on the data from this study. 

In conclusion, this prospective study shows that MRI, 

particularly with use of unenhanced SS SE-EPI, has good sensitivity 

as well as PPV for detecting LMs from colorectal carcinoma. MRI 

outperforms FDG-PET in this setting, in particular for small (<10mm) 

LMs. The results of this study suggest the decision to perform liver 

resection should be based on MRI. This would limit the role of FDG-
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PET/CT in this setting to detecting extrahepatic disease, as has been 

suggested before [10]. 
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AABBSSTTRRAACCTT  

Objective: To compare lesion conspicuity and image quality 

between Single-Shot Spin Echo Echo Planar Imaging (SS SE-EPI) 

before, immediately and 5 minutes after intravenous (IV) injection of 

SuperParamagnetic IronOxide (SPIO) for detecting and 

characterizing focal liver lesions (FLLs). 

Methods: Twenty-five patients suspected for colorectal liver 

metastases were prospectively included. Lesion detection and 

characterization were compared between all SS SE-EPI and T2-

weighted Turbo Spin Echo (T2w TSE) sets (2-sided Fisher’s Exact 

Test). Image quality and lesion conspicuity were compared for SS 

SE-EPI sets using rank order statistic (RIDIT). Reference standard 

comprised of surgery, biopsy and/or follow-up. 

Results: Reference standard demonstrated 18 benign and 43 

malignant FLLs. Best lesion detection (p<0.05) was achieved with 

non-contrast-enhanced SS SE-EPI. Lesion characterization was 

best using all T2w TSE sequences. Best image quality and lesion 

conspicuity (p<0.05) was achieved with non-contrast-enhanced SS 

SE-EPI. 

Conclusion: Non-contrast-enhanced SS SE-EPI was best for lesion 

detection. SS SE-EPI sequences were not useful for lesion 

characterization (differentiation between benign and malignant 

lesions). Unenhanced SS SE-EPI did not allow differentiation 

especially as many benign FLLs were hyperintense on the highest 

b-value images. Combining unenhanced and SPIO-enhanced SS 

SE-EPI performed better but still was not clinically useful due to 

variable degree of uptake and vascular pooling of SPIO for 

(especially) benign FLLs. T2w TSE with SPIO-enhancement was 

needed for characterization. 
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IINNTTRROODDUUCCTTIIOONN  

For several years, MRI after intravenous (IV)  

SuperParamagnetic IronOxide (SPIO) has been considered the 

most sensitive method for detecting hepatic metastases [1]. In 

the few studies which have compared the different liver specific 

agents, SPIO-enhanced MRI has demonstrated varying degrees 

of superiority, particularly for small lesions [2, 3]. 

More recently, promising results have been reported for 

diffusion-weighted Single-Shot Spin Echo Echo Planar Imaging (SS 

SE-EPI) in the detection of focal liver lesions (FLLs) [4, 5]. In the 

literature, SPIO-enhanced MRI has been proven very useful for the 

detection and characterization of FLLs (e.g. in the evaluation of 

hepatic metastases). Further, EPI sequences are highly sensitive 

for T2*-effects from SPIO. Therefore, the IV injection of a SPIO 

agent (ferucarbotran (Resovist®, Schering, Berlin, Germany)) 

might be useful for detection and characterization of FLLs using SS 

SE-EPI. 

The purpose of this study is to compare SS SE-EPI before, 

immediately after and 5 minutes after IV injection of SPIO in 

detecting and characterizing FLLs. Correlation with histopathology is 

made. 

 

MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

Patients 

From August 2006 to June 2007, 25 consecutive patients 

(mean age 61.0 ± 12.6 years) were included in the study when 

fulfilling following inclusion criteria: patients who were suspected for 

colorectal liver metastases when at screening a new non-cystic FLL 

was detected at Ultrasound (US) and/or Computed Tomography (CT) 

and/or laboratory results showed elevated tumour markers in 
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combination with elevated transaminase levels (ALT >41 U/l for 

male, >31 U/l female patients), elevated alkaline phosphatase >129 

U/l, and elevated bilirubin (total bilirubin > 1.2 mg/dl). Patients were 

excluded when there were contraindications for MRI (e.g. metallic 

implants, pace makers) or for ferucarbotran (e.g. allergy to dextran, 

hemochromatosis). This prospective study was approved by the 

hospital Ethics Committee and written informed consent was 

obtained from all patients. 

 

MRI technique 

A 1.5T MRI whole-body scanner (Intera, Philips Medical 

Systems, Best, The Netherlands) with a 5-elements SENSitivity 

Encoding (SENSE) body phased-array coil was used. In all patients 

MRI was performed including respiratory-triggered T2w TSE (short 

TE, TE=60ms) sequence with fat suppression, respiratory-triggered 

T2w TSE (long TE, TE=350ms) sequence without fat suppression and 

respiratory-triggered SS SE-EPI sequence (EPI set 1) before IV bolus 

injection of SPIO followed by the same SS SE-EPI sequence (EPI set 

2) immediately after the IV injection. The same sequence (EPI set 3) 

was repeated 5 minutes after IV injection of SPIO. Respiratory-

triggered T2w TSE (short TE) sequence with fat suppression was 

repeated 10 minutes after IV injection of SPIO in all patients. 

In all patients 1.4ml of SPIO was administered intravenously 

as a bolus immediately followed by a bolus of 20ml of physiologic 

saline (NaCl 0.9%). Injection of SPIO and saline was performed at 

an infusion rate of 3ml/s using a Spectris MR injector (Medrad, 

Maastricht, The Netherlands). 

An overview of the parameters of the MRI sequences (see 

also table 1) in all patients is displayed below. 
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Table 1. Parameters of the studied sequences 

Parameter SS SE-

EPI 

T2w TSE 

(short TE) 

T2w TSE 

(long TE) 

TR (ms) 1122 777 1343 

TE (ms) 55.83 60 350 

Flip (°) 90 90 90 

Scan plane axial Axial axial 

NSA 4 1 1 

FOV (mm) 305 375 375 

RecFOV (%) 95 70 70 

Matrix scan 160 256 256 

Scan percentage 80 80 80 

Half scan factor 0.6 0.6 0.6 

Act.BW (Hz/pixel) 15.3 415.6 394.6 

ST (mm) 6 6 6 

Slice gap (mm) 0 0 0 

SENSE-factor 2 0 0 

Fat-suppression 

mode 

SPIR SPIR none 

Scan mode Resp.tr. Resp.tr. Resp.tr. 

TR: repetition time, TE: time to echo, NSA: Number of Signal Averages indicates the 

number of times each (acquired) line in k-space is sampled, FOV: Field-of-View, 

RecFOV: rectangular FOV (reduction of the number of phase-encodings to x%), scan 

percentage: is a percentage of phase-encoding values (profiles) of k-space around 

k=0 profile, half scan factor: is a method in which approximately only one half of k-

space in the phase-encoding direction is acquired, Act.BW: actual band width, ST: 

slice thickness, SPIR: SPectral Inversion Recovery, Resp.Tr.: respiratory-triggering. 

 

Details of the respiratory-triggered SS SE-EPI set are as 

follows: b-values of 0, 10, and 400 s/mm2. Foldover direction: right-

left. One stack of 28 slices was performed. The measured voxel size 

was 1.91mm x 2.42mm x 6mm and the reconstructed voxel size was 

1.19mm x 1.19mm x 6mm. Depending on the respiratory efficiency 
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of each patient, the acquisition time for this sequence ranged from 3 

to 5 minutes. Further details of the above mentioned sequences are 

given in table 1. 

Further details of the respiratory-triggered T2w TSE are as 

follows: Foldover direction: antero-posterior. Measured voxel size 

was 1.62mm x 2.32mm x 6mm and reconstructed voxel size was 

0.81mm x 0.81mm x 6mm. 

 

Image analysis 

All patient data were blinded giving each patient an 

anonymous patient label. Then the images were sent to the Picture 

Archiving and Communication System (PACS) viewing stations for 

further evaluation. Liver cysts were not evaluated as they (almost) 

never pose any differential diagnostic problem using MRI. 

 

Lesion detection 

The maximum number of discrete FLLs detected on all MRI 

sequences (including the SS SE-EPI sets) before and after IV 

injection of SPIO was used to determine the total number of discrete 

FLLs. 

 

Lesion detection and characterisation on the SS SE-EPI sets 

For FLL detection each SS SE-EPI set was evaluated 

separately and in random patient order and independently by two 

abdominal radiologists (8 years and 25 years of experience in 

abdominal MRI). All FLLs were assigned a specific liver segment 

using Couinaud’s segmental anatomy. All SS SE-EPI sets (non-CE, 

immediately and 5 minutes post-SPIO) with b-values b=0 s/mm2 

were evaluated separately from SS SE-EPI with b-values b=10 and 
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b=400 s/mm2. The same two abdominal radiologists jointly 

evaluated all images in case of disagreement to reach a consensus. 

Characterization of all FLLs was done using the following 

procedure for differentiating benign and malignant FLLs: 

first SS SE-EPI set 1 (including all b-values) before IV injection of 

SPIO was evaluated. Visual characterization in this study was 

performed as described in a recent paper [6] showing a higher 

diffusion restriction of malignant FLLs compared to benign FLLs. 

Apparent Diffusion Coefficient (ADC) values were not calculated in 

our study. 

 

Then all three SS SE-EPI sets were evaluated: 

*A lesion was considered benign when a FLL detected on the 

b=10s/mm2 displayed decreased conspicuity on the higher b-value 

images or when a FLL was clearly less conspicuous on the SS SE-EPI 

sets after IV injection of SPIO (due to SPIO-uptake or pooling) when 

compared to the non-CE SS SE-EPI set. 

*A lesion was considered malignant when a FLL detected on the 

b=10s/mm2 displayed no decrease in conspicuity (due to lack of 

SPIO-uptake or pooling) was seen in the higher b-value images or 

when a FLL showed persistent conspicuity on the SS SE-EPI sets 

after IV injection of SPIO when compared to the non-CE SS SE-EPI 

set. 

The same two abdominal radiologists jointly evaluated all images in 

case of disagreement to reach a consensus. 

 

Qualitative analysis of the SS SE-EPI sets 

Immediately after lesion detection and characterization 

analysis, the above mentioned abdominal radiologists together 

subjectively rated each SS SE-EPI set (including all b-values) for 
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image quality and lesion conspicuity using a five-point grading scale: 

unacceptable = 1; poor = 2; fair = 3; good = 4; and excellent = 5. 

All SS SE-EPI sets were compared for: 1) lesion conspicuity of all 

FLLs; 2) lesion conspicuity of all benign versus all malignant FLLs; 3) 

lesion conspicuity of all FLLs showing uptake or vascular pooling of 

SPIO versus all FLLs lacking uptake and vascular pooling of SPIO. 

 

Lesion detection and characterisation on the T2w TSE 

sequences 

The remaining (T2w TSE) MRI sequences were evaluated for 

lesion detection and characterization independently and in one 

evaluation session by the same two abdominal radiologists with an 

interval of two weeks between the evaluation of the SS SE-EPI sets 

and the remaining MRI sequences. 

Concerning lesion detection, first the T2w TSE (short and long 

TE) sequences were evaluated. Immediately thereafter, all T2w TSE 

sequences before and 10 minutes after IV injection of SPIO were 

evaluated. The same two abdominal radiologists jointly evaluated all 

images in case of disagreement to reach a consensus. 

Characterization of the FLLs using all T2w TSE sequences 

(without the SS SE-EPI sets) was performed on the basis of typical 

imaging characteristics described in the literature [7-13]. 

 

Concerning the diagnosis of hemangiomas included in this 

study 

The diagnosis could already be made using typical imaging 

appearance comparing unenhanced T2w TSE with short and long TE. 

The diagnosis of hemangioma after injection of ferucarbotran can be 

misleading (but also helpful) due to signal intensity decrease in 
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hemangiomas. However, combination with unenhanced T2-weighted 

imaging did not pose any characterization problems in this study. 

 

Concerning the diagnosis of FNHs and adenomas included in 

this study 

The characterization of FNHs and adenomas is not ideal using 

only T2-weighted imaging. However, in this study typical imaging 

features were seen (areas of bleeding in at least one adenoma in 

each of both patients with adenoma; central scar in at least one FNH 

detected in each of both patients making the diagnosis of the 

remaining lesions more likely). 

 

Concerning the diagnosis of metastases included in this study 

For the diagnosis of (colorectal) liver metastases, the use of 

ferucarbotran is often recommended in the literature and can 

(mostly) be made using only T2-weighted imaging. 

 

Concerning the diagnosis of HCCs included in this study 

According to the new American guidelines (AASLD) the 

characterization of HCC can best be made using CT or MRI combined 

with dynamic imaging (demonstration of arterial enhancement and 

wash-out in the early venous phase) using gadolinium agents (when 

using MRI). 

In this study, diagnosis was made using ferucarbotran which 

is known to have lower T1-enhancement compared to gadolinium 

agents. However, when following the new American guidelines, the 

presence of a (solid) focal liver lesion within a cirrhotic liver is 

already highly suspicious for HCC. This finding combined with (T2-

weighted) characteristics of a heterogenous solid focal liver lesion 

(using T2w TSE with short TE), the important signal intensity 
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decrease of all three lesions using T2w TSE with long TE, the 

presence of multiple (three) comparable liver lesions within one 

patient and lesion heterogeneity persisting after injection of 

ferucarbotran allowed to characterize these three lesions as HCC 

using only T2-weighted imaging. 
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Reference standard 

Surgical findings 

For those FLLs who were operated on, intra-operative 

ultrasound with histologic result was used as the gold standard in 

this study. The findings on the MRI before and after IV injection of 

SPIO were all provided at the time of intra-operative ultrasound 

examination.  

 

Follow-up 

Suspected FLLs who were not operated on, were further 

characterized by biopsy or during follow-up imaging. FLLs were 

considered malignant in case of response (complete or partial) or in 

case of progressive disease along these criteria on follow-up MRI:  

- if a FLL completely disappeared (complete response under 

chemotherapy) 

- if a FLL showed at least 20% decrease of the maximum initial 

diameter or at least 5mm decrease of the maximum initial diameter 

of a FLL (partial response under chemotherapy) 

- if a FLL showed at least 20% increase of the maximum initial 

diameter or at least 5mm increase of the maximum initial diameter 

of a FLL (progressive disease). 

 

Statistical analysis 

2x2 Crosstabulation was used to compare sequences with 

benign/malignant results. Two-sided Fisher’s Exact Test was used to 

statistically evaluate differences in FLL characterization. RIDIT 

analysis was used to statistically evaluate image quality and FLL 

conspicuity. RIDIT analysis was originally developed by Bross [14] 

for the analysis of ordinal data. The null hypothesis is an a priori 

RIDIT of 0.5, which implies a fifty-fifty distribution. The RIDITs were 
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all subtracted by 0.5 to have the mean at zero and multiplied by (-1) 

to have positive values for the promising results. The more positive 

the RIDIT the better the result, the more negative the worse the 

result is for the considered imaging protocol. A RIDIT of zero means 

that the distribution of values of the criterion under consideration in 

the subgroup, is not different from the distribution of values in the 

reference population. A difference was considered statistically 

significant with p<0.05. 

 

RESULTS 

Reference standard 

In total 61 FLLs were detected (table 2) of which 18 benign 

(7 hemangiomas, 6 adenomas and 5 Focal Nodular Hyperplasias 

(FNHs)) and 43 malignant (40 colorectal metastases and 3 

HepatoCellular Carcinomas (HCCs)). The mean diameter ± 

Standard Deviation (SD) of respectively the benign and malignant 

FLLs was 27.5mm ± 21.4mm and 25.0mm ± 18.8mm. 

 

Lesion detection 

In table 2, data for FLL detection using SS SE-EPI sets all b-

values are given. Only for SS SE-EPI set 1 (being the best EPI set 

for FLL detection) data are given separating SS SE-EPI images 

with b-values b=0 s/mm2 from SS SE-EPI images with b-values 

b=10 and b=400 s/mm2. Best lesion detection (p<0.05) was 

achieved with non-CE SS SE-EPI (with exclusion of b=0s/mm2) 

performing better than the combined conventional pre- and post-

SPIO T2w TSE sequences. 

Consensus reading was needed for only two FLLs <10mm 

during evaluation of SS SE-EPI with b-value b=0s/mm2. 
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Table 2. Overview of detected focal liver lesions 

MRI sequences 

Number of 

lesions Sensitivity 

EPI set 1 61 100.00% 

EPI set 1 

(using only b=0s/mm2) 45 73.77% 

EPI set 1 

(using only b=10 and 400s/mm2) 61 100.00% 

EPI set 2 54 88.50% 

EPI set 3 43 70.50% 

NonCE Conv 47 77.00% 

All conv seq 54 88.50% 

All sequences 61 100.00% 

EPI set 1: SS SE-EPI sequence (including all b-values) before IV injection of SPIO; 

EPI set 2: SS SE-EPI sequence (including all b-values) immediately after IV injection 

of SPIO; EPI set 3: SS SE-EPI sequence (including all b-values) 5 minutes after IV 

injection of SPIO; NonCE Conv (non Contrast-Enhanced conventional sequences): 

including T2w TSE (short and long TE) sequences; all conv seq (all conventional 

sequences): including all T2w TSE sequences before and 10 minutes after IV 

injection of SPIO but without the SS SE-EPI sequences. 

 

Lesion characterization 

Results of FLL characterization using the reference standard 

are given in table 3.  

In total 8 patients had follow-up imaging. Follow-up imaging 

was performed in 7 patients suffering from liver metastases (two 

patients also having hemangiomas; follow-up range: 4-10 months, 

mean follow-up period: 7 months, standard deviation: 2.2 months) 

and in one patient suffering from HCC (follow-up: 2 months). Results 

of lesion characterization using the applied MRI sequences in this 

study are given in table 4. 

 

157



SS SE-EPI and T2w TSE 

 158

 

Table 3. Overview of the reference standard used for the characterization of 

all focal liver lesions 

Lesion type Surgery with 

IOUS 

Biopsy FU and/or typ.app. 

Hemangioma  1 (in 1 

patient) 

6 (in 4 patients; 2 patients also 

having metastases) 

Adenoma 1 (in 1 patient)  5 (in 1 patient) 

FNH 5 (in 2 patients)   

Metastasis 17 (in 10 

patients) 

 23  (in 7 patients; progressive 

disease in 3 and regressive 

disease in 4 patients) 

HCC   3 (progressive disease in 1 

patient) 

Number of focal liver lesions is indicated. FU and typ.app.: follow-up imaging and 

having typical imaging appearance. 

 

 

Table 4. Characterization of focal liver lesions 

MRI 

sequences 

Lesion 

characterization not 

feasible 

Lesion 

characterization 

feasible p-value 

EPI set 1 80.30% 19.70% p=1.000 

All EPI sets 45.90% 54.10% p=0.050 

All conv seq 0% 100.00% p=0.000 

EPI set 1: SS SE-EPI sequence (including all b-values) before IV injection of SPIO; 

all conv seq (all conventional sequences): including all T2w TSE sequences before 

and 10 minutes after IV injection of SPIO but without the SS SE-EPI sequences. 

 

Some benign FLLs (4 out of 18) lacking uptake and vascular 

pooling of SPIO (1 Kupffer cell poor adenoma and 1 FNH, 2 sclerous 

type hemangiomas) showed persistent (high) intensity on SPIO-

enhanced imaging. Two out of 43 malignant FLLs (1 metastasis and 
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one HCC) showed uptake and vascular pooling of SPIO. All HCCs in 

this study were detected within a cirrhotic liver. This finding for all 

HCCs was combined with (T2-weighted) characteristics of 

heterogenous solid FLLs (using T2w TSE with short TE), important 

signal intensity decrease of all three HCCS using T2w TSE with long 

TE, the presence of multiple (three) comparable FLLs within one 

patient and lesion heterogeneity persisting after injection of 

ferucarbotran. 

There was full consensus concerning the characterization of 

all FLLs obviating consensus reading for FLL characterization. 

Fisher’s Exact Test 2-sided p-values are given to illustrate 

statistical significance of the results. Lesion characterization was 

significantly better using all (pre- and post-SPIO) T2w TSE 

sequences. 

 

Image quality and lesion conspicuity 

The three SS SE-EPI sets (including all b-values) for image 

quality are compared using Ridit analysis (table 5, fig.1). 

 

Table 5. Image quality of the three SS SE-EPI sequences 

MRI sequences Ridit on Image Quality 

EPI set 1 0.78 

EPI set 2 0.45 

EPI set 3 0.27 

EPI set 1: SS SE-EPI sequence (including all b-values) before IV injection of SPIO; 

EPI set 2: SS SE-EPI sequence (including all b-values) immediately after IV injection 

of SPIO; EPI set 3: SS SE-EPI sequence (including all b-values) 5 minutes after IV 

injection of SPIO. 
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Figure 1. Comparison of the three SS SE-EPI sets for image quality using RIDIT. 

 

The result of all EPI sets (including all b-values) for lesion 

conspicuity of all FLLs is given in table 6 and fig.2. 

 

 

Table 6. Lesion conspicuity of all focal liver lesions 

 

Lesion conspicuity 

Total 1 2 3 4 5 

EPI set 1 0 0 3 31 27 61 

2 0 0 25 19 17 61 

3 6 19 13 4 19 61 

      Total 6 19 41 54 63 183 

Table comparing the number of lesions using five-point grading scale for lesion 

conspicuity. Ridit analysis was used to compare these distributions. 
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Figure 2. Comparison of all SS SE-EPI sets for lesion conspicuity of all focal liver 

lesions using RIDIT. 

 

The result of all EPI sets (including all b-values) for lesion 

conspicuity of all benign versus all malignant FLLs is given in table 

7 and fig.3. 

 

Table 7. Lesion conspicuity of all benign versus all malignant focal liver 

lesions 

benign=1 or 

malignant=2   

Lesion conspicuity 

Total 1 2 3 4 5 

1 EPI set 1 0 0 0 1 17 18 

2 0 0 13 3 2 18 

3 5 8 4 0 1 18 

Total 5 8 17 4 20 54 

2 EPI set 1 0 0 3 30 10 43 

2 0 0 12 16 15 43 

3 1 11 9 4 18 43 

Total 1 11 24 50 43 129 

Table comparing the number of lesions using five-point grading scale for lesion 

conspicuity. Ridit analysis was used to compare these distributions. 
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Figure 3. Comparison of all SS SE-EPI sets for lesion conspicuity of all benign 

versus all malignant focal liver lesions using RIDIT. 

 

 

Table 8. Lesion conspicuity of all focal liver lesions with and without 

uptake of SPIO 

No uptake of 
SPIO=0; 
uptake of 
SPIO=1 

  

Lesion conspicuity 

Total 1 2 3 4 5 

0 EPI 

set 

1 0 0 3 31 11 45 

2 0 0 12 16 17 45 

3 1 11 10 4 19 45 

Total 1 11 25 51 47 135 

1 EPI 

set 

1 0 0 0 0 16 16 

2 0 0 13 3 0 16 

3 5 8 3 0 0 16 

Total 5 8 16 3 16 48 

Table comparing the number of lesions using five-point grading scale for lesion 

conspicuity. Ridit analysis was used to compare these distributions. 
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The result of all EPI sets (including all b-values) for lesion 

conspicuity of all FLLs showing uptake or vascular pooling of SPIO 

(=1) versus all FLLs lacking uptake and vascular pooling of SPIO 

(=0) is given in table 8 and fig.4. 

 

 
Figure 4. Comparison of all SS SE-EPI sets for lesion conspicuity of all focal liver 

lesions showing uptake or vascular pooling of SPIO (=1) versus all focal liver lesions 

lacking uptake and vascular pooling of SPIO (=0) using RIDIT. 

 

A significantly better (p<0.05) image quality and lesion 

conspicuity were achieved with SS SE-EPI set 1 (non-CE SS SE-

EPI) compared with the post-SPIO SS SE-EPI sets. The difference 

in lesion conspicuity is however less pronounced for malignant 

FLLs and for FLLs lacking uptake and vascular pooling of SPIO 

(fig.5, fig.6). 
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A     B 

C 
Figure 5. A metastatic lesion in 

segment 1 of the liver using SS SE-EPI 

(b=10s/mm2)(before (fig.5a), 

immediately (fig.5b) and 5 minutes 

(fig.5c) post-SPIO) and T2w TSE (short 

TE) before (fig.5d) and 10 minutes 

post-SPIO (fig.5e). In this case, image 

quality is better but lesion conspicuity 

worse for non-CE SS SE-EPI. SS SE-

EPI immediately post-SPIO best 

delineates the liver metastasis from 

the vena cava. 

D     E 
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A 
Figure 6. A liver hemangioma (white 

arrow) showing uptake of SPIO using SS 

SE-EPI (b=10s/mm2) (before (fig.6a), 

immediately (fig.6b) and 5 minutes 

(fig.6c) post-SPIO) and T2w TSE (short 

TE) before (fig.6d) and 10 minutes post-

SPIO (fig.6e). In this case, lesion 

conspicuity worsens using SPIO-enhanced 

SS SE-EPI. The hemangioma is less 

conspicuous on SS SE-EPI with increasing 

time after IV injection of SPIO. The 

hemangioma also is less conspicuous on 

SPIO-enhanced T2w TSE. 

B     C 

D     E 
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DISCUSSION  

This study shows significant superiority of SS SE-EPI set 

without IV injection of SPIO (non-CE SS SE-EPI) for overall detection 

of FLLs only when using other b-values than b=0s/mm2. Using SS 

SE-EPI sets for characterization (differentiation between benign and 

malignant) of FLLs based on the magnitude-images was not 

appropriate in this study. Image quality and lesion conspicuity are 

significantly better using SS SE-EPI without IV injection of SPIO (SS 

SE-EPI set 1) compared with SS SE-EPI sets post-SPIO.  The 

difference in FLL conspicuity is however less pronounced for 

malignant FLLs and for FLLs lacking uptake and vascular pooling of 

SPIO. 

Comparison with previous studies is difficult as there is 

limited literature available. Nasu K. et al. [4]  retrospectively 

compared accuracy of SS SE-EPI with SPIO-enhanced (using 

ferumoxtran) MRI in the evaluation of hepatic metastases. They 

concluded that combined image interpretation with SS SE-EPI and 

T2w TSE and dual-echo T1w GE imaging yielded better accuracy in 

detecting hepatic metastases than did SPIO-enhanced MR imaging. 

Liver hemangiomas were not included in their study. In the present 

study, SS SE-EPI was prospectively examined and compared with 

T2w MRI sequences pre- and post-SPIO for detection of different 

types of FLLs. In our study non-CE SS SE-EPI as a stand-alone 

sequence (excluding b=0s/mm2) performed better than the 

combination of pre- and post-SPIO T2w TSE sequences. 

Kiryu S. et al. [15] studied 14 patients comparing SPIO-

enhanced T2w-TSE imaging and SPIO-enhanced diffusion-weighted 

imaging (DWI) PROPELLER T2w-TSE imaging for detection of liver 

metastases. Both sequences were comparable concerning 

detection of 38 metastases 1 cm or larger. Among the 30 
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metastases less than 1 cm, significantly more FLLs were detected 

on SPIO-enhanced DWI PROPELLER T2-TSE than on SPIO-

enhanced TSE. Hepatic resections were performed on all patients. 

Only liver metastases were evaluated for detection. Liver lesion 

characterization was not addressed. 

Mori K. et al. [16] compared diagnostic accuracy of SPIO-

enhanced three-dimensional sensitivity-encoding water-excitation 

multishot echo planar sequence (3D-SWEEP) for detecting hepatic 

metastases compared with T2*w fast field echo (FFE) sequence. 

Signal-intensity decay (SID), tumour-to-liver contrast (TLC), and 

image quality were compared between T2*-weighted FFE and 3D-

SWEEP. Eighty-two metastases were confirmed by histopathology or 

intraoperative ultrasonography (US). SID and TLC were significantly 

greater for 3D-SWEEP than T2*-weighted FFE, although 3D-SWEEP 

had poorer image quality. Mori K. et al. studied liver metastases. 

Liver lesion characterization was not addressed. In our study, SS SE-

EPI and T2w TSE were compared concerning lesion detection and 

characterization. When evaluating malignant FLLs, SPIO-enhanced 

SS SE-EPI sets in our study showed decreased image quality but 

comparable lesion conspicuity when comparing SS SE-EPI sets pre- 

and post-SPIO. 

Naganawa S. et al. [17] studied the detection of malignant 

liver lesions on MultiShot SE-EPI pre- and post-SPIO. Six patients 

with suspected malignant liver lesions were examined. Liver cysts 

and hemangiomas were excluded from their evaluation. Detection of 

malignant liver lesions was improved by SPIO on DWI. Liver lesion 

characterization was not addressed. In our study, non-CE SS SE-EPI 

performed better than SPIO-enhanced SS SE-EPI sets and T2w TSE 

(pre- and post-SPIO) for FLL detection which is in discordance with 

the study of Naganawa S. et al. However, in our study differences in 
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lesion conspicuity comparing SS SE-EPI sets pre- and post-SPIO are 

less pronounced but still SS SE-EPI sets pre-SPIO perform better 

than post-SPIO. 

To our knowledge, this is the first study comparing SS SE-EPI 

sets pre- and post-SPIO for different types of FLLs. The only study in 

the literature comparing SE-EPI pre- and post-SPIO was published 

by Naganawa S. et al [17]. 

For lesion detection, this study shows superiority of SS SE-

EPI sets without IV injection of SPIO (non-CE SS SE-EPI excluding 

b=0s/mm2) for the detection of FLLs. The non-detection of FLLs 

using EPI set 2 or EPI set 3 can be explained by the Kupffer cell 

uptake or vascular pooling of SPIO within some FLLs making these 

less conspicuous on EPI sequences (due to T2*-effects from SPIO). 

Also, image quality decrease in EPI set 2 and EPI set 3 caused by the 

susceptibility effects of SPIO can in part explain the hampered 

detection of FLLs. The difference in FLL conspicuity being less 

pronounced for malignant FLLs and for FLLs lacking uptake and 

vascular pooling of SPIO can be explained by higher lesion-to-liver 

contrast post-SPIO even when dealing with image quality loss. 

For characterization (differentiation between benign and 

malignant) of FLLs SS SE-EPI sets were not appropriate. Some 

benign FLLs lacking uptake and vascular pooling of SPIO (e.g. 

Kupffer cell poor adenomas or FNHs, sclerous type hemangiomas) 

showed persistent (high) intensity on SPIO-enhanced SS SE-EPI sets 

when compared with non-CE SS SE-EPI sets, being compatible with 

malignant FLL characteristics. On the contrary, only rarely a 

malignant FLL showed characteristics that could be mistaken for 

benign FLL characteristics. 

Image quality shows superiority of SS SE-EPI sets pre-SPIO 

compared with SPIO-enhanced SS SE-EPI sets. Image quality 
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decrease is more pronounced on SS SE-EPI sets with increasing 

delay post-SPIO. Decreased image quality using SS SE-EPI sets with 

increasing delay post-SPIO is related to the more pronounced 

susceptibility effects of the SPIO-particles. 

This finding combined with decreasing signal-to-noise ratio 

with increasing delay after IV injection of SPIO can explain the 

hampered detection of some FLLs.The more pronounced 

susceptibility effects using SPIO-particles in combination with 

decreasing signal-to-noise ratio can also explain decreased lesion 

conspicuity when considering all FLLs and benign versus malignant 

FLLs. Comparing table 7 and table 8 shows that FLLs lacking uptake 

and vascular pooling of SPIO have a better conspicuity than FLLs 

showing uptake or vascular pooling of SPIO. Further, overall lesion 

conspicuity of malignant FLLs is better than conspicuity of benign 

FLLs. This can be explained as the majority of FLLs showing uptake 

or vascular pooling of SPIO are benign FLLs.  

The lack of histological proof in many FLLs is a limitation of 

this study and many other studies on this topic. As the best 

reference standard for lesion detection – being IOUS with resection 

and histopathologic correlation - could not be performed in many 

cases, reading of other available imaging examinations and follow-up 

imaging were used as a reference. Therefore, the number of true 

negative and false positive FLLs could not be calculated. 

Consequently the calculation of specificity and Receiver Operating 

 Characteristic (ROC) curve was not performed in this study. 

This study was conducted examining patients who were suspected 

for colorectal liver metastases. In the literature SPIO-enhanced MRI 

has been considered the most sensitive method for detecting 

hepatic metastases [1]. For this reason gadolinium-based 

contrast agents were not used in this study for FLL 
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characterization. The combination of unenhanced and SPIO-

enhanced T2w imaging did not pose any characterization problems in 

this study. The authors of this study agree with the new American 

guidelines for the characterization of focal liver lesions (and HCCs). 

For the purpose of this study however (patients suspected for 

colorectal liver metastases were prospectively included), 

ferucarbotran instead of gadolinium agents were used. 

Another disadvantage in this study is the absence of 

analysis for FLL detection in correlation with FLL size. The scope 

of this study concerning FLL detection is overall detection. 

Further, an analysis of FLL detection with correlation to FLL size 

has been performed previously [18]. For characterization of 

FLLs, ADC values were not calculated in our study. In the 

literature ADC values are calculated using different sets of b-

values making accurate comparison between studies impossible. 

EPI sequences are extremely sensitive to susceptibility of iron oxide 

particles (SPIO). Other authors have performed EPI sequences 10 

minutes after SPIO injection, but we choose to perform the last EPI 

sequence already 5 minutes after IV injection of ferucarbotran. This 

is to avoid extreme signal intensity loss and suboptimal contrast-to-

noise levels of the liver parenchyma, which in our personal 

experience is a limitation of EPI sequences performed after 10 

minutes.  

In conclusion, this preliminary study provides evidence that 

SS SE-EPI performs better in FLL detection compared with 

unenhanced and SPIO-enhanced T2w TSE. Non-CE SS SE-EPI (using 

b=10 and 400s/mm2) performs better than SPIO-enhanced SS SE-

EPI for FLL detection. In this study, differentiation between benign 

and malignant FLLs was not useful when using only SS SE-EPI. Using 

only unenhanced SS SE-EPI did not allow differentiation especially as 
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many benign FLLs were still hyperintense on the highest b-value 

images. Combining unenhanced and SPIO-enhanced SS SE-EPI 

performed better but still was not clinically useful due to variable 

degree of uptake and vascular pooling of SPIO for (especially) benign 

FLLs. The most appropriate combination for the daily practice as a 

consequence of this study is as follows: overall lesion conspicuity 

and overall detection for FLLs are optimized using non-CE SS SE-EPI 

(using b=10 and 400s/mm2), while unenhanced and SPIO-enhanced 

T2w TSE is needed for FLL characterization. 
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AABBSSTTRRAACCTT  

Objective: To prospectively evaluate a new imaging sequence (4D 

THRIVE) for whole liver perfusion in high temporal and spatial 

resolution. Feasibility of parametric mapping and its potential for 

characterizing focal liver lesions (FLLs) are investigated. 

Methods: Fifteen patients suspected for colorectal liver metastases 

(LMs) were included. Parametric maps were evaluated qualitatively 

(ring enhancement and lesion heterogeneity) and compared to 

three-phased contrast-enhanced MRI. Quantitative analysis was 

based on average perfusion values of entire FLLs. Reference 

standard comprised surgery with histopathology or follow-up 

imaging. Fisher’s exact test was used for qualitative and Kruskal-

Wallis test for quantitative analysis. 

Results: In total 29 LMs, 17 hemangiomas and 4 focal nodular 

hyperplasias were evaluated. FLLs could be differentiated by 

qualitative assessment of parametric maps respectively three-

phased contrast-enhanced MRI (Fisher ‘s p <0 .001 for comparisons 

between LMs and hemangiomas and LMs and FNHs for both ring-

enhancement and lesion heterogeneity) rather than by quantitative 

analysis of parametric maps (Chi-square for Kep = 0.33 (p=0 .847) 

and chi-square for Kel = 1.35 (p=0 .509)). 

Conclusion: This preliminary study shows potential of 4D THRIVE 

for whole liver imaging enabling calculation of parametric maps. 

Qualitative rather than quantitative analysis was accurate for 

differentiating malignant and benign FLLs. 
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IINNTTRROODDUUCCTTIIOONN  

For detecting and characterizing tumours in abdominal organs 

like the liver, the hepatic purely arterial phase is important [1-3]. For 

conventional contrast-enhanced dynamic liver imaging, the period of 

the hepatic phase will overlap with enhancement of blood coming 

from the portal vein in the duration of a 20-second acquisition time 

[3]. Also, imaging of the portal-venous phase is crucial for 

characterizing focal liver lesions (FLLs) (e.g. ring-enhancement being 

a useful sign to differentiate hemangiomas and metastases)[4]. 

Hence for contrast-enhanced Magnetic Resonance Imaging (MRI) of 

abdominal organs, a precise timing of contrast-enhancement, short 

acquisition times and accurate sampling are crucial. 

To date, reports of liver perfusion at MRI are limited in 

number and vary considerably [5]. Pharmacokinetic analysis of DCE 

MRI has been used in literature to provide a non-invasive 

assessment of hepatic perfusion [6, 7]. DCE MRI has also been used 

for imaging one or some slices throughout the liver parenchyma [8]. 

The presented study introduces a new technique using 

keyhole imaging based T1w CE-MRI of the whole liver in high 

temporal and spatial resolution including automated calculation of 

parametric maps. In a group of patients suspected of colorectal Liver 

Metastases (LMs), the new 4D THRIVE sequence is compared with 

standard three-phased DCE MRI. Implications for the 

characterization of FLLs are examined qualitatively and 

quantitatively. 

 

MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

Patients 

From May 2007 till September 2007, 15 consecutive patients 

(10 female; 5 male, mean age 55.7 ± 10.3 years) suspected for 
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metachronous LMs from colorectal carcinoma at a tertiary referral 

center were included in this study. Patients were included in this 

study when at follow-up for a primary tumour, a new non-cystic FLL 

was detected at ultrasound (US) and/or laboratory results showed 

elevated Carcino-Embryonic Antigen > 3.4 ng/ml for non-smokers, 

>4.3 ng/ml for smokers in combination with elevated transaminase 

levels (ALT >41 U/l for male, >31 U/l female patients),  elevated 

alkaline phosphatase >129 U/l, and elevated bilirubin (total bilirubin 

> 1.2 mg/dl). All patients fasted for 4 hours prior to each MRI 

examination. Patients were excluded when there were 

contraindications for intravenous injection of gadolinium-BOPTA 

(Multihance®, Bracco, Milan, Italy) or for MRI. This prospective 

study was approved by the hospital ethics committee and written 

informed consent was obtained from all patients. 

 

MRI technique 

All images were acquired using a 3.0T Achieva X-series 

scanner (Philips Medical Systems, Best, The Netherlands) and a 6-

element Torso coil. Perfusion imaging was part of a conventional MRI 

examination including T2w TSE with fat-suppression (TR/TE: 

777ms/60ms; matrix: 256mm; slice thickness: 6mm) and in-and-

out-of-phase imaging (TR/TE: 177ms/2.3ms and 4.6ms; matrix: 

256mm; slice thickness: 6mm). 

Perfusion imaging was performed using Four-Dimensional T1-

weighted High Resolution Imaging with Volume Excitation (4D 

THRIVE) as described by Beck [9] was used. This method is based 

on a 3D fat-saturated spoiled turbo gradient echo sequence where a 

fat saturation pre-pulse followed by the acquisition of several profiles 

is combined with 3D dynamic elliptical centric Keyhole, Half Scan 

(partial Fourier acquisition) and Sensitivity Encoding (SENSE) to 

178



Chapter 8 

 179

accelerate the acquisition. The elliptical centric Keyhole method 

consists of dynamically acquiring a limited number of central ky-kz-

space profiles (disk), and sharing the high spatial resolution 

information from a single full data set called reference. To further 

accelerate the technique, an alternating viewsharing technique as 

described in [10] was applied. The central ky-kz disk defined by the 

keyhole percentage hereby is subdivided in three regions, P+, C and 

P-, where P+ and P- cover positive and negative peripheral regions in 

this central disk and C the central region as shown in Fig. 1. The 

central region C is acquired every dynamic scan while regions P+ and 

P- are shared with subsequent dynamic scans according to an 

alternating viewsharing scheme: P+-C-P--C-P+-C-P--C-P+-Ref.  The P- 

and P+ parts from subsequent keyhole scans are shared in the 

reconstruction process. 

 The perfusion sequence parameters were TR/TE= 

2.9ms/1.4ms, turbo factor = 46, FOV 375mm x 280 mm, in-plane 

resolution 2mm, acquisition slice thickness 3mm, reconstruction of 

133 slices of 1.5 mm thickness. Acquisition was transverse, Sense 

factor was 2 in the anterior-posterior direction. The keyhole factor 

was 45% (spatial resolution in phase and slice encoding direction 

was 3.7 mm) and the viewsharing percentage (P+ + C)/(P++C+P-) 

was 55% leading to a total acquisition time of 24.8 % with respect to 

the reference acquisition. 

A first 3D scan of the whole liver was obtained during breath-

hold before injection of contrast agent. During the first four breath-

holds after injection, 3 dynamic scans were performed per breath-

hold - with 2 keyhole acquisitions acquiring only the central 

alternating ky-kz parts, P--C and P+-C, as shown in Figure 1, 

concluded by a reference acquisition, P--C-P+-Ref, that acquires both 

central and peripheral ky-kz parts. During the last two breath-holds 
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1 dynamic scan, P--C-P+-Ref, was performed. This resulted in 15 

dynamic scans in total. The acquisition time of the central part of k-

space was 2.7 seconds and the acquisition time of the reference 

acquisition was 10.8 seconds (10.8s x 45/100 (Keyhole percentage) 

= 4.9s; 4.9s x 0.55 (viewsharing) = 2.7s). This results in an 

acquisition time of 16.2 seconds per breath-hold for the first four 

post-contrast breath-holds, and an acquisition time of 10.8 seconds 

for the remaining two post-contrast breath-holds. 

 

 

Figure 1. A schematic depiction of the alternating viewsharing technique. The 

central ky-kz disk defined by the keyhole percentage is subdivided in three regions, 

P+, C and P-, where P+ and P- cover positive and negative peripheral regions in this 

central disk and C the central region as shown in fig. 1. The central region C is 

acquired every dynamic scan while regions P+ and P- are shared with subsequent 

dynamic scans according to an alternating viewsharing scheme: P+-C-P--C-P+-C-P--

C-P+-Ref.  The P- and P+ parts from subsequent keyhole scans are shared in the 

reconstruction process. 

 

One respiration was allowed between the first two post-

contrast breath-holds and two respirations before the third to fifth 
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post-contrast breath-hold. A longer free breathing period was 

allowed before the last breath-hold. 

One ml/10 kg (0.05 mmol/kg) body weight of gadolinium-

BOPTA (MultiHance®, Bracco, Milan, Italy) was injected as a bolus 

via the cubital vein immediately followed by 20ml of physiologic 

saline (NaCl 0,9%) both at 3ml/s using Spectris MR injector 

(Medrad, Maastricht, The Netherlands). Fluoroscopic imaging was 

used for bolus tracking. Scanning was started when the contrast 

agent was filling the right atrium. 

 

Calculation of parametric maps 

After the MRI examination, anonymous patient labels were 

assigned to each patient for blinded image interpretation. To correct 

for possible misregistration due to non-reproducible breath-hold 

levels, a registration procedure was applied to align all dynamic 

scans to the first one, using the IRTK toolbox [11]. The registration 

procedure was applied selectively in the smallest possible box 

containing the whole liver and the allowed geometrical 

transformations were restricted to rigid body motion 

(rotations/translations). Perfusion quantification was based on the 

two-compartment model initially proposed by Brix G. et al. [12], 

slightly modified for breast [13] and liver [14] applications, and 

simplified by Tofts P. [15] for the case of extremely short bolus 

injection. In this model, tissue is composed of two compartments, 

plasma and interstitial space (or extravascular extracellular space, 

EES). The concentration of contrast agent in plasma is described by 

a mono-exponential decay with a time constant Kel, and the rate of 

contrast agent exchange between plasma and EES is called Kep 

(Kep=Ktrans/ve, [16]). The relative signal increase is assumed to be 

linearly related to the concentration of contrast agent. By fitting 
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equation [17] in reference [15] to our data, we could estimate for 

each voxel Kep, Kel, and an amplitude factor AH which is 

proportional to ve (EES volume fraction) and to the concentration of 

contrast agent in the plasma just after the bolus [15]. 

Pharmacokinetic modeling was implemented on the PRIDE 

workstation (Philips Research Imaging Development Environment) 

based on IDL (Interactive Data Language, ITT Visual Solutions, 

Boulder, CO, USA). 

 

Qualitative analysis of parametric maps; comparison with 

three-phase CE-MRI 

Image analysis was performed by one abdominal radiologist 

(7 years of experience in abdominal MRI). The radiologist did not 

have any other information about patient history, laboratory results, 

findings of other imaging techniques, or final diagnosis during this 

evaluation session. This radiologist first evaluated the routine MRI 

sequences for FLLs. The detected FLLs were assigned a specific liver 

segment using Couinaud’s segmental anatomy. Only FLLs which 

were detected on these sequences were further evaluated. Liver 

cysts were not evaluated in this study as they (almost) never pose 

any diagnostic problem using MRI. 

Kep maps are most suitable for evaluating the arterial status 

of FLLs, therefore they were selected for qualitative analysis. The 

parametric maps were evaluated for the presence or absence of 

ring-enhancement surrounding FLLs and for the presence or absence 

of heterogeneity throughout each entire FLL. Fisher’s exact test was 

used to test for differences between LMs and hemangiomas and LMs 

and FNHs for both ring-enhancement and lesion heterogeneity. 

Calculation of intra-observer variability was performed by kappa-

analysis. 
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To compare the performance of 4D THRIVE-based parametric 

maps with standard three-phased contrast-enhanced MRI (3D 

THRIVE), the same qualitative analysis (ring enhancement and lesion 

heterogeneity) was applied to a subset of the native 4D THRIVE 

series, obtained by keeping only the reference scan (P--C-P+-Ref) 

acquired at the end of breath-holds, while removing the fast keyhole 

scans obtained at the beginning of breath-holds. 

 

Quantitative analysis of parametric maps 

Quantitative evaluation of parametric maps was also 

performed: the above mentioned radiologist drew ROI’s including 

entirely each detected FLL, and the mean Kep and Kel were 

computed in each ROI. Kruskal-Wallis analysis was used for 

quantitative analysis (Kep and Kel) using the lesion type as grouping 

variable. Calculation of intra-observer variability was performed by 

Pearson correlation (no normal distribution of FLLs for Kep and Kel). 

Differences were considered statistically significant when p<0.05. 

 

Reference standard for lesion characterization 

For evaluating LMs, in patients eligible for surgery, 

intraoperative US findings during surgery and histopathologic 

findings were used as reference standard. In all other patients the 

final diagnosis was established by independent reading of all 

available imaging examinations (retrospective and prospective 

analysis of all available imaging studies (US, Computed Tomography 

(CT), MRI) by two radiologists (7 and 14 years of experience in 

abdominal MRI), and follow-up imaging were used. 

For hemangiomas, diagnosis was based on typical findings on 

US, CT, or MRI. Typical lesion characteristics had to be present on at 

least two of three imaging modalities. 

183



4D THRIVE for whole liver imaging 

 184

For Focal Nodular Hyperplasias (FNHs), diagnosis also was 

based on typical findings on US, CT, or MRI. All patients eligible for 

surgery were operated on if indicated. 

 

RESULTS 

All examinations were performed without any adverse events. 

In all cases a complete registration and alignment of all dynamic 

scans to the first one could be performed (see example in fig.2). 

Parametric maps including the whole liver were obtained for all 

patients. 

 

 
Figure 2. The perfusion data before (upper row) and after (lower row) co-

registration to the first dynamic scan of the series. From left to right, same slice 

in dynamic scans 1, 2, 5, 8, 11 and 14., i.e. first dynamic scan of each breath-

hold excluding the delayed breath-hold scan. Before co-registration, slice 

positions are clearly different due to different breath-hold levels. After 

registration, pixel positions in different dynamic scans become comparable, 

hereby allowing calculation of parametric maps. 

 

In total 29 LMs (diameter range: 7mm-50mm, mean 

diameter: 19.2mm ± 12.7mm), 17 hemangiomas (diameter range: 

6mm-29mm, mean diameter: 17.6mm ± 7.3mm) and 4 FNHs 

(diameter range: 8mm-80mm, mean diameter: 34.5mm ± 33.1mm) 

were detected (fig. 3-5). 

 

184



Chapter 8 

 185

 
Figure 3. A liver metastasis in a 68-year-old woman using transverse contrast-

enhanced 4D THRIVE. The reference image using 4D THRIVE in delayed phase (on 

the left) is shown with corresponding automatically calculated Kep map (on the 

right). The parametric map shows the liver metastasis (white arrow) as a 

heterogenous lesion with ring enhancement. Portal vein is indicated with white 

arrowhead. 

 

 

Figure 4. A liver hemangioma in a 56-year-old man using transverse contrast-

enhanced 4D THRIVE. The reference image using 4D THRIVE in the delayed 

phase (on the left) is shown with corresponding automatically calculated Kep 

map (on the right). The parametric map shows the liver hemangioma (white 

arrow) with absent ring enhancement (white arrow). 

 

Five patients were operated on, 7 patients were diagnosed 

having liver hemangiomas on follow-up imaging and 3 patients were 

diagnosed having LMs showing progressive disease on follow-up 

imaging (table 1). 
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Figure 5. An FNH in a 30-year-old woman using transverse contrast-

enhanced 4D THRIVE. The reference image using 4D THRIVE in the delayed 

phase (on the left) is shown with corresponding automatically calculated Kep 

map (on the right). The parametric map shows the FNH as a homogenous 

focal liver lesion with central scar and feeding artery. 

 

 

Table 1. Patient overview giving details on operated lesions, lesions 

diagnosed during follow-up (and lesions showing progressive disease) 

Patient Metastasis Hemangioma FNH 
Surgery 

and IOUS 
Follow-

up 
Progressive 

disease 

1 3   3   
2  7   7  
3  1   1  
4  3   3  
5 9     9 
6  2   2  
7 10     10 
8  2   2  
9 1   1   
10   1 1   
11 2   2   
12   3 3   
13  1   1  
14  1   1  
15 4     4 

Total 29 17 4 10 17 23 
The numbers in columns 2-7 refer to the number of lesions detected (columns 2-4) and 

the number of lesions diagnosed via surgery and IOUS or follow-up imaging. IOUS: 

intraoperative ultrasound. 
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Examples of time-intensity curves in normal liver and LM in 

patient 15 are shown in figure 6. 

 

Qualitative analysis of parametric maps; comparison with 

three-phased CE-MRI 

The results of qualitative evaluation of FLLs using parametric 

maps are given in table 2. Fisher ‘s p <0.001 for the comparison 

between LMs and hemangiomas and LMs and FNHs for both ring-

enhancement and lesion heterogeneity. Kappa = 1 for the two 

readings of ring-enhancement and lesion heterogeneity with p< 

0.001. The qualitative analysis of standard three-phased contrast-

enhanced MRI gave the same results as parametric maps (see table 

2). 

 

 
Figure 6. Time-intensity curves for normal liver (left) and liver metastasis (right). 

Signal intensities are presented as percentage of the local pre-contrast signal 

intensity. 
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Table 2. Number of lesions with or without ring enhancement and

heterogeneity using parametric maps, respectively three-phased contrast-

enhanced MRI images. 

 Ring enhancement Heterogenous lesion 

Lesion present absent present absent 

Metastasis 27 2 25 4 

Hemangioma 0 17 0 17 

FNH 0 4 0 4 

 

 

Quantitative analysis of parametric maps 

The result of quantitative evaluation of FLLs using 

parametric maps (ROI including each lesion entirely) is given in 

table 3. Chi-square for Kep = 0.33 (p=0 .847) and chi-square for 

Kel = 1.35 (p=0 .509). Pearson correlation is 0.995 for Kep and 

0.991 for Kel both with p<0.001. 

 

Table 3. Kep and Kel values (in s-1) 

Kep 

metastasis 

Kep 

hemangioma 

Kep 

FNH 

Kel 

metastasis 

Kel 

hemangioma 

Kel 

FNH 

mean mean mean mean mean mean 

0.102414 0.110824 0.136925 0.007021 0.004388 0.00385 

      

SD SD SD SD SD SD 

0.068696 0.068196 0.099441 0.009386 0.008821 0.001367 

SD: Standard Deviation. 

 

DISCUSSION  

Our study demonstrated the feasibility of whole liver 

perfusion imaging at high temporal and spatial resolution with 4D 

THRIVE, including parametric maps. A statistically significant 

difference between LMs and benign FLLs (hemangiomas and FNHs) 
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was found for qualitative analysis of ring-enhancement and lesion 

heterogeneity using parametric maps. Using whole-lesion ROI 

placement on parametric maps and calculation of averaged Kep and 

Kel, we didn’t observe any difference between LMs, hemangiomas or 

FNHs. A perfect intra-observer variability was found for ring-

enhancement and lesion heterogeneity using qualitative analysis of 

parametric maps. An almost perfect intra-observer variability was 

found for quantitative analysis of parametric maps. 

T1w CE MRI has only rarely been used for liver perfusion 

imaging [14, 18-20]. In most cases, only one to a few slices within 

the liver have been used. The study of White M et al. [21] has 

evaluated the whole liver (3D volume with 36 slices) in humans 

suffering from colorectal LMs. Voxel-based parametric mapping of 

hepatic perfusion index (HPI) was calculated. Regions of abnormal 

perfusion were visualized on HPI maps revealing areas of locally 

increased HPI around colorectal LMs. Their method for MRI voxel-

based parametric mapping of HPI has the potential to demonstrate 

regional variations in perfusion at segmental and subsegmental 

level. Using gentle breathing during dynamic imaging caused 

blurring of HPI maps in a small number of cases. In our study a 

different approach is used. Qualitative analysis showed that presence 

of ring-enhancement and lesion heterogeneity is useful in this study 

to differentiate malignant from benign FLLs. The ring-enhancement 

detected in this study is concordant with locally increased HPI 

extending around the visible margins of known colorectal LMs 

described by White M et al. [21]. In our study the whole liver was 

scanned in higher temporal and spatial resolution resulting in 

parametric maps allowing evaluation of all FLLs. Scanning was 

performed in multiple breath-holds to avoid blurring and phase-

encoding artifacts due to respiratory motion, and the differences in 
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diaphragm level between breath-holds were corrected off-line by 

image registration. 

Jackson A et al. [22] have performed T1w DCE MRI in 

patients suffering from hepatic malignancies. Typical arterial 

enhancement was demonstrated. This was comparable with the 

results of our study, but comparison is difficult as a different 

perfusion model was used. Only two patients with hemangiomas 

were evaluated, making accurate comparison with our data 

impossible. The number of FLLs is not mentioned. 4D THRIVE in our 

study was performed with higher spatial and temporal resolution. It 

is surprising in the study of Jackson A et al. that all dynamic series 

had such a comparable breath-hold level (liver positioning) obviating 

the use of co-registration procedures in most patients. This was not 

the case in our study. Like Jackson A et al., we used a 

pharmacokinetic model with a single vascular input, which is 

appropriate for lesions showing a strong arterial enhancement, but is 

not realistic for normal liver which is perfused mainly with portal 

blood. Unlike Jackson A et al., our model does not rely on measuring 

the arterial input function (AIF). We make instead the hypothesis 

that the AIF has the same shape for all patients (mono-exponential 

decay after bolus) but its decay rate Kel is adjusted individually pixel 

per pixel, as was also done by Scharf J et al. [19]. This choice was 

motivated by the fact that, due to the extensive anatomical coverage 

of our MRI sequence (whole liver), the temporal resolution of our 

data was not high enough for accurate measurement of individual 

AIF, which is known to be complicated also by ROI positioning issues 

and inflow effects [23, 24]. 

To our knowledge this study is the first MR perfusion imaging 

of the whole liver in humans with high temporal and spatial 

resolution allowing calculation of parametric maps. 4D THRIVE offers 
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potential for assessment of the whole liver as part of a routine MRI 

examination. An advantage of 4D THRIVE is that the peripheral part 

is acquired at the end of a breath-hold, with reduced motion artifacts 

in case of (slight) movement. Another advantage from a clinical 

point of view was the ability to scan the whole liver for evaluating 

FLLs. 

Currently, parametric maps still require (non-commercially 

available) specialist software, but they are likely to enter the clinical 

practice because of a number of advantages: they are able to 

spatially match tumour vascular characteristics such as blood 

volume, blood flow, permeability and leakage space, they offer an 

easy visual evaluation of the liver, their calculation can be automated 

for optimal workflow, and they can be acquired repeatedly for follow-

up studies. Furthermore, parametric maps don’t require time-

consuming and observer-dependent ROI placement, and they 

evaluate perfusion parameters locally rather than calculating mean 

perfusion changes in the whole lesion or a part of a lesion. Whole-

lesion ROI assessment may be inappropriate particularly for 

evaluating malignant lesions where heterogeneous areas of 

enhancement are diagnostically important [17, 25-27]. This is 

concordant with the results of our study where quantitative data 

using ROI calculations were not (so) useful to characterize FLL’s, 

while a merely qualitative evaluation of parametric maps was able to 

differentiating malignant from benign FLLs. 

It may appear contradictory that parametric mapping, a 

fundamentally quantitative method, turns out to be more successful 

as a visual inspection tool than as a measure of perfusion 

parameters in this study. However, with further improvements of the 

perfusion maps (e.g. through higher temporal resolution of the 

acquisition sequence and more accurate registration procedures), 
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and more specific ROI placement strategies, parametric maps could 

become useful also as a quantitative tool, especially in follow-up 

studies.   

In our study we considered that the set of reference scans 

from the 4D THRIVE sequence was comparable to a regular three-

phased CE MRI study (3D THRIVE), which could have been 

performed in a separate study. However since acquisitions are 

restricted to breath-holds, compromises need to be made with 

respect to spatial resolution in the 4D THRIVE technique as 

compared to a true 3D THRIVE acquisition. Nonetheless, the 4D 

THRIVE sequence has the advantage of obtaining quantitative data 

for perfusion calculation which is not the case using three-phased CE 

MRI. 

In conclusion, in this preliminary study we show that the 4D 

THRIVE sequence is feasible for perfusion-based T1w CE-MRI and 

allows calculation of parametric maps. The 4D THRIVE sequence 

seems promising for qualitative differentiation of malignant and 

benign FLLs using parametric maps. Once the methodology is 

established, rigorous multi-observer studies including more patients 

will be required to validate perfusion MRI and determine its impact 

on the ability to differentiate malignant from benign FLLs. 
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AABBSSTTRRAACCTT  
Small unilamellar phospholipid vesicles containing the 

phosphatidylethanolamine-diethylene triamine pentaacetic acid 

(PE-DTPA) conjugate as one of the building stones were 

constructed. The ability of these colloids to complex gadolinium 

(III) ions at the surface of both the inner and outer bilayer shell 

was verified using a colorimetric method with Arsenazo III as a 

dye indicator. Upon incubation of these functionalized vesicles with 

magnetoliposomes (MLs), i.e. nanometer-sized magnetite cores 

encapsulated in a phospholipid bilayer, PE-DTPA percolates into 

the ML coat. The PE-DTPA content could be fine-tuned by varying 

the conjugate concentration in the donor vesicles. 

In the experimental conditions applied, up to 500 Gd3+ ions were 

immobilized per ML colloid. 

The resulting ML-Gd3+ complexes might have great potential, e.g. as 

a novel magnetic resonance imaging contrast agent.  
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IINNTTRROODDUUCCTTIIOONN  

Over the last years, the number of applications of 

phospholipid vesicles or liposomes has steadily increased and 

concomitantly new types appeared on the scene [1]. In the late 

1980s, we developed so-called magnetoliposomes (MLs), starting 

from nanometer-sized iron oxide cores which were then individually 

encapsulated by a single phospholipid bilayer [2]. The inner layer 

phospholipids are very strongly chemisorbed onto the iron oxide 

surface [3], thereby rendering these structures far less fragile as 

compared to classical liposomes. In addition, because of the 

presence of the magnetizable magnetite (Fe3O4) core, MLs can easily 

and quickly be captured from solution in a high-gradient magnetic 

field and – if desired – be concentrated. As an innovative application 

in the biotechnological field, we successfully exploited these 

biocolloids to incorporate purified membrane enzymes in the 

phospholipidic capsule and investigated the value of the resulting 

magnetoproteoliposomes as biocatalyst carriers in magnetically-

controlled bioreactors [4]. 

As for classical vesicles, the various types of phospholipids 

that can be used to generate MLs offer the opportunity to do a lot of 

surface chemistry, ultimately leading to functionalized MLs. In this 

context, the covalent attachment of relevant receptor ligands or 

monoclonal antibodies directed towards specific epitopes expressed 

on the cell or tissue surface has become a vast research field, which 

has been mainly explored for targeting purposes [5-8]. For instance, 

functionalized MLs can specifically bind on malignant tissues and 

release, very locally, appropriate drugs originally solubilized in the 

ML coat [9,10]. Also, once attached to a malignant tissue, the MLs 

may induce hyperthermic effects when brought in an alternating 

magnetic field [11]. 
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Besides these therapeutic applications, MLs can also be used 

as a diagnostic magnetopharmaceutical to amplify the contrast 

between adjacent anatomical structures by magnetic resonance 

imaging (MRI). (Detailed information on the principles of MRI can be 

found in Rinck, 2003 [12]). Conventional MRI contrast agents are 

mainly based on either nanoparticulate iron oxides [magnetite 

(Fe3O4) or maghemite (γ-Fe2O3)], or paramagnetic metal chelates 

(mostly gadolinium (III) chelates) [12]. As far as we know, particles 

which combine both types of contrast agent have not yet been 

developed, although in selected experimental conditions, such as 

concentration and applied scan sequence, they might be superior for 

imaging purposes. 

In the present work we focus on the feasibility to incorporate 

phospholipids, derivatized with a metal complexing moiety, into the 

ML coat and to load the resulting nanocolloids with gadolinium ions. 

To this end, we first checked Gd3+ binding to both the outer and 

inner leaflet of PE-DTPA containing vesicles, using Arsenazo as a 

colorimetric indicator dye. PE-DTPA was then incorporated into the 

phospholipidic coating of MLs by incubating vesicles built out of 

variable amounts of PE-DTPA (donors) and MLs, made out of 

common phospholipid types (acceptors). For both vesicle and ML 

constructs, the distribution of PE-DTPA over inner and outer shell of 

the bilayer was assessed. 

  

MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

Materials  

Dimyristoylphosphatidylcholine (DMPC), 

dimyristoylphosphatidylglycerol (DMPG), their dipentadecanoyl-

analogues (DC15:0PC and DC15:0PG) as well as the 

dimyristoylphosphatidylethanolamine-DTPA conjugate (DMPE-DTPA) 
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were from Avanti Polar Lipids (Alabaster, AL, USA). GdCl3. 6H2O, 

DTPA and N-tris(hydroxymethyl)-methyl-2-aminoethane sulfonic 

acid (TES) were purchased from Sigma (Bornem, Belgium). Acros 

Organics (Geel, Belgium) provided the disodium salt of 4,5-hydroxy-

1,3-benzenedisulfonic acid (Tiron). Sodium dodecylsulphate (SDS) 

and Arsenazo III (2,2’-[1,8-dihydroxy-3,6-disulfo-2,7-napthalene-

bis(azo)]dibenzenearsonic acid) were from Merck (VWR, Leuven, 

Belgium). All materials were used as received. 

 

Vesicle preparation 

Small unilamellar vesicles (diameter 20-30 nm) were 

prepared by sonication (MSE 150 Watt ultrasonic disintegrator as 

described earlier [2,13]. Briefly, appropriate amounts of the lipid 

components, dissolved in chloroform or chloroform-methanol 

mixtures, were combined in a temperature controlled sonication vial. 

The solvent was then evaporated in a nitrogen stream and the thin 

lipid film deposited on the vial wall was further dried overnight in a 

vacuum dessicator. TES buffer (5mM, pH 7.0) was then added and, 

to obtain a clear suspension of homogeneous vesicles, the lipid-

buffer mixture was sonicated for 15 minutes at a 18 µ peak-to-peak 

intensity in a probe-tip sonicator (MSE 150-Watt Ultrasonic 

Desintegrator, ⅜” sonication probe), meanwhile keeping the vial at 

25°C. To remove metal dust released from the titanium probe, the 

dispersion was centrifuged for 10 min at 10,000 rpm (SS-34 rotor; 

Sorvall RC-5B Superspeed centrifuge). The supernatant, containing 

the vesicles, was kept at 25°C. 

 

Magnetoliposome preparation and characterization 

MLs were produced as reported previously [13]. Briefly, the 

lipid vesicles were mixed with an aliquot of the magnetic fluid, 
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consisting of  Fe3O4 cores stabilized with lauric acid (concentration of 

the stock solution : 61.08 mg Fe3O4/mL). The lipid/magnetite weight 

ratio equalled 5. Subsequently, the mixture was dialysed (SpectraPor 

no. 2 dialysis tubings, 12-14,000 cut-off; Spectrum Laboratories) for 

3 days against the TES buffer (5mM, pH 7.0), with buffer changes 

occurring every 8 hours. To remove all lipids not associated with the 

iron oxide cores, the incubation mixture was fractionated in a high 

gradient magnetophoresis (HGM) setup. The latter was constructed 

by inserting magnetizable stainless steel fibers in a tubing (Medical 

grade Silastic tubing; 10 cm length; inner and outer diameter 0.078” 

and 0.125”, respectively; Dow Corning Corporation) positioned 

between the two poles of the magnet (Bruker B-E 15, Karlsruhe, 

Germany). The magnetic field within the free space of the magnet 

was 1.5 T; the actual high-gradient field in the filter was not 

measured. Aliquots (0.75 mL) of the sample were pumped by a 

peristaltic pump through the magnetic filter device at a rate of 10 

mL/h, which was then washed with 0.75 mL of TES buffer to remove 

phospholipid vesicles retained in the stainless steel plug by capillary 

forces. Trapped particles were collected by deactivation of the 

magnet and elution from the magnetic filter with the desired volume 

of TES buffer. 

The size of the ML particles was estimated from transmission 

electron micrographs taken with a Zeiss 10CA microscope. To 

visualize the lipid coating layer, the samples were negatively stained 

with 2% uranylacetate. Other data on the physical and magnetic 

properties of the resulting MLs have been reported in previous 

papers [14,15].  
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Quantification of iron, phosphate, Gd3+ and fatty acyl 

moieties 

Fe3O4 concentrations were measured by treating the iron 

oxides with a 37% hydrochloric acid/65% nitric acid (v/v 3/1) 

mixture at 50-60°C until complete dissolution. Then, the samples 

were analysed spectrophotometrically at 480 nm with Triton as 

complexing agent [3]. Phospholipid quantification in the ML 

preparations was done by phosphate analysis with 

phosphomolybdate reagent at 820 nm after destruction of the lipids 

with perchloric acid [16]. 

Concentrations of free gadolinium were determined at 653 

nm, using the Arsenazo III reaction [17]. As the absorbance 

spectrum was found to be pH-sensitive (unpublished observations), 

all measurements were carefully carried out at pH 7.0. In the Gd 

concentration range between 0 and 0.2 mM, the calibration data 

points could be fitted by a 3rd order polynomial function; in the lower 

concentration zone (0 - 26 µM), however, the plot of A653 nm  versus 

Gd concentration was linear (r2 = 0.9993) (not shown). All Gd3+ 

determinations were done within the latter concentration window, if 

need be, after dilution of the sample. At gadolinium concentrations 

higher than 0.2 mM, the arsenazo(III)-Gd complex precipitated 

within the first 30 minutes. 

Time-dependent changes in the fatty acyl composition of the 

membranes were followed by capillary gas-liquid chromatography 

(Mega 8180-O, Carlo Erba, Rodano, Italy) after acid hydrolysis of the 

phospholipids and conversion of the fatty acids into their more 

volatile methyl esters using 10% acetylchloride in methanol [18]. 

Heptadecanoic acid was used as an internal standard. 
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RESULTS 

Gd3+ binding to vesicles containing DMPE-DTPA 

The ability of the DMPE-DTPA conjugate to be incorporated in 

a vesicle membrane as well as its distribution in the inner and outer 

leaflets of the bilayer was first checked. Practically, to generate 

vesicles, 6.84 µmol DMPE-DTPA and 6.84 µmol DMPC are dispersed 

in 24 mL of 5mM TES buffer, pH 7.0, after which the mixture was 

sonicated and 2.4 mL was put in each of a series of 7 tubes. 

Increasing volumes (ranging from 0 to 0.3 mL in 50 µL increments) 

of a 5 mM stock solution of GdCl3 were added to the series of tubes 

and the final volume adjusted to 2.7 mL with TES buffer. After 30 

minutes, 0.3 mL of a 5.5 mM Arsenazo III  solution was added and 

after 15 minutes the A653 nm of the Gd3+-Arsenazo III complex formed 

was measured. Fig. 1▲ shows the absorbances, negated with any 

background light scattering due to a possible clustering of the 

negatively charged vesicles triggered by the trivalent gadolinium 

cations, in particular, if the latter are present in excess with respect 

to the DTPA moieties [19]. However, the contribution of scattering 

assessed by measuring the A653 nm  of control mixtures prepared as 

described above, but using buffer instead of Arsenazo III solution 

was low; for instance, at the highest Gd3+ concentration used (1.5 

µmol Gd3+/3mL) and at 45 min after mixing the trivalent ion with the 

vesicles, the turbidity at 653 nm equalled only 0.025 compared with 

the A653 nm value of 1.557 after addition of Arsenazo III. 

Careful analysis of the data points in Fig. 1▲ shows that they 

can be fitted by two straight lines which intersect at a Gd3+ 

concentration of 0.49 µmol/3mL. This value is approximately 30% 

lower than expected on the basis of the amount of DMPE-DTPA 

initially used to produce the vesicles (0.684 µmol per tube – see 

above). To pinpoint the reason for this (pseudo) inconsistency, a 
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similar experiment to the one described above was performed, but, 

in the initial phase the lipids were sonicated in a TES buffer 

containing 5.66 mM SDS detergent. The corresponding Gd3+ binding 

curve (Fig. 1,X) now shows that the breakpoint in the profile has 

moved to a Gd3+ concentration of 0.71 µmol/3mL, corresponding to 

a Gd3+/DMPE-DTPA molar ratio of about 1.  

 
Figure 1: Fig.1 displays binding of Gd3+ by DTPA, either free (■) or after conjugation 

to DMPE and incorporation into DMPC vesicles in the absence (▲), or presence (X) of 

SDS. Free gadolinium(III) is measured spectrophotometrically using Arsenazo dye at 

653 nm. In each setup the DTPA content (either free or in its derivatized form) is 

identical. The downwards arrow shows the calculated value at which the Gd3+ 

concentration is equal to that of DTPA.  The ♦ data show Gd3+ binding by Arsenazo III 

in the absence of DTPA. All A653 nm values were corrected for light scattering (see 

text). 

 

The shift in the binding features, represented in Fig. 1▲ and 

X, can be explained by the fact that in the absence of SDS, bilayers 

are formed in which, at least in the case of small unilamellar vesicles 

such as those used in the present work, about one-third of the lipid 

molecules, including DMPE-DTPA, reside in the inner shell of the 
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bilayer and, thus, are unavailable for Gd3+ binding. In contrast, in 

the presence of SDS, micelles are probably formed in which all the 

DMPE-DTPA molecules are accessible for Gd3+. This contention is 

further substantiated by the identical binding pattern of Gd3+ to an 

identical amount of the monomolecular, water-soluble, underivatized 

DTPA (Fig. 1■). 

 

Competitive Gd3+ binding to Arsenazo III and DMPE-DTPA 

To examine the reliability of our test for the quantitative 

measurement of the degree of Gd3+ immobilization within the DTPA 

dentate by Arsenazo III (see above), the relative affinity of Gd3+ for 

Arsenazo III and for the DTPA moiety in DMPE-DTPA was 

investigated. Two series of experiments were carried out : in the first 

one, Gd3+ was first complexed with DMPE-DTPA and then mixed with 

Arsenazo III; in the second setup the lanthanide ion was first 

captured by Arsenazo III and then confronted with DMPE-DTPA. In 

practice, for the first approach, increasing volumes (from 0 to 100 

µL; 10 µL increments) of an equimolar DMPC/DMPE-DTPA vesicle 

suspension (DMPE-DTPA concentration : 0.85 mM) were added to 50 

µL of the Gd3+ solution (1mM). After 30 minutes, 60 µL of a 1.2 mM 

Arsenazo III solution was added and the final volume adjusted to 3 

mL with TES buffer, immediately followed by measuring the A653 nm . 

The absorbances as a function of the DMPE-DTPA concentration are 

shown in Fig. 2♦. In the second approach, the Gd-ions (50µL, 1 mM) 

were first incubated for 30 minutes with a slight excess of Arsenazo 

III (60 µL; 1.2 mM), then various amounts of DMPE-DTPA/DMPC 

vesicles (see above) were added, the final volume  adjusted to 3 mL 

with buffer, and the absorbances  measured (Fig 2□). In both cases, 

the A653nm values decrease linearly as the amount of DMPE-DTPA-

containing vesicles increased  and a breakpoint in the profiles is 
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found at an approximately 1/1 molar ratio of Gd3+ (0.050 µmol in 

each tube) to DMPE-DTPA in the outer lipid leaflet (which, as shown 

above, comprises about 70% of the total amount). 

These results prove that Gd3+ complexed by Arsenazo III (2nd 

approach) is still taken up by the DTPA moiety within, at a 

maximum, the initial 5 minutes, and, hence, that the thermodynamic 

affinity of Gd3+ for DMPE-DTPA is at least several orders of 

magnitude larger than that for Arsenazo III (see also the Discussion 

section).  

 

 
Figure 2: Fig.2 displays competition between Arsenazo and DTPA for Gd3+. In the data 

represented by white squares (□), Gd3+ (50 nmol) was first incubated with a slight 

excess of Arsenazo III (72 nmol), then mixed with increasing amounts of DMPE-DTPA 

containing vesicles. In the data represented by black diamonds (♦), 50 nmol Gd3+ was 

first incubated with increasing amounts of DTPA-immobilized vesicles, then mixed with 

Arsenazo (72 nmol). 
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Gd3+ binding to magnetoliposomes containing DMPE-DTPA  

Next, MLs partially coated with DMPE-DTPA were constructed 

and their ability to bind Gd-ions tested. The starting MLs were 

produced as follows : a mixture of 1.80 mL magnetic fluid (61.08 mg 

Fe3O4/mL) and 45 mL preformed DMPC/DMPG vesicles (molar ratio 

9/1; total phospholipid amount : 800 µmol) was dialysed for 3 days 

against 5 mM TES buffer, pH 7.0. Then, it was subjected to high-

gradient magnetophoresis and the MLs eluted from the filter with 

buffer as described in the Methods section. The final volume of the 

ML dispersion obtained equalled 20.9 mL; the phospholipid 

concentration was 4.1 µmol/mL and the phospholipid/magnetite 

(mmol/g) ratio was 0.62. 1.5 mL of this stock solution was incubated 

during 24 hrs with an equimolar amount (with respect to 

phospholipid) of intramembraneously mixed vesicles (1.5 mL) 

composed of DMPC, DMPG and DMPE-DTPA (0.9/0.1/1.0 molar 

ratio). After isolating the MLs (3 ml) in a second HGM cycle, the 

transmission electron micrographs show the typical pattern of a ML, 

i.e. the inner dark iron oxide core with a diameter of about 14 nm 

covered with an electron translucent layer, corresponding to the 

phospholipid bilayer (Fig. 3). Gd3+ binding to the DTPA-functionalized 

MLs (phospholipid concentration : 1.90 µmol/mL) was measured by 

adding, in separate tubes, increasing amounts of Gd3+ to 0.2 mL of  

the ML preparation and then titrating excess, non-bound metal ion 

with Arsenazo III as indicator (see above). 
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Figure 3: Fig.3 displays transmission electron micrograph of 

DMPC/DMPG/DMPE-DTPA MLs stained with 2% uranylacetate. 

The bar represents 100 nm. 

 

The binding profile (Fig. 4 □) shows that part of the DMPE-

DTPA, originally present in the vesicles, had been incorporated in the 

ML population. The break in the binding profile occurs after addition 

of 0.055 µmol of Gd-ions. This value corresponds to about 1/3 of the 

amount of DMPE-DTPA originally present in the vesicles used to 

produce the MLs (i.e. 30% of 1.90 µmol or 0.57 µmol). 

Interestingly, the amount of  DMPE-DTPA in the ML coat can 

easily be fine-tuned by changing the DMPE-DTPA content of the 

donor vesicle population. This is nicely illustrated by the other curves 

in Fig. 4. Starting from vesicles bearing 2 (♦), 5 (■), 10 (▲) and 25 

mol% DMPE-DTPA (X), in all cases the breakpoint in the 

corresponding binding profiles is found at an amount of Gd equal to 

about 1/3 of the DMPE-DTPA, present in the starting donor vesicles. 
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Figure 4: Fig.4 displays gadolinium(III) binding capacity of DMPC/DMPG 

(9/1 molar ratio) MLs containing increasing amounts of DMPE-DTPA : 

(A)  ♦, 2 mol%; ■, 5 mol%; ▲, 10 mol%; (B) X, 25 mol%; □, 50 mol%; 

○, 100 mol%. The absorbance at 653 nm (y axis) is proportional to the 

amount of Gd3+ not bound by the DMPE-DTPA embedded  MLs. Note the 

difference in the scale of the x axes in both panels A and B. 
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The theoretical amounts of Gd3+ needed to reach a 

Gd3+/DMPE-DTPA ratio of 1 under each of the above conditions are 

0.0020, 0.0059, 0.0124 and 0.0341 µmol, respectively. The shape of 

the curve for MLs confronted with pure DMPE-DTPA structures (Fig. 4 

○) shows a bizarre course. Unbound Gd3+ is already detected after 

addition of 0.02 µmol of Gd3+, corresponding to a Gd3+/DMPE-DTPA 

ratio of only 0.16, and, at higher amounts of Gd3+, the binding path 

is irregular. 

 

Kinetics of DMPE-DTPA transfer between vesicle donors and 

ML acceptors 

To assess the rate at which DMPE-DTPA equilibrated between 

vesicles and MLs, the time course of DMPE-DTPA transfer was 

followed at pH 7.0 (5 mM TES buffer) using an equimolar mixture of  

DC15:0PC/DC15:0PG/DMPE-DTPA (0.9/0.1/1.0; molar ratios) donor 

vesicles and preformed DC15:0PC/DC15:0PG (9/1; molar ratios) 

acceptor MLs. In this study,  dipentadecanoyl- , rather than 

dimyristoyl-phospholipids, were used as matrix lipids, since this 

allowed DMPE-DTPA transfer from vesicles to MLs to be followed 

easily by gas-liquid chromatography. Fig. 5 shows the % of DMPE-

DTPA (expressed as % C14) in the ML coat after separating the 

vesicle-ML mixtures by high-gradient magnetophoresis at different 

time intervals. Using this setup, the transfer event occurred too fast 

to follow the kinetics in a quantitative way. Anyhow, within the first 

20 min, the DMPE-DTPA content of the ML population reached a 

steady state, with a plateau value at 0.18, which is equivalent to 

approximately one third of the original amount of DMPE-DTPA in the 

donor vesicles. 
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Figure 5: Fig.5 displays kinetics of DMPE-DTPA transfer from 

DC15:0PC/DC15:0PG/DMPE-DTPA (0.9/0.1/1.0  molar ratios) vesicles to 

DC15:0PC/DC15:0PG (9/1 molar ratios) MLs in 5 mM TES buffer, pH 7.0. The 

concentration of vesicles and MLs, expressed in terms of phospholipid 

content, are equal. ●, DMPE-DTPA enrichment of the ML fraction. 

 

DISCUSSION  

In the present work, aimed at the construction of Gd-coated 

MLs, we fully exploited knowledge obtained in our previous studies 

dealing with disentangling membrane dynamics [20] and production 

of stabilized iron oxide cores [13]. To generate this special type of 

MLs, we indeed started with the classical Fe3O4 cores surrounded 

with a bilayer of phospholipids. In producing MLs, besides DMPC we 

also chose DMPG as a host lipid, since it imparts a negative charge 

to the ML coating, thereby considerably improving the colloidal 
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stability of the contrast agent. The strong chemisorption forces by 

which the inner leaflet phospholipids are adsorbed on the magnetite 

substrate result in a robust coating [2,21], thereby creating a 

biomimetic surface with excellent biocompatibility features [22]. In 

this respect, MLs differ from most iron oxide-based contrast agents 

commonly used today in clinical practice, and which are usually 

coated by dextrans. The latter, indeed, are relatively weakly 

physisorbed, resulting in a slow depletion, especially, if the coating 

material has to be further derivatized by chemical means to produce 

more sophisticated contrast media [23,24]. In addition, following 

parenteral administration, occasionally, allergic or hypersensitivity 

responses have been reported [25]. 

A clearer insight into the envelope surrounding the Fe3O4 core 

was obtained by first studying Gd3+-labeled vesicles.  These 

structures are unique in that the paramagnetic amphiphile (DMPE-

DTPA) is an integral part of the liposome lamella (vide infra). To 

immobilize Gd3+ at the exterior of liposomes, Schwendener et al. 

[26] used a DTPA moiety conjugated with a single lipophilic stearoyl 

chain. However, based on a thorough thermodynamic analysis of the 

partition phenomena of amphiphiles in membranes, Tanford [27] 

calculated that their binding strength for membranes is proportional 

to the length and number of apolar chains and further verified 

experimentally the impact of the underlying so-called ‘hydrophobic 

effect’. In the present work we used a pre-derivatized, highly 

lipophilic, double chain phospholipid and showed that it could be 

successfully incorporated within the membrane of classical vesicles 

and MLs without affecting the integrity of the bilayer. To optimize 

lipid accommodation in the membrane wall, we purposely selected 

dimyristoyl fatty acyl side chains for both the host phospholipids 

(DMPC and DMPG) and the DTPA anchor (see also [28]). The perfect 
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Apart from the strong binding of DMPE-DTPA in the walls of 

lipid bilayer structures, a crucial point in the design of DTPA-lipid 

adducts is that, after its derivatization, the DTPA complexing agent 

must still retain its strong binding capacity for Gd3+. This is of utmost 

importance since, in case of in vivo use, free gadolinium is known to 

be toxic. Non-modified DTPA is potentially octadentate [30], 

resulting in extremely high thermodynamic affinity constants; values 

between 10-20.73 and 10-23.02 M-1 have been reported[17,31,32]. 

These values, however, may be compromised by the covalent 

attachment of the membrane anchor to one or more carboxyl 

group(s) of DTPA, for instance, as done in DTPA-bis-oleate [33,34] 

and DTPA-bis-stearylamide adducts [35]. Within this context a most 

valuable observation was done by Wedeking et al. [32], who 

reported that, in the case of Gd3+-(DTPA-bis-methylamide), in which 

two –COOH groups of the DTPA moiety are blocked, a lower 

thermodynamic equilibrium stability constant is found as compared 

to the value for the non-derivatized Gd-(DTPA)2- complex; the pKass 

values being 16.8 and 22.2, respectively. Since in DMPE-DTPA, only 

one carboxyl group is tackled, it can be anticipated that the Gd3+ 

affinity of the latter will be higher than those for the above-
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accommodation of DMPE-DTPA in vesicular lipid bilayers is in 

accordance with Grants data [19] showing that PE-DTPA forms intact 

sonicated vesicles when mixed at amounts up to 50 wt% with other 

lipids. The reason for the ‘strange’ binding behaviour of Gd3+ to pure 

DMPE-DTPA dispersions (Fig. 4B○) is not clear. A possible 

explanation is that, due to the large volume of the polar headgroup 

of the lipid derivative compared to that of the apolar part, 

dispersions containing solely DMPE-DTPA are not able to adopt a 

bilayer configuration [29], and, possibly, the existing self-assembling 

structure(s) rearrange(s) as Gd3+ binding increases. 
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mentioned bis-derivatives. The exact Kass of Gd3+ for the DTPA 

residue in DMPE-DTPA is difficult to measure, but, as can be deduced 

indirectly from Fig. 2, it will be several orders of magnitude higher 

than that for the Gd3+-Arsenazo III complex, which has been 

reported to be 10-15.85 M-1 [36]. 

In the present experiments, the highest Gd3+ payload per ML 

was achieved starting with a DMPC/DMPG/DMPE-DTPA donor vesicle 

formulation (0.9/0.1/1.0 molar ratios) (Fig.3□). In this study, we did 

not focus on the mechanism of the DMPE-DTPA transfer from the 

vesicle donors to the ML acceptors, but, in view of our earlier work in 

this domain [13,14,20], it is most probable that the lipid conjugate 

first escapes from the vesicle membrane, then travels through the 

aqueous phase and is finally taken up by the ML in a diffusion-

controlled process. Since the outer shell of a highly curved, small 

sonicated vesicle contains about 2,200 lipid molecules (i.e. two-

thirds of the total lipid content) [2], it can be calculated that about 

1,100 DMPE-DTPA molecules reside in the outer leaflet of the vesicle 

donor. As can be deduced from the uneven DMPE-DTPA distribution 

at equilibrium (Fig. 5), thermodynamically unfavourable transbilayer 

flip-flop movements do not occur within the time course of the 

experiment. Thus, in the setup in which equimolar donor vesicles 

and acceptor MLs (expressed in terms of molar lipid content) are 

used (Fig. 3□), solely these 1,100 outer leaflet molecules are able to 

distribute evenly over vesicles and MLs. Ultimately, at equilibrium, 

this means that a Gd3+ density of 550 molecules per particle is 

achieved. If need be, it will probably be quite easy to further 

increase this number, e.g. by increasing the donor/acceptor ratio. 

In conclusion, the main goal of this paper is to deliver a proof 

that it is feasible to construct a corona of lanthanide ions on top of 

nanosized magnetoliposomes. Within the framework of MRI, it is well 
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known that within this category of ions, gadolinium is the most 

efficient perturbant of the nuclear longitudinal relaxation, whereas 

Fe3O4 grains dramatically shorten the nuclear transversal decay rate 

[12,37]. Both physical phenomena are responsible for signal 

generation in MRI. Although it was not the purpose of the present 

paper to study the full potential of the ML-Gd3+ complexes as a MRI 

contrast agent, we propose that in selected experimental conditions 

(e.g. appropriate scan sequence, size of the iron oxide particles and 

their concentration, gadolinium payload, etc…) these biocompatible 

particulates may be of great value in dynamic MRI, in which the 

concentration of the contrast medium changes with time [38,39]. 

Further work in line with this idea is presently going on in our 

laboratory. 
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AABBSSTTRRAACCTT  

Background: Magnetoliposomes have pronounced signal-enhancing 

effect on T1-weighted (T1w) images of the liver which may be 

benefical for demonstrating peri-tumoural vasculature. 

Objective: To correlate peri-tumoural vasculature (ring-

enhancement) surrounding colorectal liver metastases after injection 

of magnetoliposomes using T1-weighted (T1w) imaging with 

histopathology in a rat model.  

Methods: All experiments were approved by the responsible Animal 

Care Committee. Three rats injected with CC531 coloncarcinoma 

cells in the portal vein were imaged at 3T using a small diameter 

four channel coil. The presence of liver metastases, signal intensity 

changes within intrahepatic vessels, peri-tumoural vasculature (ring-

enhancement) surrounding liver metastases on T1w imaging and 

histopathology, and the histopathological distribution of iron particles 

were evaluated. SS SE-EPI and T1w GE sequences were used. 

Images were evaluated qualitatively and MRI findings were 

correlated with histopathology. 

Results: Fifteen liver metastases were present which were all 

detected at MRI (mean diameter 2.4mm (SD 0.8 mm, range 1.5 -

4.7mm)). Ring-enhancement surrounding liver metastases at 

contrast-enhanced T1w GE sequences was present in all liver 

metastases. Correlation with histopathology showed the 

corresponding presence of dilated sinusoids filled with iron particles 

surrounding the liver metastases. 

Conclusion: The blood-pooling of the iron oxide particles within the 

magnetoliposomes was demonstrated with increased hyperintensity 

of vessels after injection of magnetoliposomes. Ring-enhancement 

surrounding the liver metastases was seen on T1w imaging and 

corresponded histopathologically with the presence of iron particles 

222



Chapter 10 

 221

(magnetoliposomes) within the dilated sinusoids surrounding the 

liver metastases. 

  

IINNTTRROODDUUCCTTIIOONN  

The early detection and therapy of liver metastases is of 

utmost importance in patients with cancer. Colorectal cancer is a 

frequent malignant pathology and is one of a few malignant 

tumours in which the presence of limited synchronous liver 

metastases (i.e. occurring at the time of diagnosis of the primary 

tumour) or metachronous metastases (occurring after diagnosis 

of the primary tumour) warrants surgical resection [1]. Exact 

knowledge of the number, size, and regional distribution of liver 

metastases is essential to determine their resectability. To provide 

this information, radiologists have used computed tomography (CT) 

(sometimes) during arterioportography [2, 3] and 

superparamagnetic iron oxide (SPIO)-enhanced magnetic resonance 

imaging (MRI)[4-6]. SPIO-enhanced MRI has high sensitivity that 

matches that of CT during arterioportography and higher specificity 

than that of CT during arterioportography [5, 6]. The primary 

advantage of SPIO-enhanced MRI is that, unlike CT during 

arterioportography, it is noninvasive. SPIO-enhanced MRI is now 

regarded by many physicians as the best available examination 

technique in the evaluation of liver metastases [7]. 

SPIO-particles were originally developed as contrast medium 

for MRI of the liver, where they are administered to improve tumour 

detection at T2-weighted imaging. Intravenously injected SPIO 

particles also shorten the T1 relaxation time. The T1-shortening 

effect is particularly pronounced for ultrasmall SPIO (USPIO) particles 

[8-11]. For the characterization of malignant focal liver lesions ring-

enhancement has already been described as a potential useful sign 
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[12]. In this regards also the blood-pool effect of (U)SPIO particles 

can be useful. Magnetoliposomes are characterized by a higher ratio 

of T1 shortening to T2 shortening, compared with SPIO or USPIO 

preparations that have been studied so far at liver MRI [13]. On the 

basis of these observations, we hypothesized that magnetoliposomes 

can be tailored to have a pronounced signal-enhancing effect on T1-

weighted (T1w) images of the liver. 

In this pilot study, MRI experiments were performed using a 

rat model with CC531 colorectal liver metastases. The effect of 

magnetoliposomes injection for the evaluation of peri-tumoural 

vessels was examined using T1w GE sequences and histopathology. 

This study was performed to provide a proof-of-principle for using 

magnetoliposomes as a useful blood-pool agent for the 

characterization of liver metastases using magnetoliposomes-

enhanced T1w imaging. Especially the evaluation of micrometastases 

(<10mm) are important from a clinical point of view. In this pilot 

study, liver metastases ranging from 1-10mm are included for this 

purpose. 

 

MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

During previous experiments performing MRI on tubes filled 

with different concentrations of magnetoliposomes r1 and r2 values 

were calculated. These values allowed an optimization of the MRI 

sequences and allowed determining an optimal concentration of iron 

particles within the magnetoliposome-vesicles (see appendix). 

All animal experiments were approved by the responsible 

Animal Care Committee. Three rats injected with CC531 

coloncarcinoma cells in the portal vein were imaged at 3T. 
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Animals and Procedures 

Seven male Wag/Rij rats (Harlan, Horst, The Netherlands) 

weighting 250–270g were acclimatized for one week under 

standardized laboratory conditions in a temperature-controlled room 

with 12-h dark/light cycles. Animals were given free access to water 

and standard chow (Hope Farms, Woerden, The Netherlands). All 

experiments performed in this study had been approved by the 

responsible Animal Care Committee. 

1. On day 0 all rats underwent median laparotomy with 

anesthesia as follows:  

Isoflurane (Florene, Abbott Laboratories, Queensborough, United 

Kingdom) anesthesia was used. The rats were placed in an 

anesthesia chamber and exposed to a gas mixture of 0.3 L/min 

oxygen, 0.6 L/min air and 2-4 % isoflurane (total percentage of 

oxygen of about 40%). When the rat was completely relaxed it was 

removed from the chamber and exposed to a gas mixture of 0.75 

L/min oxygen, 1.5 L/min nitrous oxide and 2-2.5 % isoflurane (total 

percentage of oxygen of about 40%). By means of a pain stimulus 

the rat was checked for accurate narcosis. During narcosis the rat 

was placed on a warming blanket to avoid cooling down. 

Then, all rats were injected with a dose of 200.000 CC531 

coloncarcinoma cells in the portal vein for the induction of colorectal 

liver metastases. These CC531 coloncarcinoma cells have been in 

culture for 10 days. The abdomen was closed in two layers using a 

running 4-0 vicryl suture (Ethicon) and the animals were allowed to 

wake up. 

2. On day 10 after injection of the CC531 coloncarcinoma 

cells, before moving to the MRI and before injecting the 

magnetoliposomes, two rats were used for controlling the presence 

of liver metastases. Isoflurane (Florene, Abbott Laboratories, 
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Queensborough, United Kingdom) anesthesia was used for scopic 

evaluation. These two rats underwent a scopic (Karl Storz 

Endoscopy-America Inc., Culver City, Califirnia, United States of 

America) evaluation via an abdominal incision of 1 centimeter. This 

same scopic evaluation was repeated on day 15 as no liver 

metastases were detected during the first scopic evaluation. The 

abdomen was closed in two layers using a running 4-0 vicryl suture 

(Ethicon) and the animals were allowed to wake up. 

3. Just before the start of the MRI experiment, all rats were 

anesthesized with intraperitoneal injection of FFM (0.27 ml/100 gr 

weight: 1 ml Hypnorm (VetaPharma Ltd, Leeds, United Kingdom), 1 

ml Dormicum (Roche bv, Woerden, The Netherlands), 2 ml water (B. 

Braun, Meisungen, Germany)) and subsequently anesthetized by 

inhalation of a mixture of O2/air (1:1 v/v, 2 L/min) containing 2-

2.5% isoflurane (Florene, Abbott Laboratories, Queensborough, 

United Kingdom). Then the rats underwent the MRI experiment. 

 

Contrast Media and Doses 

Magnetoliposomes were produced as reported previously 

[14]. Briefly, the lipid vesicles were mixed with an aliquot of the 

magnetic fluid, consisting of  Fe3O4 cores stabilized with lauric acid 

(concentration of the stock solution : 61.08 mg Fe3O4/ml). The 

lipid/magnetite weight ratio equalled 5. Subsequently, the mixture 

was dialysed (SpectraPor no. 2 dialysis tubings, 12-14,000 cut-off; 

Spectrum Laboratories) for 3 days against the TES buffer (5mM, pH 

7.0), with buffer changes occurring every 8 hours. To remove all 

lipids not associated with the iron oxide cores, the incubation 

mixture was fractionated in a high gradient magnetophoresis (HGM) 

setup. The latter was constructed by inserting magnetizable stainless 

steel fibers in a tubing (Medical grade Silastic tubing; 10 cm length; 
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inner and outer diameter 0.078” and 0.125”, respectively; Dow 

Corning Corporation) positioned between the two poles of the 

magnet (Bruker B-E 15, Karlsruhe, Germany). The magnetic field 

within the free space of the magnet was 1.5 T; the actual high-

gradient field in the filter was not measured. Aliquots (0.75 ml) of 

the sample were pumped by a peristaltic pump through the magnetic 

filter device at a rate of 10 ml/h, which was then washed with 0.75 

ml of TES buffer to remove phospholipid vesicles retained in the 

stainless steel plug by capillary forces. Trapped particles were 

collected by deactivation of the magnet and elution from the 

magnetic filter with the desired volume of TES buffer. 

The size of the magnetoliposome particles was estimated 

from transmission electron micrographs taken with a Zeiss 10CA 

microscope. To visualize the lipid coating layer, the samples were 

negatively stained with 2% uranylacetate. Other data on the physical 

and magnetic properties of the resulting magnetoliposomes have 

been reported in previous papers [15, 16].  

Fe3O4 concentrations were measured by treating the iron 

oxides with a 37% hydrochloric acid/65% nitric acid (v/v 3/1) 

mixture at 50-60°C until complete dissolution. Then, the samples 

were analysed spectrophotometrically at 480 nm with Triton as 

complexing agent [17]. Phospholipid quantification in the 

magnetoliposome preparations was done by phosphate analysis with 

phosphomolybdate reagent at 820 nm after destruction of the lipids 

with perchloric acid [18]. 

In all three rats, 0.75 ml of magnetoliposomes was injected 

immediately followed by 0.5 ml of saline. Both injections were 

performed by hand injection. 
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MRI imaging protocol 

All MRI experiments were performed using the 4-channel 

wrist coil on 3T MRI (Achieva, Philips Medical Systems, Best, The 

Netherlands). The rats were placed in the head coil in the supine 

position. At the start of the MRI protocol, a survey and reference 

scan were performed. Then a SS SE-EPI sequence and a fat-

suppressed T1w 3D GE sequence were used before injection of 

magnetoliposomes (Table 1). Immediately after intravenous manual 

bolus injection of 0.8 cc of magnetoliposomes followed by 0.5ml of 

saline via the tail vein, the T1w GE sequence was performed in the 

arterial and venous phases (FS T1w GE sequence performed at start 

of injection, 1 minute, 3, 5, 10 and 15 minutes after intravenous 

injection of magnetoliposomes). An overview of the applied MRI 

sequences is given in table 1. 

 

Sacrifice of the rats and histopathological analysis 

Immediately after the MRI experiment, all rats were sacrificed 

during anesthesia and bled to death after resection of the liver. 

Then all livers were removed for histopathological 

examination and fixed in 10% buffered formalin for 1 week. All the 

livers were sliced and macroscopically examined by a pathologist 

having 25 years of experience. All metastatic tumours were located 

and the largest tumour diameter was measured. Histological sections 

were made from all metastatic lesions and the surrounding 

parenchyma. The sections were stained with hematoxylin and eosin 

and a pearls iron stain. 
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Table 1. Parameters of the studied sequences 

Parameter BB SS SE-EPI 

sequence 

T1w 3D GE sequence 

TR (ms) 1200 6.0 

TE (ms) 50 2.9 

Flip (°) 90 10 

Scan plane Axial Axial 

NSA 4 4 

FOV (mm) 65 x 65 120 x 120 

Matrix scan 65 x 65 120 x 120 

Scan percentage 100 100 

Half scan factor 1 1 

Act.BW (Hz/pixel) 29.4 289.4 

ST (mm) 4 2 

Slice gap (mm) 0 0 

SENSE-factor (antero-

posterior) 

2 2 

Fat-suppression mode SPAIR; 

SPAIR TR: 

240ms 

SPAIR; 

SPAIR TR: 

181.2ms 

Scan mode Free 

breathing 

Free breathing 

Acquisition time (s) 43.2 79 

Seq.: sequence, TR: repetition time, TE: time to echo, NSA: Number of Signal 

Averages indicates the number of times each (acquired) line in k-space is sampled, 

FOV: Field-of-View, scan percentage: is a percentage of phase-encoding values 

(profiles) of k-space around k=0 profile, half scan factor: is a method in which 

approximately only one half of k-space in the phase-encoding direction is acquired, 

Act.BW: actual band width, ST: slice thickness, SPAIR: SPectral Attenuated Inversion 

Recovery. 
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1B     1C 

1D     1E 
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Figure 1. The presence of 6 histologically proven liver metastases. Fig.1a displays 

all 6 liver metastases (white arrows) using SS SE-EPI (b=10s/mm2). Fig.1b shows 

the corresponding unenhanced T1w GE sequence having low contrast-to-noise and 

showing barely the largest liver metastasis. Fig.1c shows the corresponding 

contrast-enhanced T1w GE sequence (1 minute post magnetoliposomes injection) 

showing the largest liver metastasis (white star) with surrounding ring-

enhancement. Fig.1d (magnification factor 20x) and fig.1e (magnification factor 

200x) show the corresponding histological image at the level of the largest liver 

metastasis. Blue iron stain was used. In the lower part of the figure the liver 

metastasis is shown. Dilated sinusoids with iron particles (magnetoliposomes; blue 

particles in the image) are seen surrounding the liver metastasis (magnification 

factor 20x). The periphery of the liver metastasis is located at the level of the white 

arrow. 

 

Analysis of the MRI findings with histopathological findings 

A visual (qualitative) analysis of the SS SE-EPI and T1w GE 

sequences was performed. 

The SS SE-EPI sequence was evaluated for the detection of 

liver metastases and compared with the (unenhanced and all 

contrast-enhanced) T1w GE sequences concerning liver metastasis 

detection. The detected liver metastases on MRI were correlated 

with histopathology. The T1w GE sequences were also evaluated for 

contrast-enhancement of the intrahepatic vessels and for the 

detection of ring-enhancement surrounding the liver metastases. The 

T1w GE sequences were correlated with the histopathological 

findings to evaluate the potential of magnetoliposomes-enhanced 

T1w GE imaging in characterizing liver metastases. Further the 

histopathological distribution of the iron particles was evaluated. 

 

RESULTS 

The different metastatic lesions showed typical 

histopathological findings of an adenocarcinoma. In the surrounding 

liver parenchyma, an accentuated component of blue staining iron 
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was seen on the pearls stain. Histopathology did not detect any 

additional liver metastases which were not detected by MRI. 

Compared with T1w GE, the SS SE-EPI sequence detected 

the maximum number of liver metastases in all three rats. No 

additional liver metastases were detected using the T1w sequences. 

Unenhanced T1w GE sequences had too low contrast-to-noise ratio 

for appropriate evaluation of the liver metastases. In rat 1, rat 2 and 

rat 3 respectively 8, 5 and 2 liver metastases were detected using 

MRI. SS SE-EPI detected respectively 3 and 2 additional liver 

metastases in rat 1 and rat 2 compared with the T1w sequences. 

The diameter of the detected liver metastases using MRI ranged 

from 1.5mm to 4.7mm (mean: 2.4mm ; SD: 0.8mm). 

All liver metastases detected on MRI were confirmed by 

histopathology. Visual evaluation of the MRI examinations showed 

the appearance of hyperintense signal within the hepatic vessels 

after injection of magnetoliposomes with persisting hyperintense 

signal on the delayed contrast-enhanced T1w sequences. Liver 

metastases were better visualized as hypo-intense lesions using 

contrast-enhanced T1w sequences compared with unenhanced T1w 

sequence. Ring-enhancement surrounding liver metastases was 

present in all detected liver metastases using contrast-enhanced T1w 

GE sequences (Fig.1). Correlation with histopathology (Fig.1) 

showed the corresponding presence of dilated sinusoids filled with 

iron particles surrounding the liver metastases. Neo-angiogenetic 

vessels within the liver metastases were not visualized. 

 

DISCUSSION  

In this study CC531 coloncarcinoma cells were used for our 

rat model as these cells show comparable growth characteristics with 

human coloncarcinoma cells. The results of this study show that 
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magnetoliposomes-enhanced T1w GE sequences can visualize ring-

enhancement at the periphery of the liver metastases. Ring-

enhancement on T1w imaging corresponded with the presence of 

iron particles (blood-pooling of intact magnetoliposomes) within the 

dilated sinusoids surrounding the liver metastases on histopathology. 

Ring-enhancement on T1w sequences was useful for the detection 

and characterization of liver metastases in this study. Unenhanced 

SS SE-EPI was the most accurate MRI sequence for the detection of 

(the smallest) liver metastases. 

In the literature, a commercially available hepato-specific 

contrast agent containing SPIO (ferucarbotran (Resovist®), Bayer 

Schering, Berlin, Germany) has already been used for the 

characterization of colorectal liver metastases [8, 19-21]. Dynamic 

T1w scanning with ferucabotran significantly improves the 

differentiation of benign and malignant focal liver lesions compared 

with unenhanced MRI and T2w MRI pre/post-ferucarbotran alone. 

Clinical studies with dynamic T1w GE demonstrated the presence of 

ring-enhancement surrounding liver metastases. This effect has been 

explained by neovascularity and blood-pool effects of vessels 

surrounding malignant focal liver lesions [12, 22]. 

To further improve the T1-effect of the iron-oxide particles in 

this study, we used smaller iron-oxide particles encapsulated within 

PEGylated magnetoliposomes to avoid phagocytosis and to allow 

blood-pooling. In this study, the injection of magnetoliposomes in 

combination with T1w imaging allowed the characterization of 

colorectal liver metastases by demonstrating typical ring-

enhancement surrounding the liver metastases.  

The persistent hyperintensity on T1w GE of the vessels can 

be explained by the PEGylation of the magnetoliposomes (“stealth- 

magnetoliposomes”) leading to increased blood-pooling. The absence 
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of iron particles within Kupffer cells on histopathology explains the 

absence of phagocytosis of iron particles by the Kupffer cells. 

Absence of iron particles within the Kupffer cells also proves that the 

magnetoliposomes are intact. Thus the presence of iron particles is 

consistent with the presence of intact magnetoliposomes 

(encapsulating the iron particles). Using a blood-pool agent was 

considered important for this study as the purpose was to evaluate 

peri-tumoural vessels. Therefore, migration of the 

magnetoliposomes from the intravascular space to the interstitial 

space was avoided. 

The use of stealth magnetoliposomes using 

magnetoliposomes-enhanced T1w imaging for the detection and 

characterization (demonstration of blood-pooling and ring-

enhancement surrounding liver metastases) of liver metastases has 

never been evaluated before. 

The MRI protocol used in this study consisted of MRI 

sequences that are already used in clinical practice. In this pilot 

study CC531 coloncarcinoma cells were used for our rat model as 

these cells show comparable growth characteristics with human 

coloncarcinoma cells. This will allow easier extrapolation of our 

results for future use of the MRI experiments in oncological patients. 

From table 2 (see appendix) we can see that the ratio of the 

relaxivities r1/r2 at 3.0T is substantially higher for the 

magnetoliposomes than for Resovist®. This means that the 

magnetoliposomes have a stronger T1 effect relative to T2 compared 

to Resovist®. It is also shown that the r1/r2 ratio decreases with 

increasing field strength. Therefore one should be careful to use the 

commonly cited values of r1 and r2 at 0.47T, since most clinical 

scanners operate at 1.5T and 3.0T. It should be noted, however, 

that there is possible error due to potential nonlinear concentration 
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dependencies of the relaxation rates for these large 

magnetoliposomes. The solvent was distilled water and no proteins 

were present like in the case of blood plasma. Proteins may have an 

effect on the relaxation rates due to possible binding of the contrast 

agents and increasing the viscosity of the solvent. 

In this study no magnetoliposomes could be detected within 

the neo-angiogenetic vessels of the liver metastases. This might be 

caused by the rather small calibre of the studied liver metastases in 

this study. Further, the use of a pure (100%) blood-pool agent might 

not be optimal for the detection of these small neo-angiogenetic 

vessels. For the detection of neo-angiogenesis, it might be 

interesting to evaluate other magnetoliposomes with different size 

having blood-pool characteristics but with selective leakage only 

through neo-angiogenetic vessels. This might allow an indirect 

measurement of the amount of neo-angiogenetic vessels. 

In conclusion, the T1-effect and blood-pooling of the iron 

oxide particles within the magnetoliposomes is demonstrated with 

increased hyperintensity of vessels after injection of 

magnetoliposomes. Ring-enhancement surrounding the liver 

metastases is seen on T1w imaging. Ring-enhancement on T1w 

imaging corresponds histologically with the presence of iron particles 

(intact magnetoliposomes) within the dilated sinusoids surrounding 

the liver metastases. Unenhanced SS SE-EPI was the most accurate 

MRI sequence for the detection of (the smaller) liver metastases. In 

future studies it is hoped that optimization of these 

magnetoliposomes will allow transport of magnetoliposomes to (and 

through) the neo-angiogenetic vessels within the liver metastases. It 

is hoped that this pilot study is a first step toward an improved non-

invasive radiological technique for pre-operative evaluation of 

oncological patients. 
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APPENDIX 

Before the start of this in vivo experiment, we determined the 

T1 and T2 relaxation times of several sample tubes with a range of 

concentrations of magnetoliposomes.  The T1 times were determined 

from a standard inversion recovery sequence in a point-resolved 

spectroscopy sequence for a selected 1x1x1 cm3 voxel within each 

sample tube. The MR signal was measured as a function of inversion 

time (TI) and fitted off-line to three parameters of the function which 

described the MR signal recovery. 

)1()( C
TI

BeATIS −−=  

where S(TI) is the MR signal (peak height and peak integral in the 

spectrum) at an inversion time TI, A is the signal at thermal 

equilibrium, B is a factor of 2 under perfect experimental conditions 

when applying a 180 degree RF pulse, and C is the T1 relaxation 

time. The T1 relaxation times were also determined by a Look-Locker 

MR protocol and found to be in excellent agreement with the 

spectroscopy results (unpublished data). 

The T2 times were determined with a point-resolved spectroscopy 

sequence within a 1x1x1 cm3 voxel for each sample tube. The MR 

signal was measured as a function of the echo-time TE and fitted off-

line to three parameters of the function which describes the T2 decay 

CAeTES B
TE

+= −)(   

Where S(TE) is the MR signal (peak height and peak integral of the 

spectrum) at echo-time TE, A is the signal at thermal equilibrium, B 

is the T2 relaxation time , and C is the baseline noise level to which 

the signal decays. 

The repetition time TR in the spectroscopy protocols was chosen 

sufficiently long to prevent saturation effects, usually around 10 s. 
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Relaxivity values for Resovist® and for the magnetoliposomes used 

in this study are given in table 2. 

 

 

TABLE 2. Relaxivity values for Resovist® and for the magnetoliposomes 

Relaxivity  

in water  

[l*mmol-1*s-1] 

Resovist® Magnetoliposome 

(3.0T) 

ref.a  

(0.47T)

ref. b 

(0.47T) 

ref. b 

(3.0T) 

[vesicles] [Fe3O4] 

r1 24.7 20.6 4.6 1205 182 

r2 163.8 86 143 1905 288 

r1/r2 0.151 0.24 0.032 0.633 0.633 

Ref.a: Monograph Resovist, Schering AG, 2002;  Ref.b: Rohrer M, Bauer H, 

Mintorovitch J, Requardt M, Weinmann H. Invest Radiol 2005;40:715-24 
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SSUUMMMMAARRYY  

 The aim of the work summarized in this thesis was to develop 

and evaluate new MRI sequences for improved detection and 

characterization of focal liver lesions, focusing on the detection of 

small (<10mm) focal liver lesions. The results of our research show 

that the SS SE-EPI sequence can be considered the new reference 

standard for detection of focal liver lesions. For characterization of 

focal liver lesions the calculation of D, f and ADClow using SS SE-EPI 

seems promising to decrease liver biopsy procedures in the future. 

The presented 4D THRIVE sequence (for perfusion MRI) and the 

calculated parametric maps can be used to improve characterization 

of focal liver lesions. Further extended animal research has to be 

performed before magnetoliposomes for human usage can be 

developed. The magnetoliposomes-enhanced T1-weighted MRI 

experiments presented in this thesis might have the potential to 

better characterize colorectal liver metastases and to perform follow-

up examinations during treatment. 

 

In chapter 2 a prospective comparison was made between a 

respiratory-triggered (RT) FS T2w TSE and breath-hold (BH) FS T2w 

TSE sequence for the evaluation of focal liver lesions. Both T2w TSE 

sequences were acquired in 40 patients suspected for colorectal liver 

metastases. 

Qualitatively analysis was performed for image quality, lesion 

conspicuity, diagnostic confidence, artifacts using two-tailed 

Wilcoxon signed-ranks test. Quantitative analysis was performed for 

lesion-to-liver CNR using two-tailed Student’s t-test. For 

hemangiomas, the reference standard comprised follow-up imaging. 

In one case tissue diagnosis by percutaneous biopsy was performed 

in one hemangioma. For liver metastases surgery, biopsy and/or 
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follow-up imaging were used as the reference standard. 

Seventy-eight liver metastases and 47 liver hemangiomas 

were detected on both FS T2w TSE sequences. Seven liver 

metastases, two liver hemangiomas <10mm and three liver 

metastases between 10-20mm detected on RT FS T2w TSE were 

only retrospectively detected on BH FS T2w TSE. Qualitatively, RT FS 

T2w TSE performed significantly (p < 0.05) better than BH FS T2w 

TSE concerning image quality, lesion conspicuity, diagnostic 

confidence and artifacts. Mean CNR of all focal liver lesions, mean 

CNR of all focal liver lesions <10mm and mean CNR between liver 

hemangiomas and liver metastases was significantly better using the 

RT sequence compared with the BH sequence. 

We concluded that RT FS T2w TSE performed better than BH 

FS T2w TSE for focal liver lesion detection and characterization in 

this study. 

 

In chapter 3 a diffusion-weighted respiratory-triggered SS 

SE-EPI sequence using four b-values (b=0, b=20, b=300, 

b=800s/mm2) and T2w SS TSE in patients with focal liver lesions 

was prospectively compared. Special interest was on the detection of 

small (<10mm) focal liver lesions. 

Twenty-four patients underwent routine MRI. The five 

sequences (SS SE-EPI using four sets of b-values (b=0, b=20, 

b=300, b=800s/mm2) and T2w SS TSE) were compared 

qualitatively for image quality, lesion conspicuity and artifacts. 

Quantitative analysis was performed for lesion identification and 

lesion-to-liver CNR. Subgroup analyses were performed for 

different types of lesions with different sizes. Sequences were 

compared by RIDIT and Kruskal-Wallis. Reference standard 

comprised surgery and/or follow-up. 
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The reference standard demonstrated 36 biliary cysts, 53 

hemangiomas, 40 metastases. Best image quality (p<0.05) was 

achieved with T2w TSE and best lesion conspicuity (p<0.05) with 

T2w TSE for biliary cysts and SS SE-EPI DWI (b=20s/mm2) for 

liver hemangiomas and liver metastases. Image artifacts were 

lowest (p<0.05) with T2w TSE. T2w TSE was found to be the best 

modality (p<0.05) for identification of biliary cysts and SS SE-EPI 

DWI (b=20s/mm2) for liver hemangiomas and liver metastases. 

The lesion-to-liver CNRs were highest on T2w TSE for biliary cysts 

and SS SE-EPI DWI for liver hemangiomas and liver metastases 

(p<0.05). 

We concluded that SS SE-EPI DWI (especially b-value 

20s/mm2) is a promising technique for detection of small (<10mm) 

focal liver lesions. 

 

In chapter 4 the added value of D, f and ADClow for 

differentiation between liver metastases and liver hemangiomas was 

prospectively examined. These measurements were based on 

respiratory-triggered high-resolution BB SS SE-EPI. 

Twenty-five patients suspected for colorectal liver metastases 

were included in this study. Different b-value images were compared 

for lesion conspicuity, image quality and artifacts using RIDIT and 

Student’s t-test. D, f, and ADClow values were calculated. Pearson 

correlation coefficient was used for comparison of interobserver 

variability. Reference standard comprised surgery, biopsy and/or 

follow-up. 

The reference standard demonstrated a total of 106 focal 

liver lesions (67 metastases and 39 hemangiomas). Best lesion 

conspicuity (p<0.05) was achieved with BB SS SE-EPI (b=0s/mm2 

and b=10s/mm2); best image quality (p<0.05) with b=10s/mm2. 
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Image artifacts were lowest (p<0.05) with b=0s/mm2. Over the 

whole sample, true diffusion coefficient D in liver metastases (Dmet) 

was significantly (p<0.05) lower than true diffusion coefficient D in 

liver hemangiomas (Dhem); perfusion fraction f in liver metastases 

(fmet) and ADC value calculated from the images with no and low 

MPGs (ADClow) in liver metastases (ADClow met) was significantly 

(p<0.05) higher than perfusion fraction f in liver hemangiomas (fhem) 

and ADC value calculated from the images with no and low MPGs 

(ADClow) in liver hemangiomas (ADClow hem). All Pearson correlations 

were statistically significant at a 0.01 level. 

We concluded that BB SS SE-EPI is a useful technique to aid 

in differentiating between liver metastases and liver hemangiomas. 

The calculation of D, f and ADClow provides useful additional 

information for differentiating liver metastases from liver 

hemangiomas. 

 

In chapter 5 a SS SE-EPI using b=0, 10, 150, 400 s/mm2 

was prospectively compared with standard MRI sequences pre- and 

post-SPIO in the detection and characterization of focal liver lesions. 

Patients suspected for metachronous liver metastases from 

colorectal carcinoma were evaluated with special focus on small 

(<10mm) focal liver lesions. 

A total of 25 patients suspected for colorectal liver 

metastases were included. The number of detected focal liver 

lesions was evaluated. Image quality was compared between SS 

SE-EPI sequence and post-SPIO (T1w FS GE, T2w TSE and T2* 

GE) sequences using RIDIT. Focal liver lesion characterization was 

performed for SS SE-EPI and for all standard sequences pre- and 

post-SPIO. Reference standard comprised surgery, biopsy and/or 

follow-up. 
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The reference standard demonstrated 25 liver 

hemangiomas and 70 liver metastases. Best lesion detection 

(p<0.05) was achieved with SS SE-EPI (b=10s/mm2). Best image 

quality (p<0.05) was achieved with post-SPIO T1w GE and T2w 

TSE. Lesion characterization using all standard MRI sequences pre- 

and post-SPIO performed best for lesion characterization 

compared with SS SE-EPI. 

This preliminary study showed the potential of SS SE-EPI as 

a stand-alone sequence for the detection of liver hemangiomas 

and liver metastases when compared with SPIO-enhanced 

imaging. Standard sequences pre- and post-SPIO were needed for 

qualitative lesion characterization. 

 

In chapter 6 a prospective comparison was made between 

FDG-PET/CT and MRI (including unenhanced SS SE-EPI and SPIO-

enhanced MRI) for the detection of colorectal liver metastases. 

Twenty-four consecutive patients with known or suspected 

liver metastases were investigated by both MRI and FDG-PET/CT. 

Histopathology or cross-sectional imaging follow-up were used as a 

reference standard. 

Seventy-seven metastases were detected. In 9 patients, MRI 

and PET/CT gave concordant results. Sensitivities for unenhanced SS 

SE-EPI, MRI without SS SE-EPI and FDG-PET/CT respectively were 

100% (p = 9.10-10 vs PET, p = 8.10-3 vs MRI without SS SE-EPI), 

90% (p = 2.10-7 vs PET) and 60%. PET/CT sensitivity dropped 

significantly with decreasing size, from 100% in lesions larger than 

20 mm (identical to MRI), over 54% in lesions between 10 and 20 

mm (p = 3.105 versus SS SE-EPI), to 32% in lesions under 10 mm 

(p = 6.10-5 versus SS SE-EPI). Positive predictive value of PET and 

MRI was 100%. 
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We concluded that MRI, particularly unenhanced SS SE-EPI, 

has good sensitivity as well as positive predictive value for the 

detection of colorectal liver metastases. Its sensitivity is better than 

that of FDG-PET/CT, especially for small lesions. 

 

In chapter 7 a prospective comparison for lesion conspicuity 

and image quality between SS SE-EPI DWI before, immediately after 

and 5 minutes after IV injection of SPIO in the detection and 

characterization of focal liver lesions was made. For comparison with 

SS SE-EPI concerning lesion detection and characterization, non-CE 

and post-SPIO T2w TSE sequences were additionally performed. 

Twenty-five patients with known focal liver lesions with 

difficulty in characterization using US and/or CT or patients who 

were suspected for colorectal liver metastases were included. 

Lesion detection and characterization using 2-sided Fisher’s Exact 

Test was compared between SS SE-EPI DWI and T2w TSE (for 

both protocols non-CE and post-SPIO). Image quality and lesion 

conspicuity was compared for SS SE-EPI DWI (non-CE and post-

SPIO) sequences using RIDIT. Reference standard comprised 

surgery, biopsy and/or follow-up. 

Reference standard demonstrated different types of benign 

and malignant focal liver lesions (7 hemangiomas, 6 adenomas 

and 5 focal nodular hyperplasias, 40 colorectal metastases and 3 

hepatocellular carcinomas). Best lesion detection (p<0.05) was 

achieved with non-CE SS SE-EPI DWI. Lesion characterization was 

best using T2w TSE. Best image quality and lesion conspicuity 

(p<0.05) was achieved with non-CE SS SE-EPI DWI. 

We concluded that non-CE SS SE-EPI DWI is the most 

accurate sequence for focal liver lesion detection. SS SE-EPI DWI 
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(non-CE and post-SPIO) in this study was not useful for focal liver 

lesion characterization. 

 

In chapter 8 a prospective evaluation of a newly developed 

perfusion imaging sequence (4D THRIVE) using 3T was performed. 

Perfusion imaging of the whole liver in high temporal and spatial 

resolution using 4D THRIVE was evaluated. The characterization of 

focal liver lesions using parametric maps was also evaluated. 

Fifteen patients suspected for colorectal liver metastases 

were included. Qualitative and quantitative evaluation (ROI 

placement including entire focal liver lesions) of the parametric maps 

was performed for all detected focal liver lesions. Reference standard 

comprised surgery with histopathology or follow-up imaging. RIDIT 

analysis was used for the evaluation of qualitative results and two-

tailed student’s t-test for evaluation of quantitative results. 

In total 29 liver metastases, 17 liver hemangiomas and four 

focal nodular hyperplasias were evaluated using 4D THRIVE. 

Qualitative analysis of the parametric maps resulted in significant 

differences in ring enhancement and lesion heterogeneity comparing 

liver metastases with benign focal liver lesions (liver hemangiomas 

and focal nodular hyperplasias). Quantitative analysis of the 

parametric maps comparing liver metastases, liver hemangiomas 

and focal nodular hyperplasias resulted in non-significant differences 

for perfusion parameters Kep and Kel. 

We concluded that 4D THRIVE has the potential for 

perfusion imaging of the whole liver in high temporal and spatial 

resolution enabling the calculation of parametric maps. Qualitative 

evaluation was accurate for differentiating malignant and benign 

focal liver lesions. ROI placement including entire focal liver lesions 
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was not useful for quantitative differentiation of malignant and 

benign focal liver lesions. 

 

In chapter 9 the feasibility to incorporate phospholipids, 

derivatized with a metal complexing moiety, into an ML coat and to 

load the resulting nanocolloids with gadolinium ions was evaluated. 

The main goal of this study was to deliver a proof that it is feasible to 

construct a corona of lanthanide ions on top of nanosized MLs. 

Small unilamellar phospholipid vesicles containing the PE-

DTPA conjugate as one of the building stones were constructed. The 

ability of these colloids to complex gadolinium-III-ions at the surface 

of both the inner and outer bilayer shell was verified using a 

colorimetric method with Arsenazo III as a dye indicator. 

Upon incubation of these functionalized vesicles with MLs, i.e. 

nanometer-sized magnetite cores encapsulated in a phospholipid 

bilayer, PE-DTPA percolates into the ML coat. The PE-DTPA content 

could be fine-tuned by varying the conjugate concentration in the 

donor vesicles. In the experimental conditions applied, up to 500 

Gd3+ ions were immobilized per ML colloid. 

We concluded that it is feasible to construct a corona of 

lanthanide ions on top of nanosized MLs. The resulting ML-Gd3+ 

complexes might have great potential, e.g. as a novel MRI contrast 

agent. 

 

Magnetoliposomes have pronounced signal-enhancing effect 

on T1-weighted (T1w) images of the liver which may be benefical for 

demonstrating peri-tumoural vasculature. In chapter 10 we 

correlated peri-tumoural vasculature (ring-enhancement) 

surrounding colorectal liver metastases after injection of 
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magnetoliposomes in a rat model using T1w imaging with 

histopathology. 

Three rats were injected with CC531 coloncarcinoma cells in 

the portal vein and were imaged at 3T. The presence of liver 

metastases, signal intensity changes within intrahepatic vessels, 

peri-tumoural vasculature (ring-enhancement) surrounding liver 

metastases on T1w imaging and histopathology, and the 

histopathological distribution of iron particles were evaluated. MRI 

findings were correlated with histopathology. 

The diameter of the detected liver metastases using MRI 

ranged from 1.5mm to 4.7mm (mean: 2.4mm ; SD: 0.8mm). Ring-

enhancement surrounding liver metastases was present in all 

detected liver metastases using contrast-enhanced T1w GE 

sequences. Ring-enhancement on T1w imaging corresponded with 

the presence of iron particles (blood-pooling of intact 

magnetoliposomes) within the dilated sinusoids surrounding the liver 

metastases on histopathology. SS SE-EPI detected five additional 

liver metastases compared with the T1w sequences. All liver 

metastases detected on MRI were confirmed by histopathology. 

The blood-pooling of the iron oxide particles within the 

magnetoliposomes was demonstrated with increased hyperintensity 

of vessels after injection of magnetoliposomes on T1w sequences. 

Ring-enhancement on T1w sequences was useful for the detection 

and characterization of liver metastases in this study. Unenhanced 

SS SE-EPI was the most accurate MRI sequence for the detection of 

liver metastases. 
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CCOONNCCLLUUSSIIOONNSS  AANNDD  FFUUTTUURREE  RREESSEEAARRCCHH  

Conclusions 

With the SS SE-EPI sequence described in this thesis for 

examining patients suspected for colorectal liver metastases, an 

improved detection of focal liver lesions is obtained with MRI as 

compared to standard work up. This SS SE-EPI sequence allows for 

detection of focal liver lesions as small as 2-3 mm. The SS SE-EPI 

sequence provides images depicting focal liver lesions as 

hyperintense foci that stand out like beacons against dark-gray liver 

parenchyma. The ability to detect (small) focal liver lesions easily – 

at the start of a liver protocol – makes SS SE-EPI a useful roadmap 

sequence. SS SE-EPI is particularly valuable for staging metastatic 

disease in patients suspected for colorectal liver metastases. Initially, 

SPIO-enhanced sequences (pre- and post-contrast) were included as 

a quality control measure when SS SE-EPI was used. However, the 

BB SS SE-EPI sequence has proved to be so robust that SPIO-

enhanced sequences are no longer considered necessary for focal 

liver lesion detection. SS SE-EPI can therefore be considered as the 

new MRI reference standard for detection of focal liver lesions. 

A relatively higher b-value between 400 and 800s/mm2 

provides more diffusion sensitivity and can therefore aid in lesion 

characterization. With a higher b-value, liver cysts will appear more 

hypointense when compared with liver hemangiomas and solid focal 

liver lesions. For further characterization of small (<10mm) non-

cystic focal liver lesions calculation of D, f and ADClow can be 

performed. Calculating D, f and ADClow for liver metastases and liver 

hemangiomas, true diffusion in liver metastases (Dmet) was lower 

than true diffusion in liver hemangiomas (Dhem); the perfusion factor 

of liver metastases (fmet) was higher than the perfusion factor of liver 

hemangiomas (fhem) and the apparent diffusion coefficient at low b-
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values of liver metastases (ADClow met) was higher than the apparent 

diffusion coefficient at low b-values of liver hemangiomas (ADClow 

hem). For characterization of focal liver lesions the calculation of D, f 

and ADClow seems promising to decrease liver biopsy procedures in 

the future. 

With the 4D THRIVE sequence described in this thesis 

examining patients suspected for colorectal liver metastases, T1-

weighted perfusion imaging of the whole liver with high temporal 

and spatial resolution was performed. The characterization of focal 

liver lesions using qualitative analysis of parametric maps seems 

promising for differentiating malignant and benign focal liver lesions. 

The calculation of perfusion parameters using ROI placement was 

not useful for quantitative differentiation of malignant and benign 

focal liver lesions in the studies performed in this thesis. 

In the rat pilot study described in this thesis examining 3 rats 

injected with human CC531 coloncarcinoma cells, unenhanced SS 

SE-EPI and unenhanced and magnetoliposomes-enhanced T1-

weighted MRI at 3T was performed and correlated with 

histopathology. The blood-pooling of the iron oxide particles within 

the magnetoliposomes was demonstrated. Ring-enhancement 

surrounding the liver metastases was seen on T1w imaging and 

corresponded histopathologically with the presence of iron particles 

(magnetoliposomes) within the dilated sinusoids surrounding the 

liver metastases. Unenhanced SS SE-EPI was the most accurate MRI 

sequence for the detection of liver metastases. 

 

Clinical/radiological aspects 

MRI is increasingly used as the definitive imaging modality 

for the detection and characterization of focal liver lesions [1, 2]. 

Recent developments in MRI technology and the availability of novel 
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MRI contrast agents have resulted in MRI being recognized as the 

pre-operative standard in patients examined for focal liver lesions. 

This thesis describes new MRI developments for improved detection 

and characterization of liver metastases, focusing on the detection of 

small (<10mm) focal liver lesions. According to the studies in this 

thesis SS SE-EPI is considered the new gold standard for detection of 

focal liver lesions improving pre-operative evaluation of patients – 

especially in an oncological setting. Preliminary studies indicate the 

potential using perfusion MRI (4D THRIVE) to perform MRI of the 

whole liver with multiple dynamic (arterial and venous) phases. Its 

impact on the ability to differentiate malignant from benign focal 

liver lesions has to be examined further. The use of 4D THRIVE with 

parametric maps enables spatially matching tumour vascular 

characteristics such as blood volume, blood flow, permeability and 

leakage space. Parametric maps therefore have the advantage that 

they can be used in clinical practice and might also be useful for 

follow-up purposes (e.g. during therapy in an oncological setting). 

The magnetoliposomes-enhanced T1-weighted MRI experiments 

provide the proof-of-principle that magnetoliposomes can be used as 

stealth-magnetoliposomes improving the blood-pooling effect of the 

magnetoliposomes and demonstrating ring-enhancement 

surrounding liver metastases using magnetoliposomes-enhanced T1-

weighted imaging. In this rat pilot study, the potential of 

magnetoliposomes-enhanced T1-weighted MRI to better characterize 

colorectal liver metastases is shown. Further animal experiments are 

needed to evaluate the usefulness of magnetoliposomes-enhanced 

T1-weighted MRI for follow-up examinations during treatment of 

colorectal liver metastases. 

Considering the economically oriented choice for a diagnostic 

imaging technique, it is often debated that MRI is too expensive to 
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screen for liver metastases. However, in cases where no liver 

metastases are visualized but underlying liver metastases are likely 

(e.g. abnormal laboratory results) or a limited number of liver 

metastases are found which are potentially resectable, a staging 

examination using MRI and BB SS SE-EPI seems essential. The cost 

of this additional MRI examination is relatively low considering the 

more accurate pre-operative assessment and more accurate choice 

of expensive therapeutic modalities tailored to the patient’s 

pathologic assessment. 

 

Future research 

Clearly, continuing improvements in imaging are 

allowing liver metastases to be identified at an earlier stage but 

still a different approach is needed to improve the detection of 

liver metastases smaller than 2-3 mm. All liver metastases start 

out as microscopic seedlings which eventually grow to a size 

where they become visible on imaging. The literature on liver 

imaging is generally limited by inadequate methods for 

verifying findings, and in most studies false negative lesions are 

not assessed. This inevitably means that reported sensitivities 

are overestimated and that the true incidence of disease is 

underestimated. Moreover, in more recent studies investigators 

have attempted to judge their results against more rigorous 

reference standards so there has been little if any improvement 

in apparent sensitivities despite continuing improvements in 

imaging techniques. It is also likely that these results continue 

to underestimate the problem of liver metastases in the 

millimeter size range and reported sensitivities remain falsely 

elevated. Even when histological examination of the resected 

liver is used as the 'gold standard' the verification of very small 
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focal liver lesions is questionable since most specimens are 

sectioned at 1 cm intervals. Furthermore, recent follow-up 

studies have confirmed that a proportion of small liver 

metastases are undetected by preoperative imaging and surgery 

with IOUS [1]. Magnetic Resonance Elastography (MRE) is a 

non-invasive method of measuring the visco-elastic properties of the 

liver. MRE allows the measurement of tissue elasticity and tissue 

viscosity, both of which are promising for the non-invasive 

evaluation of human tissues. MRE has shown promise for the 

grading of liver fibrosis [3, 4] and improved characterization of 

breast tumours [5]. Applying this novel MRE technique for the 

characterization of focal liver lesions may be promising. Recently 

MRI has been used to measure Hepatic Perfusion Indices (HPI) 

[6, 7] but the technique remains developmental and the best 

measurement method is still to be determined. Once the 

methodology is established, rigorous multi-observer studies 

will be required to validate the technique and determine its 

impact on patient management. The use of molecular imaging 

techniques for the detection and characterization of liver 

metastases in clinical practice is even more futuristic. 
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SSAAMMEENNVVAATTTTIINNGG  

 Het werk dat in dit proefschrift is samengevat had als doel 

om nieuwe MRI sequenties te ontwikkelen en te evalueren voor een 

verbeterde detectie en karakterisatie van focale leverletsels. In het 

bijzonder werd de aandacht gericht op de detectie van kleine 

(<10mm) focale leverletsels. De resultaten van dit onderzoek tonen 

dat de SS SE-EPI sequentie beschouwd kan worden als de nieuwe 

referentie voor de detectie van focale leverletsels. Voor de 

karakterisatie van focale leverletsels lijkt de berekening van D, f and 

ADClow met behulp van de SS SE-EPI sequentie veelbelovend om het 

aantal leverbiopsies in de toekomst te verminderen. De in dit 

proefschrift voorgestelde 4D THRIVE sequentie (voor perfusie MRI) 

en de berekende parametrische mappen kunnen gebruikt worden om 

de karakterisatie van focale leverletsels te verbeteren. Verder moet 

uitgebreid proefdier-onderzoek worden verricht alvorens 

magnetoliposomen voor menselijk gebruik ontwikkeld kunnen 

worden. De magnetoliposomen-versterkte T1-gewogen MRI 

experimenten die in dit proefschrift worden besproken, beschikken 

mogelijk over het potentieel om colorectale levermetastasen 

(leveruitzaaiingen) beter te karakteriseren en om 

opvolgingsonderzoeken tijdens een behandeling uit te voeren. 

 

 In hoofdstuk 2 werd een prospectieve vergelijking 

uitgevoerd tussen een ademhalings-getriggerde (RT) FS T2w TSE en 

een ademstop (BH) FS T2w TSE sequentie voor de evaluatie van 

focale leverletsels. Beide T2w TSE sequenties werden in 40 patiënten 

die verdacht waren voor colorectale levermetastasen uitgevoerd. 

 Een kwalitatieve analyse werd uitgevoerd met betrekking tot  

beeldkwaliteit, zichtbaarheid van letsels, diagnostisch vertrouwen, en 

artefacten gebruik makend van two-tailed Wilcoxon signed-ranks 
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testen. Een kwantitatieve analyse werd uitgevoerd met betrekking 

tot de contrast-ruis verhouding van letsels ten opzichte van 

leverweefsel met behulp van een two-tailed Student’s t-test. Voor 

hemangiomen werd opvolgingsbeeldvorming als referentie-

standaard gebruikt. Bij één patiënt werd een weefsel-diagnose 

bekomen door een percutane biopsie uit te voeren bij één 

hemangioom. Voor levermetastasen werden chirurgie, biopsie en/of 

opvolgingsbeeldvorming gebruikt als de referentie-standaard. 

 Achtenzeventig levermetastasen en zevenenveertig 

leverhemangiomen werden gedetecteerd met behulp van beide FS 

T2w TSE sequenties. Zeven levermetastasen, twee 

leverhemangiomen <10mm en drie levermetastasen met een 

diameter tussen 10-20mm die gedetecteerd werden op RT FS T2w 

TSE werden enkel retrospectief gedetecteerd op BH FS T2w TSE. 

Vanuit kwalitatief oogpunt presteerde RT FS T2w TSE significant (p < 

0.05) beter in vergelijking met BH FS T2w TSE voor wat betreft 

beeldkwaliteit, zichtbaarheid van letsels, diagnostisch vertrouwen, en 

artefacten. De gemiddelde contrast-ruis verhouding van alle focale 

leverletsels, de gemiddelde contrast-ruis verhouding van alle focale 

leverletsels <10mm en de gemiddelde contrast-ruis verhouding 

tussen leverhemangiomen en levermetastasen was significant beter 

door gebruik te maken van de RT sequentie in vergelijking met de 

BH sequentie. 

 We concludeerden dat de RT FS T2w TSE sequentie beter 

presteerde dan de BH FS T2w TSE sequentie voor de detectie en 

karakterisatie van focale leverletsels in deze studie. 

 

 In hoofdstuk 3 werd een diffusie-gewogen ademhalings-

getriggerde SS SE-EPI sequentie door middel van vier b-waarden 

(b=0, b=20, b=300, b=800s/mm2) en een T2w SS TSE sequentie bij 
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patiënten met focale leverletsels prospectief vergeleken. Er was 

bijzondere interesse voor de detectie van kleine (<10mm) focale 

leverletsels. 

 Vierentwintig patiënten ondergingen een routine MRI 

onderzoek. De vijf sequenties (SS SE-EPI door middel van vier b-

waarden (b=0, b=20, b=300, b=800s/mm2) en T2w SS TSE) 

werden vanuit kwalitatief oogpunt vergeleken voor wat betreft 

beeldkwaliteit, zichtbaarheid van letsels, en artefacten. Een 

kwantitatieve analyse werd uitgevoerd voor de identificatie van 

letsels en voor de contrast-ruis verhouding van letsels ten opzichte 

van leverweefsel. Sub-groep analyses werden uitgevoerd voor 

verschillende soorten letsels met verschillende grootte. Sequenties 

werden vergeleken door middel van RIDIT en Kruskal-Wallis. De 

referentie-standaard betrof chirurgie en/of opvolgingsonderzoek. 

 De referentie-standaard toonde 36 levercysten, 53 

hemangiomen, en 40 metastasen. De beste beeldkwaliteit (p<0.05) 

werd bekomen met T2w TSE en de beste zichtbaarheid van letsels 

(p<0.05) met T2w TSE voor levercysten en SS SE-EPI DWI 

(b=20s/mm2) voor leverhemangiomen en levermetastasen. 

Beeldartefacten waren het kleinste (p<0.05) met T2w TSE. T2w TSE 

was de beste sequentie (p<0.05) voor het identificeren van 

levercysten en SS SE-EPI DWI (b=20s/mm2) voor 

leverhemangiomen en levermetastasen. De contrast-ruis 

verhoudingen van letsels ten opzichte van leverweefsel waren het 

hoogste op T2w TSE voor levercysten en SS SE-EPI DWI voor 

leverhemangiomen en levermetastasen (p<0.05). 

We concludeerden dat de SS SE-EPI DWI sequentie (in het 

bijzonder b-waarde 20s/mm2) een veelbelovende sequentie is voor 

de detectie van kleine (<10mm) focale leverletsels. 
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 In hoofdstuk 4 werd de toegevoegde waarde van D, f and 

ADClow voor het onderscheiden van levermetastasen en 

leverhemangiomen prospectief onderzocht. Deze metingen waren 

gebaseerd op een ademhalings-getriggerde hoge-resolutie BB SS 

SE-EPI sequentie. 

 Vijfentwintig patiënten die verdacht waren voor colorectale 

levermetastasen werden in deze studie geïncludeerd. Verschillende 

b-waarde beelden werden vergeleken voor wat betreft de 

zichtbaarheid van letsels, beeldkwaliteit en artefacten door middel 

van RIDIT en Student’s t-test. D, f, and ADClow waarden werden 

berekend. De Pearson correlatie coëfficiënt werd gebruikt voor de 

vergelijking van de interobserver variabiliteit. De referentie-

standaard betrof chirurgie, biopsie en/of opvolgingsonderzoek. 

De referentie-standaard toonde een totaal van 106 focale 

leverletsels (67 metastasen en 39 hemangiomen). De beste 

zichtbaarheid van letsels (p<0.05) werd bekomen met de BB SS SE-

EPI sequentie (b=0s/mm2 en b=10s/mm2); de beste beeldkwaliteit 

(p<0.05) met b=10s/mm2. Beeldartefacten waren het minst 

aanwezig (p<0.05) met b=0s/mm2. Indien alle letsels als één geheel 

beschouwd werden, dan was de ware diffusie coëfficiënt D voor 

levermetastasen (Dmet) significant (p<0.05) lager dan de ware 

diffusie coëfficiënt D voor leverhemangiomen (Dhem); de perfusie 

fractie f voor levermetastasen (fmet) en ADC waarde die berekend 

werd met behulp van beelden zonder en met lage MPGs (ADClow) 

voor levermetastasen (ADClow met) waren significant (p<0.05) hoger 

dan de perfusie fractie f voor leverhemangiomen (fhem) en ADC 

waarde die berekend werd met behulp van beelden zonder en met 

lage MPGs (ADClow) voor leverhemangiomen (ADClow hem). Alle 

Pearson correlaties waren statistisch significant op 0.01 niveau. 
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We concludeerden dat de BB SS SE-EPI sequentie een nuttige 

sequentie is om te helpen een onderscheid te maken tussen 

levermetastasen en leverhemangiomen. De berekening van D, f and 

ADClow levert nuttige bijkomende informatie bij het onderscheiden 

van levermetastasen en leverhemangiomen. 

 

In hoofdstuk 5 werd een SS SE-EPI sequentie door middel 

van b=0, 10, 150, 400 s/mm2 prospectief vergeleken met standaard 

MRI sequenties voor en na (pre- en post-SPIO) SPIO-injectie voor de 

detectie en karakterisatie van focale leverletsels. Patiënten verdacht 

voor metachrone levermetastasen van colorectale kanker werden 

geëvalueerd met bijzondere aandacht voor kleine (<10mm) focale 

leverletsels. 

Een totaal van 25 patiënten die verdacht waren voor 

colorectale levermetastasen werden geïncludeerd. Het aantal 

gedetecteerde focale leverletsels werd geëvalueerd. De 

beeldkwaliteit werd vergeleken tussen de SS SE-EPI sequentie en 

post-SPIO (T1w FS GE, T2w TSE en T2* GE) sequenties met behulp 

van RIDIT. Focale leverletsel karakterisatie werd uitgevoerd voor de 

SS SE-EPI sequentie en voor alle standaard sequenties pre- en post-

SPIO. De referentie-standaard betrof chirurgie, biopsie en/of 

opvolgingsonderzoek. 

De referentie-standaard toonde 25 leverhemangiomen en 70 

levermetastasen. De beste letsel detectie (p<0.05) werd bekomen 

met de SS SE-EPI sequentie (b=10s/mm2). De beste beeldkwaliteit 

(p<0.05) werd bekomen met de post-SPIO T1w GE en T2w TSE 

sequentie. Letsel karakterisatie met behulp van alle standaard MRI 

sequenties pre- en post-SPIO presteerde het beste in vergelijking 

met de SS SE-EPI sequentie. 
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Deze voorlopige studie toonde het potentieel aan van de SS 

SE-EPI sequentie als een op-zichzelf-staande (autonome) 

sequentie voor de detectie van leverhemangiomen en 

levermetastasen in vergelijking met SPIO-versterkte 

beeldvorming. Standaard sequenties pre- en post-SPIO waren 

nodig voor de kwalitatieve karakterisatie van leverletsels. 

 

In hoofdstuk 6 werd een prospectieve vergelijking gemaakt 

tussen FDG-PET/CT onderzoek en MRI onderzoek (inclusief een niet-

contraststof-versterkte SS SE-EPI sequentie en een SPIO-versterkt 

MRI onderzoek) voor de detectie van colorectale levermetastasen. 

Vierentwintig opeenvolgende patiënten met gekende of 

vermeende levermetastasen werden onderzocht met zowel MRI en 

FDG-PET/CT. Histopathologisch onderzoek of beeldvormend 

opvolgingsonderzoek werden gebruikt als referentie-standaard. 

Zevenenzeventig metastasen werden gedetecteerd. Bij 9 

patiënten leverden MRI onderzoek en PET/CT onderzoek concordante 

resultaten. De sensitiviteit voor respectievelijk de niet-contraststof-

versterkte SS SE-EPI sequentie, MRI onderzoek zonder SS SE-EPI 

sequentie en FDG-PET/CT onderzoek bedroeg respectievelijk 100% 

(p = 9.10-10 ten opzichte van PET onderzoek, p = 8.10-3 ten opzichte 

van MRI onderzoek zonder SS SE-EPI sequentie), 90% (p = 2.10-7 

ten opzichte van PET onderzoek) en 60%. PET/CT sensitiviteit daalde 

significant bij afnemende letselgrootte, van 100% voor letsels groter 

dan 20mm (identiek ten opzichte van MRI onderzoek), naar 54% 

voor letsels tussen 10 en 20 mm (p = 3.105 ten opzichte van de SS 

SE-EPI sequentie), tot 32% voor letsels onder de 10 mm (p = 6.10-5 

ten opzichte van de SS SE-EPI sequentie). De positieve predictieve 

waarde van PET onderzoek en MRI onderzoek was 100%. 
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We concludeerden dat MRI onderzoek, in het bijzonder de 

niet-contraststof-versterkte SS SE-EPI sequentie, zowel een goede 

sensitiviteit alsook positieve predictieve waarde heeft voor de 

detectie van colorectale levermetastasen. De  sensitiviteit van MRI 

onderzoek is beter dan deze van FDG-PET/CT onderzoek, in het 

bijzonder voor kleine leverletsels. 

 

 In hoofdstuk 7 werd een prospectieve vergelijking gemaakt 

met betrekking tot de zichtbaarheid van letsels en beeldkwaliteit 

tussen een SS SE-EPI DWI sequentie voor, onmiddellijk na en 5 

minuten na IV injectie van SPIO voor de detectie en karakterisatie 

van focale leverletsels. Voor een vergelijking van de SS SE-EPI 

sequentie met betrekking tot letsel detectie en karakterisatie, 

werden aanvullend niet-contraststof-versterkte en post-SPIO T2w 

TSE sequenties uitgevoerd. 

 Vijfentwintig patiënten met gekende focale leverletsels die 

moeilijk karakteriseerbaar waren met behulp van echografie (US) 

en/of CT scan (CT) of patiënten die verdacht waren voor colorectale 

levermetastasen werden geïncludeerd. Letsel detectie en 

karakterisatie werden vergeleken tussen de SS SE-EPI DWI en T2w 

TSE sequentie (voor beide protocollen: niet-contraststof-versterkt en 

post-SPIO) door middel van 2-zijdige Fisher’s Exact Test.  

Beeldkwaliteit en zichtbaarheid van letsels werd vergeleken voor de 

SS SE-EPI DWI sequentie (niet-contraststof-versterkt en post-SPIO) 

met behulp van RIDIT. De referentie-standaard betrof chirurgie, 

biopsie en/of opvolgingsonderzoek. 

De referentie-standaard toonde verschillende soorten van 

goedaardige en kwaadaardige focale leverletsels (7 hemangiomen, 

6 adenomen en 5 focale nodulaire hyperplasieën, 40 colorectale 

metastasen en 3 hepatocellulaire carcinomen). De beste letsel 
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detectie (p<0.05) werd bekomen met de niet-contraststof-

versterkte SS SE-EPI DWI sequentie. De letsel karakterisatie was 

het beste met behulp van de T2w TSE sequentie. De beste 

beeldkwaliteit en de beste zichtbaarheid van letsels (p<0.05) werd 

bekomen met de niet-contraststof-versterkte SS SE-EPI DWI 

sequentie. 

We concludeerden dat de niet-contraststof-versterkte SS 

SE-EPI DWI sequentie de meest accurate sequentie was voor de 

detectie van focale leverletsels. De SS SE-EPI DWI sequentie (niet-

contraststof-versterkt en post-SPIO) in deze studie was niet nuttig 

voor de karakterisatie van focale leverletsels. 

 

In hoofdstuk 8 werd een prospectieve evaluatie uitgevoerd 

van een nieuw ontwikkelde perfusie-beeldvormingssequentie (4D 

THRIVE) met behulp van 3T MRI onderzoek. Perfusie-beeldvorming 

van de volledige lever aan hoge temporele en spatiale resolutie 

door middel van een 4D THRIVE sequentie werd geëvalueerd. De 

karakterisatie van focale leverletsels door middel van 

parametrische mappen werd ook geëvalueerd. 

Vijftien patiënten die verdacht waren voor colorectale 

levermetastasen werden geïncludeerd. Een kwalitatieve en 

kwantitatieve evaluatie (Regio-van-Interesse (ROI) plaatsing rondom 

volledige focale leverletsels) van de parametrische mappen werd 

uitgevoerd voor alle gedetecteerde focale leverletsels. De referentie-

standaard betrof chirurgie met histopathologisch onderzoek of 

opvolgingsbeeldvorming. RIDIT analyse werd gebruikt voor de 

evaluatie van de kwalitatieve resultaten en 2-tailed student’s t-test 

voor de evaluatie van de kwantitatieve resultaten. 

In totaal werden 29 levermetastasen, 17 leverhemangiomen 

en 4 focale nodulaire hyperplasieën geëvalueerd met behulp van de 
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4D THRIVE sequentie. Kwalitatieve analyse van de parametrische 

mappen resulteerde in significante verschillen voor ring-aankleuring 

en letsel-heterogeniciteit bij het vergelijken van levermetastasen 

met goedaardige focale leverletsels (leverhemangiomen en focale 

nodulaire hyperplasieën). Een kwantitatieve analyse van de 

parametrische mappen bij het vergelijken van levermetastasen, 

leverhemangiomen en focale nodulaire hyperplasieën resulteerde in 

niet-significante verschillen voor de perfusie-parameters Kep en Kel. 

We concludeerden dat de 4D THRIVE sequentie het 

potentieel heeft voor perfusie-beeldvorming van de volledige lever 

aan hoge temporele en spatiale resolutie met de mogelijkheid tot 

berekenen van parametrische mappen. Een kwalitatieve evaluatie 

was accuraat voor het onderscheiden van kwaadaardige en 

goedaardige focale leverletsels. ROI plaatsing rondom volledige 

focale leverletsels was niet nuttig voor de kwantitatieve 

differentiatie van kwaadaardige en goedaardige focale leverletsels. 

 

In hoofdstuk 9 werd de mogelijkheid geëvalueerd om 

fosfolipiden, afgeleid met een metaal complexerende component, te 

incorporeren in een magnetoliposomen (MLs) bedekking en om de 

hieruit resulterende nanocolloïden met gadolinium-ionen te 

bedekken. Het hoofddoel van deze studie bestond erin om een 

bewijs te leveren dat het mogelijk is om een krans van lanthanide-

ionen te vervaardigen bovenop MLs met een grootte in de nano-

dimensie. 

Kleine unilamellaire fosfolipide-vesikels, die het PE-DTPA 

conjugaat als één van de bouwstenen bevatten, werden vervaardigd. 

De mogelijkheid van deze colloïden om een complex te vormen met 

gadolinium-III-ionen aan het oppervlak van zowel de binnen- als 

buitenlaag van deze dubbellaag werd geverifieerd door middel van 
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een colorimetrische methode met Arsenazo III als een kleurstof-

indicator. 

Op het moment van incubatie van deze met MLs 

gefunctionaliseerde vesikels, ttz. nanometer-grote magnetiet-kernen 

die ingekapseld zijn in een fosfolipiden-dubbellaag, sijpelt PE-DTPA 

in de ML-bedekking. De PE-DTPA inhoud kon nauwkeurig afgeregeld 

worden door de conjugaat concentratie in de donor vesikels te 

variëren. In de toegepaste experimentele omstandigheden, werden 

tot 500 Gd3+ ionen per ML colloïd geïmmobiliseerd. 

We concludeerden dat het mogelijk was om een krans van 

lanthanide-ionen te vervaardigen bovenop MLs met een grootte in de 

nano-dimensie. De hieruit resulterende ML-Gd3+ complexen zouden 

wel eens een groot potentieel kunnen hebben, bijvoorbeeld als een 

nieuwe MRI contraststof. 

 

Magnetoliposomen hebben een uitgesproken signaal-

versterkend effect op T1-gewogen (T1w) beelden van de lever 

hetgeen voordelig kan zijn om peritumorale vasculatuur aan te 

tonen. In hoofdstuk 10 correleerden we de peritumorale 

vasculatuur (ring-aankleuring) rondom colorectale levermetastasen 

na injectie met magnetoliposomen in een rattenmodel door middel 

van T1w beeldvorming met histopathologisch onderzoek. 

Drie ratten werden geïnjecteerd met CC531 coloncarcinoom 

cellen in de poortader en werden op 3T in beeld gebracht. De 

aanwezigheid van levermetastasen, signaal-

intensiteitsveranderingen binnenin intrahepatische vaten,  

peritumorale vasculatuur (ring-aankleuring) rondom 

levermetastasen op T1w beeldvorming en histopathologisch 

onderzoek, en de histopathologische verspreiding van ijzerdeeltjes 
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werden geëvalueerd. De MRI-bevindingen werden gecorreleerd met 

histopathologisch onderzoek. 

De diameter van de gedetecteerde levermetastasen gemeten 

door middel van MRI varieerde van 1.5mm tot 4.7mm (gemiddelde: 

2.4mm; SD: 0.8mm). Ringaankleuring rondom levermetastasen was 

aanwezig in alle gedetecteerde levermetastasen door gebruik te 

maken van contraststof-versterkte T1w GE sequenties. 

Ringaankleuring op T1w beeldvorming kwam overeen met de 

aanwezigheid van ijzerdeeltjes (bloed-pooling van intacte 

magnetoliposomen) binnenin de gedilateerde sinusoïden rondom de 

levermetastasen op histopathologisch onderzoek. De SS SE-EPI 

sequentie detecteerde 5 additionele levermetastasen in vergelijking 

met de T1w sequenties. Alle op MRI-onderzoek gedetecteerde lever-

metastasen werden bevestigd door het histopathologisch onderzoek. 

De bloed-pooling van de ijzeroxide-deeltjes binnenin de 

magnetoliposomen werd aangetoond door de verhoogde intensiteit 

van de bloedvaten na injectie van magnetoliposomen op T1w 

sequenties. Ringaankleuring op T1w sequenties was nuttig voor de 

detectie en karakterisatie van levermetastasen in deze studie. De 

niet-contraststof-versterkte SS SE-EPI sequentie was de meest 

accurate MRI sequentie voor de detectie van levermetastasen. 

 

 

CCOONNCCLLUUSSIIEESS  EENN  TTOOEEKKOOMMSSTTIIGG  OONNDDEERRZZOOEEKK  

Conclusies 

De SS SE-EPI sequentie beschreven in dit proefschrift leidt tot 

een verbeterde detectie van focale leverletsels met MRI in 

vergelijking met de (huidige) standaard oppuntstelling van patiënten 

die verdacht zijn voor colorectale levermetastasen. Deze SS SE-EPI 

sequentie laat al de detectie toe van focale leverletsels die zelfs nog 
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maar 2-3 mm groot zijn. De SS SE-EPI sequentie levert beelden 

waarbij focale leverletsels als hyperintens worden afgebeeld en die 

als een baken duidelijk contrasteren met een donkergrijs 

voorkomend leverparenchym. De mogelijkheid om op een 

eenvoudige manier (kleine) focale leverletsels te detecteren – en dit 

bij de aanvang van een lever protocol – maakt van de SS SE-EPI een 

nuttige leidraad-sequentie. De SS SE-EPI sequentie is bijzonder 

waardevol voor het stageren van gemetastaseerde ziekte bij 

patiënten die verdacht zijn voor colorectale levermetastasen. Initieel 

werden SPIO-versterkte sequenties (pre- en post-contraststof) 

geïncludeerd als een maat voor kwaliteitscontrole wanneer de SS 

SE-EPI sequentie gebruikt werd. Maar de BB SS SE-EPI sequentie is 

zodanig robuust gebleken dat SPIO-versterkte sequenties niet langer 

noodzakelijk geacht worden voor de detectie van focale leverletsels. 

De SS SE-EPI sequentie kan daarom beschouwd worden als de 

nieuwe MRI referentie-standaard voor de detectie van focale 

leverletsels. 

Een relatief hogere b-waarde tussen 400 en 800s/mm2 levert 

meer diffusie-gevoeligheid en kan daardoor helpen bij het 

karakteriseren van letsels. Met een hogere b-waarde, zullen 

levercysten hypo-intenser voorkomen in vergelijking met 

leverhemangiomen en soliede focale leverletsels. Voor een verdere 

karakterisatie van kleine (<10mm) niet-cystische focale leverletsels 

kan een berekening van D, f en ADClow worden uitgevoerd. Bij het 

berekenen van D, f en ADClow voor levermetastasen en 

leverhemangiomen was de reële diffusie in levermetastasen (Dmet) 

lager dan de reële diffusie in leverhemangiomen (Dhem); de perfusie 

factor van levermetastasen (fmet) was hoger dan de perfusie factor 

van leverhemangiomen (fhem) en de ogenschijnlijke diffusie 

coëfficiënt aan lage b-waarden van levermetastasen (ADClow met) was 
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hoger dan de ogenschijnlijke diffusie coëfficiënt aan lage b-waarden 

van leverhemangiomen (ADClow hem). Voor de karakterisatie van 

focale leverletsels lijkt de berekening van D, f and ADClow 

veelbelovend om het aantal leverbiopsie-procedures in de toekomst 

te verminderen. 

Met de in dit proefschrift beschreven 4D THRIVE sequentie 

waarbij patiënten verdacht voor colorectale levermetastasen 

onderzocht werden, werd T1-gewogen perfusie-beeldvorming van de 

volledige lever met hoge temporele en spatiale resolutie uitgevoerd. 

De karakterisatie van focale leverletsels door middel van kwalitatieve 

analyse van parametrische mappen lijkt veelbelovend voor het 

onderscheiden van kwaadaardige en goedaardige focale leverletsels. 

De berekening van perfusie-parameters door middel van ROI-

plaatsing was niet nuttig voor de kwantitatieve differentiatie van 

kwaadaardige en goedaardige focale leverletsels bij de onderzoeken 

die in dit proefschrift werden uitgevoerd. 

In de in dit proefschrift beschreven ratten piloot studie 

waarbij 3 ratten geïnjecteerd met menselijke CC531 coloncarcinoom 

cellen onderzocht werden, werden niet-contraststof-versterkte SS 

SE-EPI sequenties en niet-contraststof-versterkte en 

magnetoliposomen-versterkte T1-gewogen MRI sequenties op 3T 

uitgevoerd en gecorreleerd met histopathologisch onderzoek. De 

bloed-pooling van de ijzeroxide-deeltjes binnenin de 

magnetoliposomen werd aangetoond. Ring-aankleuring rondom de 

levermetastasen werd gezien op T1w beeldvorming en kwam 

histopathologisch overeen met de aanwezigheid van ijzerdeeltjes 

(magnetoliposomen) binnenin de gedilateerde sinusoïden rondom de 

levermetastasen. De niet-contraststof-versterkte SS SE-EPI 

sequentie was de meest accurate MRI sequentie voor de detectie 

van levermetastasen. 
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Klinische/radiologische aspecten 

MRI wordt meer en meer gebruikt als de definitieve 

beeldvormingsmodaliteit voor de detectie en karakterisatie van 

focale leverletsels [1, 2]. Recente ontwikkelingen in de MRI-

technologie en de beschikbaarheid van nieuwe MRI-contraststoffen 

hebben erin geresulteerd dat MRI-onderzoek erkend is als de pre-

operatieve standaard bij patiënten die onderzocht worden voor 

focale leverletsels. Dit proefschrift beschrijft nieuwe MRI-

ontwikkelingen voor een verbeterde detectie en karakterisatie van 

levermetastasen, met bijzondere aandacht voor de detectie van 

kleine (<10mm) focale leverletsels. Volgens de studies in dit 

proefschrift wordt de SS SE-EPI sequentie beschouwd als de nieuwe 

gouden standaard voor de detectie van focale leverletsels leidend tot 

een verbeterde pre-operatieve evaluatie van patiënten – in het 

bijzonder in een oncologische setting. Preliminaire studies tonen het 

potentieel aan om met behulp van perfusie-MRI (4D THRIVE 

sequentie) MRI-onderzoek van de volledige lever uit te voeren met 

multipele dynamische (arteriële en veneuze) fasen. De impact van 

de 4D THRIVE sequentie op de mogelijkheid om kwaadaardige van 

goedaardige focale leverletsels te onderscheiden moet nog verder 

onderzocht worden. Het gebruik van de 4D THRIVE sequentie met 

parametrische mappen laat toe om ruimtelijk tumorale vasculaire 

karakteristieken in overeenstemming te brengen zoals bloedvolume, 

bloeddebiet, vaatwanddoorgankelijkheid en lekkageruimte. 

Parametrische mappen hebben daarom het voordeel dat zij in de 

klinische praktijk gebruikt kunnen worden en zij zouden ook wel 

eens nuttig kunnen zijn voor opvolgingsdoeleinden (bvb. gedurende 

behandelingen in een oncologische setting). De magnetoliposomen-

versterkte T1-gewogen MRI-experimenten leveren het principiële 

bewijs dat  magnetoliposomen gebruikt kunnen worden als stealth-
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magnetoliposomen hierbij leidend tot een verbeterd bloed-pooling 

effect van de magnetoliposomen en  leidend tot het aantonen van 

ring-aankleuring rondom levermetastasen door middel van 

magnetoliposomen-versterkte T1-gewogen beeldvorming. In deze 

ratten piloot studie wordt het potentieel van magnetoliposomen-

versterkt T1-gewogen MRI-onderzoek om colorectale 

levermetastasen beter te karakteriseren aangetoond. Bijkomende 

proefdierexperimenten zijn nodig om het nut van 

magnetoliposomen-versterkt T1-gewogen MRI-onderzoek voor 

opvolgingsonderzoeken tijdens de behandeling van colorectale 

levermetastasen te evalueren. 

Wanneer we de economisch georiënteerde keuze voor een 

diagnostische beeldvormingstechniek beschouwen, dan wordt er 

vaak aangehaald dat MRI-onderzoek te kostelijk is om te screenen 

naar levermetastasen. Nochtans, in gevallen waar er geen 

levermetastasen gevisualiseerd worden maar onderliggende 

levermetastasen waarschijnlijk zijn (bvb. bij abnormale 

laboratorium-resultaten) of indien een beperkt aantal 

levermetastasen gevonden worden die potentieel resecabel zijn, dan 

lijkt een stageringsonderzoek met behulp van MRI en een BB SS SE-

EPI sequentie essentieel. De kost van dit bijkomende MRI-onderzoek 

is relatief laag als we de meer accurate pre-operatieve beoordeling 

en de meer accurate keuze van kostelijke behandelingsmodaliteiten 

die aangepast worden volgens de pathologische beoordeling van de 

patiënt in beschouwing nemen. 

 

 

Toekomstig onderzoek 

Het is duidelijk dat de continue verbeteringen van de 

beeldvorming toelaten om levermetastasen in een vroeger 
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stadium te identificeren maar er is nog steeds een 

verschillende aanpak nodig om de detectie van levermetastasen 

kleiner dan 2-3mm te verbeteren. Alle levermetastasen 

ontwikkelen zich als microscopische uitzaaiingen die eventueel 

groeien tot een grootte waarop zij zichtbaar worden op 

beeldvorming. De literatuur omtrent leverbeeldvorming is over 

het algemeen beperkt door gebruik van inadequate methoden 

om bepaalde bevindingen te verifiëren, en in de meeste studies 

worden vals-negatieve letsels niet vastgesteld. Dit betekent 

onvermijdelijk dat de gerapporteerde sensitiviteiten overschat 

worden en dat de reële incidentie van ziekte onderschat wordt. 

Daarenboven hebben onderzoekers in recentere studies 

geprobeerd om hun resultaten te beoordelen ten opzichte van 

meer rigoureuze referentie-standaarden waardoor er weinig of 

geen verbetering geweest is in de gemelde sensitiviteiten 

ondanks continue verbeteringen in de beeldvormende 

technieken. Het is ook waarschijnlijk dat deze resultaten 

voortdurend het probleem van levermetastasen in het 

millimeter-grootte-bereik onderschatten en gerapporteerde 

sensitiviteiten valselijk verhoogd blijven. Zelfs indien 

histologisch onderzoek van de gereseceerde lever als de 

“gouden standaard” gebruikt wordt, dan blijft de verificatie van 

zeer kleine focale leverletsels twijfelachtig aangezien de meeste 

specimens versneden worden met 1 cm intervallen. 

Daarenboven hebben recente opvolgingsstudies bevestigd dat 

een gedeelte van de kleine levermetastasen niet gedetecteerd 

worden door middel van pre-operatieve beeldvorming en chirurgie 

met intra-operatieve echografie (IOUS) [1]. Magnetische 

Resonantie Elastografie (MRE) is een niet-invasieve methode voor 

het meten van de visco-elastische eigenschappen van de lever. MRE 
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laat de meting toe van weefsel-elasticiteit en weefsel-viscositeit. 

Beiden zijn veelbelovend voor de niet-invasieve evaluatie van 

menselijke weefsels. MRE is veelbelovend gebleken bij het graderen 

van leverfibrose [3, 4] en voor een verbeterde karakterisatie van 

borsttumoren [5]. Het toepassen van deze nieuwe MRE-techniek 

voor de karakterisatie van focale leverletsels kan veelbelovend 

zijn. Recent is MRI gebruikt om Hepatische Perfusie Indices 

(HPI) te meten [6, 7] maar de techniek blijft in een 

ontwikkelingsfase en de beste meetmethode moet nog steeds 

bepaald worden. Op het moment dat de methodologie 

vastgesteld wordt, zullen rigoureuze multi-onderzoeker studies 

vereist zijn om de techniek te valideren en om haar impact op 

het patiënten-management te bepalen. Het gebruik van 

moleculaire beeldvormingstechnieken voor de detectie en 

karakterisatie van levermetastasen in de klinische praktijk is 

nog meer futuristisch. 
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ADC : Apparent Diffusion Coefficient 

ADClow: ADC value calculated from the images with no and low MPGs 

ADClow hem : ADClow in liver hemangiomas 

ADClow met : ADClow in liver metastases 

BB: Black-Blood 

BH FS T2w TSE : breath-hold fat-suppressed T2-weighted Turbo 

Spin Echo 

CE: Contrast-Enhanced 

CNR: Contrast-to-Noise Ratio 

CT: Computed Tomography 

D: true diffusion coefficient 

Dhem : D in liver hemangiomas 

Dmet: D in liver metastases 

DWI: Diffusion-Weighted Imaging 

EPI: Echo Planar Imaging 

f : perfusion fraction 

fhem : f in liver hemangiomas 

fmet : f in liver metastases 

FDG-PET: Fluoro-18-DeoxyGlucose Positron Emission Tomography 

GE: Gradient Echo 

HPI: Hepatic Perfusion Indices 

IOUS: Intra-Operative UltraSound 

IV: intravenous 

Kep: the rate of transfer of contrast agent from the vascular space to 

the interstitial space (s-1) 

Kel: the rate of elimination of contrast agent from the vascular 

compartment (s-1) 

ML: MagnetoLiposome 

MLs: MagnetoLiposomes 

MPG: Motion-Probing Gradient 
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MPGs: Motion-Probing Gradients 

MRE: Magnetic Resonance Elastography 

MRI: Magnetic Resonance Imaging 

MSCT: Multi-Slice Computed Tomography 

PE-DTPA: PhosphatidylEthanolamine-Diethylene Triamine 

PentaAcetic acid 

PET-CT: Positron Emission Tomography-Computed Tomography 

RIDIT: rank order statistic 

ROI: Region-of-Interest 

RT FS T2w TSE: respiratory-triggered fat-suppressed T2-weighted 

Turbo Spin Echo  

SPIO: SuperParamagnetic IronOxide 

SS SE-EPI : Single-Shot Spin Echo Echo Planar Imaging 

SS TSE: Single-Shot Turbo Spin Echo 

T1w: T1-weighted 

T2w : T2-weighted 

US: UltraSonography 
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Bij de verwezenlijking van dit proefschrift wens ik een woord van 

dank te richten tot een aantal personen die rechtstreeks of 

onrechtstreeks hun bijdrage leverden om dit proefschrift tot een 

goed einde te brengen. 

 

Allereerst dank aan Ilse Vincent, mijn lieve echtgenote en tevens één 

van mijn twee paranimfen. Zij heeft tijdens het maken van dit 

proefschrift zeer veel begrip getoond voor de vele lange avonden en 

weekends waarin ik doorwerkte, waardoor we elkaars gezelschap 

vaak moesten missen. Ilse, ik stel het erg op prijs dat jij ten allen 

tijde rekening houdt met mijn wetenschappelijke activiteiten. 

 

Mijn ouders wil ik graag bedanken voor de jarenlange steun tijdens 

mijn studies. Jullie creëerden een rustige en aangename omgeving 

om mij te laten studeren in optimale omstandigheden. Jullie 

brachten ook steeds veel geduld op tijdens examenperiodes en 

stonden altijd paraat tijdens momenten van ontspanning. 

 

Met betrekking tot mijn opleiding als arts-specialist in de radiologie 

gaat mijn oprechte dank uit naar dr. Hans Rigauts, Directeur-

Generaal en Hoofdgeneesheer-Directeur van het AZ St.-Jan Brugge-

Oostende AV en departementshoofd Radiologie in het AZ St.-Jan AV 

te Brugge tijdens mijn assistentschap. Dr. Rigauts, beste Hans, jij 

bent voor mij een fantastische mentor en steun geweest vanaf het 

begin van mijn radiologische opleiding. Oprechte dank voor de 

aangeboden mogelijkheden en de doorgedreven opleiding, alsook 

voor het vertrouwen dat U in mij stelde in mijn zoektocht naar 

interessante domeinen in de radiologie en in de wetenschappelijke 

uitwerking daarvan. Ik apprecieer ten zeerste uw gave om het beste 

uit personen te halen en hen de kans te geven om zich ten volle te 
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ontplooien. Het is voor mij een groot genoegen om u te mogen 

verwelkomen als gast-opponent van deze commissie bij de 

verdediging van dit proefschrift. 

 

Tijdens mijn universitaire opleiding in Leuven (KUL) werd ik enorm 

gesteund door Prof. Hilde Bosmans, die haar belangstelling toonde 

voor mijn wetenschappelijke interesse. Hilde, jij gaf me de kans om 

wetenschappelijk werk te kunnen uitvoeren en leerde me meer over 

de fysica van de magnetische resonantie beeldvorming. Jij stak me 

ook op menselijk vlak een hart onder de riem in de soms harde 

wereld van de wetenschap. 

 

Als staflid Radiologie in het AZ St.-Jan Brugge-Oostende AV, campus 

St.-Jan kreeg ik op vele vlakken verdere ondersteuning van dr. Hans 

Rigauts en de mogelijkheid om in teamverband te kunnen werken 

aan het proefschrift dat ik hier voorleg. Hierbij wil ik dan ook mijn 

naaste medewerkers bedanken. Het aantal betrokken personen (en 

co-auteurs) is al zodanig talrijk dat ik me moet beperken tot de 

medewerkers die zich het meest engageerden voor dit proefschrift: 

Vooreerst gaat mijn oprechte dank uit naar Léon ter Beek – 

clinical scientist bij Philips Healthcare - voor de niet aflatende steun 

en de warme vriendschap. Léon, jij zorgde er ook voor dat dankzij 

jouw relaties binnen Philips Healthcare een optimaal 

samenwerkingsverband kon worden opgebouwd tussen het AZ St.-

Jan Brugge-Oostende AV, campus St.-Jan en Philips Healthcare zelf. 

Verder gaat mijn dank ook uit naar Vincent Denolin, clinical 

scientist bij Philips Healthcare. Vincent, jij hebt je op korte tijd 

grondig ingewerkt in ons team. Onze samenwerking heeft zich 

intussen vertaald in een vergevorderd project omtrent perfusie-

beeldvorming. 
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Ook wil ik Ruud de Boer, Gwen Hérigault en Gabriële Beck 

van Philips Healthcare bedanken voor de samenwerking en de 

ondersteuning van de technische ontwikkelingen vanuit Best. 

Gabriële en Gwen, ook jullie bezoek ter plaatse in het AZ St.-Jan 

Brugge-Oostende AV, campus St.-Jan heb ik ten zeerste 

geapprecieerd. 

 

Tijdens het uitvoeren van het wetenschappelijke werk dat in 

dit proefschrift aan bod komt, is de fijne samenwerking met mijn 

promotor prof. Jaap Stoker en zijn team in het AMC, met name 

Shandra Bipat, Jochem van Werven en Aart Nederveen van groot 

belang geweest. In het bijzonder wil ik hierbij mijn promotor Prof. 

Jaap Stoker bedanken voor de goede én snelle communicatie. Jaap, 

jij gaf me de kans om in het AMC te Amsterdam een meer 

fundamenteel wetenschappelijk project te initiëren omtrent 

moleculaire beeldvorming met behulp van een oncologisch 

rattenmodel. 

Shandra, bedankt voor de aangename samenwerking en 

ondersteuning. Fijn dat je ook mijn paranimfe wil zijn. Jaap en 

Shandra, dankzij jullie is het een plezier geweest om een proefschrift 

te mogen voorbereiden én dit hier uiteindelijk te kunnen verdedigen 

in het AMC. 

Jochem, jij hebt een zeer belangrijke bijdrage geleverd aan 

het op punt stellen van ons oncologisch rattenmodel. Samen hebben 

we vele uren voorbereid aan het rattenproject. Het was leuk om 

samen te werken met iemand die zo’n grote gedrevenheid en 

enthousiasme tentoonspreidde. Ik wens je veel succes bij de verdere 

voorbereidingen van je eigen proefschrift. 
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Aart, jou wil ik danken voor de organisatie van scanuren op 

de MRI in het AMC ondanks de vele andere projecten die je 

ondersteunt. 

 

Bij dit rattenproject was niet in het minst de samenwerking 

met Marcel De Cuyper (KULAK) en Stefaan Soenen (KULAK) 

onontbeerlijk. Marcel, jij ontwikkelde de magnetoliposomen en 

verzorgde samen met Stefaan de aanmaak en afwerking hiervan. 

Deze magnetoliposomen waren immers onmisbaar tijdens ons 

oncologisch rattenproject. 

Mijn speciale dank gaat ook uit naar Marc Haspeslagh. Marc, 

jij hebt me in het AZ St.-Jan Brugge-Oostende AV, campus St.-Jan 

enorm geholpen bij de statistische strategie en berekening van alle 

data die in dit proefschrift aan bod komen. Jouw ervaring in de 

statistiek is een essentieel onderdeel geweest van de voorbereiding 

van dit proefschrift. 

Ik wil ook onze medewerkers -zowel de stafleden als het 

verpleegkundig team, in het bijzonder Peter Daled en Luc 

Vanwelden- danken voor de samenwerking. Peter en Luc, beste dank 

voor jullie inzet en steun om enerzijds kwalitatief hoogstaande 

geneeskundige patiëntenzorg te leveren en anderzijds ook 

innovatieve ontwikkelingen te helpen verwezenlijken in het kader 

van dit proefschrift. 

 

Uiteraard zijn er nog vele onbeantwoorde vragen en te bestuderen 

onderwerpen in de wetenschappelijke benadering en oppuntstelling 

van diagnostiek van focale leverletsels. In de toekomst moet er 

geïnvesteerd worden in ons team via team-building en respectvol 

people-management. Ook het binnenhalen van wetenschappelijke 

fondsen om de diagnostiek van focale leverletsels en de oncologische 
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benadering in het algemeen op een hoger niveau te tillen zijn hierbij 

belangrijk. Hierbij blijft het uiteindelijke doel om de vele 

oncologische patiënten een verbeterde diagnostiek en therapie aan 

te bieden in de strijd tegen hun tumorale pathologie.
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