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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 
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(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 

223



Peri-tumoural vasculature using magnetoliposomes  

 222

[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. 

 

227



Peri-tumoural vasculature using magnetoliposomes  

 226

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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1A 

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
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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 
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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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