
Received: 12 December 2003
Revised: 2 July 2004
Accepted: 8 July 2004
Published online: 5 August 2004
© Springer-Verlag 2004

The used data are part of the thesis 
of M.-I. Senfft von Pilsach.

Abstract The purpose of this study
was to evaluate the ability of MRI to
detect magnetic particle uptake into
advanced solid malignant tumors 
and to document the extension of
these tumors, carried out in the con-
text of magnetic drug targeting. In a
prospective phase I trial, 11 patients
were examined with MRI before and
after magnetic drug targeting. The
sequence protocol included T1-WI
and T2-WI in several planes, fol-
lowed by quantitative and qualita-
tive evaluation of the signal intensi-
ties and tumor extensions. In nine
patients, a signal decrease was 
observed in the early follow-up 
(2–7 days after therapy) on the T2-
weighted images; two patients did
not show a signal change. The signal
changes in T1-WI were less distinct.
In late follow-up (4–6 weeks after
therapy), signal within nine tumors
reached their initially normal level
on both T1-WI and T2-WI; two tu-
mors showed a slight signal decrease
on T2-WI and a slight signal in-
crease on T1-WI. Within the surveil-
lance period, tumor remission in 3
out of 11 patients was observed, and
in 5 patients tumor growth had

stopped. The remaining three pa-
tients showed significant tumor
growth. There was no statistically
significant correlation between sig-
nal change and response. MRI is a
suitable method to detect magnetite
particles, deposited at the tumor site
via magnetic drug targeting. MRI is
therefore eligible to control the suc-
cess of MDT and to assess the tumor
size after the end of therapy.
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Introduction

A long-standing wish of oncological therapy is to treat
locally confined diseases locally and systemically spread
diseases systemically. If local therapy (e.g., surgery) is
inapplicable, a local disease has to be treated systemical-

ly, the treatment of the local disease therefore being as-
sociated with the toxic adverse effects of a generalized
systemic distribution. So-called “drug targeting”, that is
directing a drug as precisely as possible to the desired re-
gion, effectively mitigates harmful side effects and offers
the possibility to apply a systemically lower dose [1].
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Due to their relatively nonspecific action, chemothera-
peutics have a tendency of toxicity to healthy tissue,
even under optimal conditions. Being able to concentrate
the drug in the tumor region, increasing anti-tumor effi-
cacy with applying a locally higher but systemically low-
er dose would minimize this problem. Also positive eco-
nomic aspects, e.g., having to use less amounts of the
drug administered, can be taken into consideration.

Over the last 20 years, different approaches to drug
targeting of chemotherapeutics have been pursued, main-
ly distinguishing between active and passive drug target-
ing. Active drug targeting combines specific tumor cell
antibodies with anticancer drugs [2]; passive drug target-
ing binds a drug to a magnetic substance (ferrofluid) [1],
which is directed into the desired region by an externally
applied magnet (magnetic drug targeting, MDT). A re-
markable attribute of ionically bound drugs to the sur-
face of specific drug delivery systems is that the active
low molecular weight substances can desorb from the
carriers after a defined time span and can, thus, diffuse
from the vascular wall into the tissue [3]. This approach
has also been successfully tested in animal experiments
[4].

MRI, an established method in iron-enhanced liver di-
agnostics, presents ideal characteristics [5] to supervise
magnetic drug targeting, but the ability of MRI to detect
small amounts of iron particles had to undergo further
investigation. The purpose of the following study is to
use MRI to survey the uptake of a drug-magnetite com-
plex into the tumor and to assess the tumor size within a
follow-up examination.

Materials and methods

In a prospective phase I clinical trial, 13 patients with unsuccess-
ful conventionally pretreated malignant tumors were treated by
magnetic drug targeting and examined with MRI. The study was
approved by the local ethics committee, and all patients had to
sign an informed consent. Two of the 13 patients were excluded
from further evaluation because MR examination was done before

drug targeting, but could not be continued in the follow-up proce-
dure because of bad medical conditions in consequence of their
specific diseases. The remaining group (11 patients) consisted of 8
women and 3 men, with a mean age of 51 years (15–73 years, me-
dian 55 years). The tumors of all 11 patients were located at vari-
ous, but intentionally chosen superficial sites. Most frequent were
recurrent thoracic wall carcinomata and metastasis of breast carci-
nomata (n=3), followed by two metastatic chondrosarcomata (ax-
illa and thigh). There were single cases of one histiocytoma (in-
guinal), one sarcoma (shoulder), one cystosarcoma (breast), one
Ewing sarcoma (shoulder), one recurrent adenocarcinoma (parotid
gland) and one inflammatory breast carcinoma.

For the accomplishment of magnetic drug targeting, a number
of permanent magnets (B–Fe–Nd magnet) were arranged above
the target area with a frame attached to the patient’s bed and in
minimal distance (less than 0.5 cm) to the tumor. The combination
of up to ten permanent magnets, size 8×4×2 cm or 3×3×1 cm, re-
sulted in a total field intensity of at least 0.5 T and in general
0.8 T. After the placement of the magnets above the tumor, a com-
pound of ferrofluid (Nano-Technologies GBR, Berlin, Germany)
and bounded epirubicin (4′-epidoxorubicin; Farmorubicin) was in-
jected i.v. over 15 min into a cubital vein located contralaterally to
the tumor. The ferrofluid was a colloidal dispersion, made by wet
chemical methods from iron oxides and hydroxides into special
multidomain particles; magnetic particles with a mean size of
100 nm were used. On the basis of a reversible binding, the de-
sorption of the drug took place according to the physiological en-
vironment (pH, osmolality) [4]. The patients remained in the same
position for 60–120 min. In the course of the study, drug targeting
was carried out with an increasing dose per unit time of chemo-
therapeutic agent (5–100 mg epirubicin/m2 over a period of a min-
imum of 3 and a maximum of 6 weeks). The applied cumulative
dose lay between 16 and 310 mg epirubicin (Table 1). The total
iron quantity applied per therapy session in drug targeting ranged
from 132 to 468 mg. Before and particularly after the injection of
the magnetite-linked anticancer drugs, intensive lab controls (e.g.,
hemograms) were done, and the patients were clinically super-
vised (e.g., ECG, NIBP). The described therapy was repeated up
to two times within the following 2 weeks.

The initial MR examination of the tumor region was done 1–2
weeks before the start of the therapy. After magnetic drug target-
ing, further MR imaging was performed as early follow-up (2–7
days after therapy) and late follow-up (4–6 weeks after therapy)
after the treatment. MR images were obtained on a 1.5-T super-
conductive system (Magnetom SP63, Siemens AG, Erlangen, Ger-
many) using the body coil or, if possible from an anatomical point
of view, surface coils. Both, T1-WI and T2-WI sequences were
used, in the transverse plane as well as in a tumor-adapted slice
orientation. The following parameters were used: 
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Table 1 Age and diagnosis of the patients, localization of the tumor and applied doses

No. Age Diagnosis Localization of the tumor Epirubicin Epirubicin Ferrofluid 
(mg/m2) total (mg) (ml)

01 19 Histiocytoma Left inguinal 5 20 48
02 30 Sarcoma Right shoulder 5 16 48
03 52 Cystosarcoma Right breast 5 18 52
04 68 Breast carcinoma Thoracic wall (relapse) 50 160 50
05 73 Chondrosarcoma Right thigh 50 150 48
06 15 Ewing sarcoma Left shoulder 50 310 78
07 56 Adenocarcinoma Left parotid gland (relapse) 50 170 48
08 58 Breast carcinoma Thoracic wall (relapse) 75 280 52
09 55 Inflammatory carcinoma Right breast 75 250 52
10 68 Breast carcinoma Left upper arm (metastasis) 75 260 52
11 65 Chondrosarcoma Right shoulder 100 200 25



– T1-WI: TR 610 ms, TE 14 ms, 3 acquisitions, FOV 230 mm,
matrix 256×256 pixel, slice thickness 6 mm, examination time
4:34 min

– T2-WI: TR 4,600 ms, TE 90 ms, 2 acquisitions, FOV 230 mm,
matrix 256×256 pixel, slice thickness 6 mm, examination time
6:20 min

For the analysis of the MR examination, the extension of the tu-
mor was determined by three representative diameters. Following
the RECIST criteria, partial response (PR) was defined as at least
a 30% decrease of the largest diameter of the tumor; progressive
disease (PD) was defined as at least a 20% increase of the largest
diameter of the tumor. Stable disease (SD) was defined as neither
sufficient shrinkage to qualify for PR nor sufficient increase to
qualify for PD. The signal intensities were specified inside the tu-
mor and in comparable healthy muscle tissue and put in propor-
tion to each other to obtain the relative signal intensities for in-
traindividual and interindividual comparison. As far as possible in
the examined area, the signal intensities of the liver were also doc-
umented. The evaluation was performed in consensus by three
board-certified radiologists experienced in MRI of the musculo-
skeletal system on the base of hardcopy films.

Results

Overall, the tolerance of magnetic drug targeting was
very good; only one patient did not tolerate the supine
position—because of discomfort created by the tumor lo-
cation—over the whole period of MR examination time,
so that the procedure had to be interrupted only once for
a brief time. Neither typical adverse effects (e.g., back
pain, chest pain, sensation of heat), as they sometimes
occur when ferrous contrast agents are applied, nor
changes in the clinical-chemical parameters were ob-
served.

In eight patients, the signal in the liver could also be
evaluated because of their topographical proximity to the
tumor. Especially in the early follow-up (up to 7 days

post MDT), clear signal decreases in the liver were ob-
served in eight patients over time, particularly in T1-WI.
The decreased signals on T1-WI were still detectable to
a minor degree in five patients in the late follow-up (4–6
weeks after therapy). In three patients, the liver signal
corresponded with the signal before MDT on T1-WI
(Fig. 1). On T2-WI, the effect was less distinct; here,
slight signal decreases appeared in seven patients in the
early follow-up, and in one patient no signal change was
observed. The signals on T2-WI reached a normal level
within 4–6 weeks in six patients; two patients still
showed signal decrease in the liver in the late follow-up
(Table 2).

In the early follow-up after the end of the therapy, 9
out of 11 patients showed a decreased signal in T2-WI
within the tumor; out of these 9 patients, one case
showed a strong signal decrease and one other case a
strongly inhomogeneous signal decrease in the tumor.
Only two tumors did not show a signal decrease after
MDT. In the late follow-up exam, in 9 out of 11 patients,
the signal reached a normal level, and 2 still showed
marginal residual signal decreases (Fig. 2). In T1-WI, a
very diverse signal behavior was observed after MDT. In
the first follow-up exam, a strong inhomogeneous signal
increase was observed in two patients, two showed a
moderate signal increase, and seven tumors did not pres-
ent a signal change (n=6) or only a slight signal decrease
(n=1). In the late follow-up exam, the signal from within
the tumor reverted to its initial state in nine tumors; only
the two tumors with a primary strong signal increase still
featured an increased signal (Table 3).

Within the surveillance period partial tumor response
(PR) was observed in 3 out of 11 patients (Fig. 3) and
stable disease (SD) in 5 patients. The remaining three
patients showed progressive disease (PD).
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Fig. 1 Progression of signal 
intensities in the liver within 4
weeks after magnetic drug tar-
geting on T1-WI. TR 610 ms,
TE 14 ms, three acquisitions,
FOV 230 mm, matrix 256×256
pixel, slice thickness 6 mm 
(li liver, pv portal vein branch).
a Normal signals in the liver
before the beginning of therapy
with normal contrast between
liver parenchyma and liver ves-
sels (T1-WI). b Clear signal
decrease in the liver 3 days af-
ter MDT nearly totally nullified
contrast between liver paren-
chyma and liver vessels. c Also
4 weeks after MDT reduced
signal in the liver
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Table 2 Signal changes in the liver in comparison to examination before MDT (↓↓ strong signal decrease, ↓ moderate signal decrease,
= no signal change, n.a. not available)

No. T1-WI T2-WI

Early follow-up Late follow-up Early follow-up Late follow-up 
after MDT (2–10 days) after MDT (4–6 weeks) after MDT (2–10 days) after MDT (4–6 weeks)

01 ↓↓ = ↓ =
02 ↓↓ ↓ ↓ =
03 ↓↓ ↓ ↓ ↓
04 ↓↓ = ↓ =
05 n.a. n.a. n.a. n.a.
06 n.a. n.a. n.a. n.a.
07 n.a. n.a. n.a. n.a.
08 ↓↓ ↓ ↓ ↓
09 ↓↓ ↓ = =
10 ↓↓ = ↓ =
11 ↓↓ ↓ ↓ =

Fig. 2 Signal course after
MDT in a 56-year-old patient
with adenocarcinoma of the 
parotid gland before as well 
as 8 days and 6 weeks after
MDT (a–c T1-WI, d–f T2-WI).
T1-WI: TR 610 ms, TE 14 ms,
three acquisitions, FOV
230 mm, matrix 256×256 pixel,
slice thickness 6 mm. T2-WI:
TR 4600 ms, TE 90 ms, two
acquisitions, FOV 230 mm,
matrix 256×256 pixel, slice
thickness 6 mm (ms, maxillary
siuns; br, brain; tu tumor). 
a Before MDT, isointense sig-
nal intensities of the tumor in
comparison to the brain paren-
chyma. b Inhomogeneous, 
hyperintense signals (arrows)
inside the tumor 8 days after
MDT. c After 6 weeks after
MDT, signal intensities corre-
spond to the initial diagnostic
finding, tumor shows a partial
regression. d Low signal inten-
sities in the initial diagnostic
finding. e Eight days after
MDT slight signal decrease 
inside the tumor (arrows). 
f Signals reverse to initial state
6 weeks after MDT



Two of eight patients with partial response or stable
disease had a strong signal increase within the tumor in
the early follow-up on T1-WI, and both tumors present-
ed inhomogeneous enhancement. An inhomogeneous
signal decrease was also seen in the early follow-up in
one patient with partial regression. All other changes of
the signal behavior within the tumors was seen in pa-

tients with progressive disease, stable disease and partial
regression.

Discussion

In MRI, iron-compounds in various sizes have gained an
important position within diagnostic investigation of the
liver [6, 7] as well as of the spleen and lymph nodes [8,
9]. The addition of ferrumoxides showed an increase of
sensitivity and specificity of hepatic MR evaluation
compared to unenhanced MRI [10]. The specific accu-
mulation in these organs can result in signal changes in
healthy tissue so that tumorous tissue becomes clearly
visible [11]. Magnetite particles also serve as carrier
molecules for hormones, antibodies, radioactive markers
or anticancer-drugs [12, 13]. In this case, these charac-
teristics of magnetite particles can be used for control-
ling the magnetic anti-cancer drug complex from the out-
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Table 3 Signal changes in the tumor compared to examination before MDT (↑↑ strong signal increase, ↑ moderate signal increase, = no signal
change, ↓↓ strong signal decrease, ↓ moderate signal decrease, PR partial response, PD progressive disease, SD stable disease)

No. T1-WI T2-WI Tumor size

Early follow-up Late follow-up Early follow-up Late follow-up 
after MDT (2–10 days) after MDT (4–6 weeks) after MDT (2–10 days) after MDT (4–6 weeks)

01 ↑↑ (inhomogenous) ↑ ↓ = SD
02 = = ↓ (inhomogenous) = PR
03 ↑ = ↓ = PD
04 ↓ = ↓ = PR
05 = = ↓ = SD
06 ↑ = ↓ ↓ PD
07 ↑↑ (inhomogenous) ↑ ↓↓ ↓ PR
08 = = ↓ = SD
09 = = = = SD
10 = = = = SD
11 = = ↓ = PD

Fig. 3 Clear tumor regression in a 68-year-old patient with a tho-
rax wall relapse of a mamma-carcinoma after magnetic drug target-
ing (T1-WI). T1-WI: TR 610 ms, TE 14 ms, three acquisitions,
FOV 230 mm, matrix 256×256 pixel, slice thickness 6 mm (li liver;
lu lung; tu tumor). a Before the beginning of therapy, exophytic tu-
mor (arrows) on the right thorax wall at the border to the abdomen,
normal signal in the liver, tumor slightly hypointense in compari-
son to the liver. b Contrast reversal between liver and tumor 2 days
after MDT because of a strong signal decrease in the liver. Also a
signal reduction of the tumor because of MDT. c Four weeks after
the end of therapy still reduced signals in the liver next to normal
signals in the markedly regressed tumor (arrows)



side [14] and, above all, MRI can locate these particles.
Promising results of recent studies on ultrasmall super-
paramagnetic iron oxides (USPIOs, <50 nm) and super-
paramagnetic iron oxides (SPIOs, >50 nm) emphasize
the possibilities that lie within this approach [15]. In this
study SPIOs came into use.

The polymeric composition (e.g., hydrophobity, bio-
degradation profile) of both the nanoparticles and the as-
sociated drug (molecular weight, charge) has a major in-
fluence on the drug distribution pattern by the MPS
(mononuclear phagocytes system) [16]. Based on this
characteristic, it has been demonstrated that negatively
charged and neutral particles stay for the longest time in
the blood circulation before they are eliminated mainly
by the reticuloendothelial system [17]. The targeting ef-
fectiveness for certain anatomical regions can be opti-
mized through surface modification using biologically
active substances such as antibodies or receptor ligands
[18]. In order to reduce oponization reactions and to sub-
sequent clearance by macrophages, the curvature (size
<100 nm) and the hydrophilic surface are taken into con-
sideration. It is very likely that after their dissociation
from the drug, exogenous magnetite particles also enter
the endogenic iron reserves (hematopoiesis) of the body
[19].

Because of their superparamagnetic features, iron
compounds enhance T1 and T2/T2* relaxation, but also
show the ability to reduce the T2/T2* relaxation time
[20]. All iron oxides lead to a signal decrease of benign
lesions with either phagocytic cells or a significant blood
pool on T2-weighted accumulation phase images. The
signal decrease of benign lesions is commensurate to the
Kupffer cell activity or tumor vascularisation and is use-
ful for lesion characterization [21]. USPIOs have longer
circulating properties than SPIOs and show a higher up-
take by macrophages into the healthy parts of the lymph
node [5]. This offers a novel clinical investigation meth-
od of the lymph node due to the fact that USPIOs lead to
a signal decrease in the entire lymph node, while patho-
logic parts show no signal change [22].

In early follow-up, clear extinction phenomena were
observed in the liver and spleen. This result may be sur-
prising as—because of drug targeting— the complex
should be localized primarily in the tumor region. The
dissociation process (drug—magnetic particle) takes up
to 30 min [4]. The drug is therefore released from the
carrier substance, unfolds its effect locally and the
nanoparticles are cleared by the MPS. Despite that fact,
human tumor cells accumulate intracellularely up to 1 pg
iron/cell, in the past demonstrated by electron micro-
scope (TEM), X-ray spectroscopy and measurements of
the intracellular iron [23]. The rapid extravasation and
cellular uptake of the magnetic particles explain the fast
tumor toxicity, the success depending on a good vascu-
larisation of the tumor and also on the distance of the ex-
ternally applied magnetic field. A supporting fact is that

magnetic fluids show hyperthermia potential [24], which
can lead to a better vascularisation. This characteristic
could not only be used in tumors, but also in non-inva-
sive thrombolysis of fine capillaries [18].

The T2 relaxitivity is more dependent on the magnet-
ic susceptibility than on the iron percentage inside the
particles [25]. For this reason, the use of more sensitive
sequences (susceptibility measurements) could be taken
into consideration. Such measurements are, compared to
spin echo sequences, more vulnerable to artifacts, which
can be problematic with seriously ill patients due to a
lower compliance.Because of the fact that only superfi-
cially located tumors were chosen in this study, it will be
necessary to exploit this field with other methods, e.g.,
insertation of a ferromagnetic wire into the vessels and
placement in a strong magnetic field, herewith optimiz-
ing the depth range [26].

Although MRI was able to detect the iron particles in
the liver, spleen and most of the examined tumors, there
was no statistical relation between iron uptake in the tu-
mor and the tumor control during the surveillance peri-
od. This may be due to the fact that the different tumor
entities have different susceptibilities to anticancer
drugs. In three cases with partial response or stable dis-
ease, inhomogenous signal changes on T1-WI or T2-WI
were observed in the early follow-up, indicating a higher
tumor vascularisation possibly helpful for the success of
the treatment.

Furthermore, drug targeting holds the iron particles in
the tumor region and postpones the systemic release—
systemic adverse effects are reduced because of a slower
inflow. The local effect allows the use of neoplastic
agents, which would be too toxic for systemic use. The
tolerance of magnetic drug targeting is very good, and
MDT has proven to be a promising therapy approach for
the treatment of superficially localized tumors. MRI is a
suitable method to detect even small magnetite concen-
trations and is therefore eligible to control the storage of
the iron-drug complex and to assess the tumor size after
the end of therapy. Because of the small number of pa-
tients in this case, this method has to undergo further
evaluation on a larger scale.
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