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ABSTRACT

BACKGROUND

Accurate detection of lymph-node metastases in prostate cancer is an essential com-
ponent of the approach to treatment. We investigated whether highly lymphotropic
superparamagnetic nanoparticles, which gain access to lymph nodes by means of in-
terstitial-lymphatic fluid transport, could be used in conjunction with high-resolution
magnetic resonance imaging (MRI) to reveal small nodal metastases.

METHODS

Eighty patients with presurgical clinical stage T1, T2, or T3 prostate cancer who under-
went surgical lymph-node resection or biopsy were enrolled. All patients were examined
by MRI before and 24 hours after the intravenous administration of lymphotropic su-
perparamagnetic nanoparticles (2.6 mg of iron per kilogram of body weight). The im-
aging results were correlated with histopathological findings.

RESULTS

Of the 334 lymph nodes that underwent resection or biopsy, 63 (18.9 percent) from 33
patients (41 percent) had histopathologically detected metastases. Of these 63 nodes,
45 (71.4 percent) did not fulfill the usual imaging criteria for malignancy. MRI with lym-
photropic superparamagnetic nanoparticles correctly identified all patients with nodal
metastases, and a node-by-node analysis had a significantly higher sensitivity than con-
ventional MRI (90.5 percentvs. 35.4 percent, P<0.001) or nomograms.

CONCLUSIONS
High-resolution MRI with magnetic nanoparticles allows the detection of small and
otherwise undetectable lymph-node metastases in patients with prostate cancer.
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N 2001, ABOUT 198,000 NEW CASES OF

prostate cancer were diagnosed in the United

States and 31,500 men died of the disease.®
The natural history and aggressiveness of the dis-
ease vary widely, and the means to identify men with
clinically occult lymph-node metastases is greatly
needed.2-8 The adverse prognostic implications of
lymph-node metastases have been widely estab-
lished.910

Magnetic resonance imaging (MRI) provides
images with excellent anatomical detail and soft-
tissue contrast but is relatively insensitive for the
detection of lymph-node metastases.1* However,
the results of MRI can be improved by using differ-
entimaging agents and acquisition techniques.12-14
In particular, the use of lymphotropic superpara-
magnetic nanoparticles holds considerable prom-
ise.1518 As shown in Figure 1, these nanoparticles
have a monocrystalline, inverse spinel, superpara-
magnetic iron oxide core, contain a dense packing
of dextrans to prolong their time in circulation, and
are avidly taken up by lymph nodes in animals1¢ and
humans.9 The nanopatrticles are slowly extravasat-
ed from the vascular into the interstitial space, from
which they are transported to lymph nodes by way
of lymphatic vessels (Fig. 1).1¢ Within the lymph
nodes, lymphotropic superparamagnetic nanopar-
ticles are internalized by macrophages, and these
intracellular iron-containing particles cause chang-
es in magnetic properties detectable by MRI.2°
We investigated whether lymphotropic super-

paramagnetic nanopatrticles can be used in conjunc-
tion with MRI to detect metastatic tumor in local
and distant lymph nodes in humans, as they have
been used in mouse models.2° We were particu-
larly interested in cases in which metastases had
not caused an increase in the size of the lymph node
(clinically occult disease). We prospectively deter-
mined the accuracy of the method in 334 lymph
nodes in 80 patients with biopsy-proven prostate
cancer who subsequently underwent resection of
the tumor or pelvic lymph nodes (or both) or a tar-
geted lymph-node biopsy.

METHODS

PATIENTS

Patients with a resectable prostate cancer as deter-
mined by conventional imaging methods, digital
rectal examination, an ultrasound-guided sextant
core biopsy, and measurement of serum prostate-
specific antigen levels were enrolled in this study

according to established surgical practice.21,22 All
patients had stage T1, T2, or T3 prostate cancer
before surgical intervention. The first cohort con-
sisted of 40 patients who were treated at Massa-
chusetts General Hospital in Boston between 1999
and 2002. The second cohort consisted of 40 pa-
tients who were treated at the University Medical
Center in Nijmegen, the Netherlands, between 1999
and 2001. All 80 men gave informed written con-
sent and completed the study. The studies were ap-
proved by the medical ethics committees of the re-
spective hospitals.

LYMPHOTROPIC SUPERPARAMAGNETIC
NANOPARTICLES

The lymphotropic superparamagnetic nanoparti-
cle used in this study was a monocrystalline iron
oxide (Combidex, Advanced Magnetics, in the Unit-
ed States and Sinerem, Guerbet, in the Nether-
lands; Combidex and Sinerem are identical).23 The
lyophilized iron oxide was reconstituted in normal
saline and injected at a dose of 2.6 mg of iron per
kilogram of body weight over a period of 15 to 30
minutes. Five patients reported low back pain dur-
ing the infusion, which disappeared after the in-
fusion was temporarily stopped; the pain did not
recur when the infusion was resumed. All patients
received the full dose and completed the entire
study.

MAGNETIC RESONANCE IMAGING

MRI was performed at 1.5 T with the use of state-
of-the-art imaging systems (Magnetom Vision, Sie-
mens, in the 40 patients in the Netherlands and
Horizon, GE Medical Systems, in the 40 patients in
the United States) and pelvic phased-array coils. Im-
ages of the pelvis, extending from the pubic sym-
physis to the level of aortic bifurcation, were ob-
tained before and 24 hours after the intravenous
administration of lymphotropic superparamagnetic
nanoparticles. Details of the pulse sequences are
given in Supplementary Appendix 1 (available with
the full text of this article at http://[www.nejm.org).
The images were evaluated at workstations in a
blinded fashion by two experienced readers and an-
alyzed as described below.

IMAGE ANALYSIS

On conventional MR, lymph nodes were classified
as malignant if the short-axis diameter was elongat-
ed and exceeded 10 mm or was rounded and exceed-
ed 8 mm, according to standard criteria.2* On MRI
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with lymphotropic superparamagnetic nanopar-
ticles, nodes were considered malignant when one
of the following three criteria were present: a de-
crease in signal intensity of less than 30 percent on
T,-weighted fast spin—echo or gradient-echo se-
quences after the administration of lymphotropic
superparamagnetic nanoparticles; a heterogeneous
signal (giving the entire node a mottled appearance),
discrete focal defects (isolated islands of high sig-
nal intensity), or both; and nodes with a central area
of hyperintensity (excluding a fatty hilum) but a pe-
ripheral decrease in signal intensity. The signal-to-
noise ratios of lymph nodes were determined by
manually marking regions of interest over lymph
nodes on different scans and pulse sequences. A re-
ceiver-operating-characteristic (ROC) curve analysis
was also performed by two readers who were un-
aware of the patients’ serum prostate-specific anti-
gen level, clinical stage, or Gleason score. The diag-
nostic standard was histopathological evaluation of
each lymph node. Three-dimensional reconstruc-
tions of the pelvic anatomy were also obtained (Ad-
vantage Windows version 3.1, GE Medical Systems)
in a subgroup of 40 patients to aid in the approach
to surgery and radiotherapy.

SURGERY

Open resections were performed in 60 patients,
and 15 patients underwent a laparoscopic resection.
In five patients, the presence or absence of nodal
metastases in specific lymph nodes was ascertained
by computed-tomography—guided biopsy and no
surgery was performed. Open and laparoscopic dis-
section of pelvic lymph nodes consisted of a gen-
erally accepted resection of left and right obturator

Figure 1. Electron Micrograph of Hexagonal Lymphotropic
Superparamagnetic Nanoparticles (Panels A and B), Mo-
lecular Model of Surface-Bound 10-kD Dextrans and Pack-
ing of Iron Oxide Crystals (Panels C and D), and Mechanism
of Action of Lymphotropic Superparamagnetic Nanopar-
ticles (Panel E).

The model lymphotropic superparamagnetic nanoparti-
cles shown here measure 2 to 3 nm on average (Panels A
and B). The mean overall particle size of the 10-kD dex-
trans is 28 nm (Panels C and D). In Panel E, the systemi-
cally injected long-circulating particles gain access to the
interstitium and are drained through lymphatic vessels.
Disturbances in lymph flow or in nodal architecture caused
by metastases lead to abnormal patterns of accumulation
of lymphotropic superparamagnetic nanoparticles, which
are detectable by MRI.

lymph nodes and included more extensive explo-
ration in nine patients because of suggestive find-
ings on imaging. To ensure optimal correlation, the
surgeon was given a schematic drawing or a three-
dimensional rendering identifying all the lymph
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nodes in relation to the iliac vessels. Resected nodes
were placed on a grid identifying their location
and orientation and then sent for histopathologi-
cal analysis. Multiple sections of all of the resected
lymph nodes were stained with hematoxylin and
eosin, and the slides were reviewed by at least two
pathologists who had no knowledge of the MRI
findings. The histopathological results for each
lymph node were catalogued for subsequent com-
parison with MRI findings.

STATISTICAL ANALYSIS
The statistical significance of the sensitivities and
specificities of conventional MRI and MRI with lym-
photropic superparamagnetic nanoparticles was
calculated with the use of McNemar’s test, and a
two-tailed P value of less than 0.001 was considered
to indicate statistical significance. For comparison
among the groups, Fisher’s exact test was used, with
a P value of less than 0.001 considered to indicate
statistical significance. Accuracy was defined as the
percentage of all patients or lymph nodes in which
MRI with lymphotropic superparamagnetic nano-
particles correctly predicted the presence or absence
of metastatic tumor, calculated with the following
equation: (true positive + true negative) + (true pos-
itive + true negative + false positive + false negative).

For the ROC analysis, the readers were asked to
assign one of five confidence levels to each node.
The readers had no knowledge of the correct histo-
pathological diagnosis. A binomial ROC curve was
fitted to the confidence rating assigned by each ob-
server with a maximum likelihood estimation.2> The
diagnostic accuracy of MRI studies before and after
the administration of lymphotropic superparamag-
netic nanoparticles as determined by each observer
was evaluated by calculating the area under the ROC
curve. Interobserver agreement with respect to the
evaluation of both MRI studies was assessed with
use of the kappa statistic.2¢

The likelihood of lymph-node metastases on
the basis of a nomogram was calculated with the
use of established criteria: low risk was defined by
an incidence of nodal metastases of less than 4 per-
cent if the serum prostate-specific antigen level
was less than 10 ng per milliliter, the Gleason score
was less than 6, and stage T1 prostate cancer was
present; intermediate risk was defined by 18 percent
incidence of nodal metastases if the serum pros-
tate-specific antigen level was 10 to 20 ng per milli-
liter, the Gleason score was 6 or 7, and stage T1
prostate cancer was present; and high risk was de-
fined by a very high but variable incidence of nodal

metastases if the serum prostate-specific antigen
level exceeded 20 ng per milliliter, the Gleason score
exceeded 7, and stage T2 or greater prostate can-
cer was present.27-28 Statistical analysis was carried
out with the use of SAS software.

RESULTS

CHARACTERISTICS OF THE PATIENTS

A total of 80 patients with pathologically proven
prostate cancer were enrolled in the study (Table 1),
and a total of 334 lymph nodes with direct MRI-
histologic correlations were evaluated. Of the 334
lymph nodes, 271 were benign (81.1 percent) and
63 lymph nodes (18.9 percent) — from 33 patients
(41 percent) — contained microscopically detect-
able metastases. Of these 63 nodes, 17 measured
less than 5 mm, 28 were 5 to 10 mm, and 18 exceed-
ed 10 mm. Overall, 71.4 percent of the malignant
nodes did not fulfill the traditional imaging criteria
for malignancy (more than 10 mm if elongated or
more than 8 mm if rounded).

DIAGNOSIS

Figure 2 shows representative examples of retro-
peritoneal images from three patients. In normal
lymph nodes, the signal intensity decreased homo-
geneously after the administration of lymphotropic
superparamagnetic nanoparticles, indicating nor-
mal delivery of the nanoparticles to the lymph nodes
and normal uptake of the particles by nodal macro-
phages. In lymph nodes containing metastases,
there was either a limited decrease in signal inten-
sity or discrete focal defects within the node owing
to replacement of nodal architecture by tumor de-
posits. In the representative example shown in Fig-
ures 2G, 2H, and 21, MRIwith lymphotropic super-
paramagnetic nanoparticles facilitated the detection
of 2-mm metastases in retroperitoneal nodes. Fig-
ure 3A shows a three-dimensional rendering of
normal (green) and metastatic (red) lymph nodes
superimposed onto vascular maps derived from the
same imaging sequence. In this rendering, the rela-
tion of individual nodes to vascular landmarks can
be established. This example also illustrates how
readily malignant iliac nodes can be distinguished
from adjacent benign nodes on MRI after the ad-
ministration of lymphotropic superparamagnetic
nanoparticles (Fig. 3C) but not before (Fig. 3B).

SENSITIVITY
Table 2 summarizes the quantitative analysis of all
patients on the basis of objective changes in the sig-
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Table 1. Characteristics of the 80 Patients in the Study.

Characteristic Value
Age (yr)
Mean 64
Range 54-75

Serum prostate-specific antigen (ng/ml)
Median 21
Range 4-80

Gleason score*
Mean 7
Range 5-8

Nomogram for predicting nodal metastases
(% of patients)

Low risk 15
Intermediate risk 60
High risk 25

Lymph nodes (total no.)

No. examined 334
Short-axis diameter <5 mm 125
Short axis diameter 5-10 mm 185
Short-axis diameter >10 mm 24
Positive nodes 63
Negative nodes 271

Lymph-node metastases

Short-axis diameter <5 mm (total no.) 17
Short-axis diameter 5-10 mm (total no.) 28
Short-axis diameter 8-10 mm and 20

rounded (total no.)

Short-axis diameter >10 mm (total no.) 18

Incidence of nodal metastases on a 18.9
node-by-node basis (%)

Nodal metastases (% of patients) 41

* The Gleason score can range from 2 to 10, with higher
scores indicating more aggressive disease.

i Low risk was defined by an incidence of nodal metastases
of less than 4 percent if the serum prostate-specific antigen
level was less than 10 ng per milliliter, the Gleason score
was less than 6, and stage T1 prostate cancer was present;
intermediate risk was defined by an 18 percent incidence
of nodal metastases if the serum prostate-specific anti-
gen level was 10 to 20 ng per milliliter, the Gleason score
was 6 or 7, and stage T1 prostate cancer was present; and
high risk was defined by a very high but variable incidence
of nodal metastases if the serum prostate-specific anti-
gen level exceeded 20 ng per milliliter, the Gleason score
exceeded 7, and stage T2 or greater prostate cancer was
present.27,28

nal intensity of MRI. On MRIwith lymphotropic su-
perparamagnetic nanoparticles, the signal-to-noise
ratios of normal nodes decreased from a mean (SD)
0f 192424 to 69.7£16 on T,-weighted sequences,
and the decrease was homogeneous across lymph
nodes. Objective signs such as a limited decrease in
signal intensity (P<0.001), the presence of hyper-
intense foci within nodes (P<0.001), ora mottled ap-
pearance on gradient-echo images (P<0.001) were

all highly specific for nodal metastases. On a pa-
tient-by-patient analysis (Table 2), MRI with lym-
photropic superparamagnetic nanoparticles cor-
rectly identified all patients with metastases (100
percent sensitivity). Among patients free of lymph-
node metastases, MRI with lymphotropic super-
paramagnetic nanoparticles provided the correct
diagnosis in 96 percent. MRI with lymphotropic
superparamagnetic nanoparticles was also more
accurate than conventional MRI with respect to pub-
lished and validated nomograms for predicting
lymph-node metastases.27-28 In the low-risk group
of 12 patients, 1 had nodal metastases (true inci-
dence, 8 percent; estimated risk, less than 4 per-
cent). In the intermediate-risk group, 15 of 48 pa-
tients had nodal metastases (true incidence, 31
percent; estimated risk, 18 percent), and in the high-
risk group, 17 of 20 patients had metastases (true
incidence, 85 percent).

On a node-by-node basis, the overall sensitivi-
ty of MRI with lymphotropic superparamagnetic
nanoparticles was 90.5 percent and was significant-
ly higher (P<0.001) than that of conventional MRI
(sensitivity, 35.4 percent). Similarly, the administra-
tion of lymphotropic superparamagnetic nanopar-
ticles improved the diagnostic specificity from 90.4
percent to 97.8 percent. For lymph nodes with a di-
ameter of 5 to 10 mm on the short axis, which would
be considered normal on conventional MRI, the sen-
sitivity of MRI with lymphotropic superparamag-
netic nanoparticles was 96.4 percent. In all nine of
the patients in whom the latter method suggested
the presence of metastases in lymph nodes not clas-
sically considered to be candidates for resection and
who underwent more extensive exploration, metas-
tases were histologically confirmed at distant sites.
The false positive nodes were all larger than 10 mm
and showed reactive hyperplasia on staining, which
most likely resulted in heterogeneous uptake of
lymphotropic superparamagnetic nanoparticles. All
false negative nodes had a short-axis diameter of
less than 5 mm, which is probably below the current
detection threshold of MRI. ROC analysis indicat-
ed that the areas under the curve were significantly
higher for MRI with lymphotropic superparamag-
netic nanoparticles than for conventional MRI
(0.975vs. 0.756, P<0.001).

DISCUSSION

A sensitive and reliable means of detecting lymph-
node metastases in men with prostate cancer is im-
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Figure 2. MRI Nodal Abnormalities in Three Patients with Prostate Cancer.

As compared with conventional MRI (Panel A), MRI obtained 24 hours after the administration of lymphotropic superparamagnetic nanopar-
ticles (Panel B) shows a homogeneous decrease in signal intensity due to the accumulation of lymphotropic superparamagnetic nanoparti-
cles in a normal lymph node in the left iliac region (arrow). Panel C shows the corresponding histologic findings (hematoxylin and eosin,
x125). Conventional MRI shows a high signal intensity in an unenlarged iliac lymph node completely replaced by tumor (arrow in Panel D).
Nodal signal intensity remains high (arrow in Panel E). Panel F shows the corresponding histologic findings (hematoxylin and eosin, x200).
Conventional MRI shows high signal intensity in a retroperitoneal node with micrometastases (arrow in Panel G). MRI with lymphotropic su-
perparamagnetic nanoparticles demonstrates two hyperintense foci (arrows in Panel H) within the node, corresponding to 2-mm metasta-
ses. Corresponding histologic analysis confirms the presence of adenocarcinoma within the node (Panel I, hematoxylin and eosin, x200).
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portant because patients with truly local disease
have the options of radical prostatectomy, watchful
waiting, and radiotherapy.?5 In men with locally ad-
vanced or metastatic disease, however, adjuvant an-
drogen-deprivation therapy with radiation is the
mainstay of management.3-429

We found that lymph-node metastases can be
accurately diagnosed by high-resolution MRI with
lymphotropic superparamagnetic nanoparticles but
not by conventional MRI. On a patient-by-patient
basis, the addition of lymphotropic superparamag-
netic nanoparticles increased the sensitivity of MRI
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Figure 3. Three-Dimensional Reconstruction of Pelvic Lymph Nodes (Panel A), Conventional MRI (Panel B), MRI with Lymphotropic Super-
paramagnetic Nanoparticles (Panel C), Abdominal Computed Tomography (CT) (Panel D), and Histopathological Findings (Panel E).

Panel A shows a three-dimensional reconstruction of the prostate, iliac vessels, and metastatic (red) and nonmetastatic (green) lymph nodes, to
assist in the planning of surgery and radiotherapy. There is a malignant node (thick arrow) immediately adjacent to the normal node (thin arrow)
posteromedial to the iliac vessels. In Panel B, conventional MRI shows that the signal intensity is identical in the two nodes (arrows). In Panel C,
MRI with lymphotropic superparamagnetic nanoparticles shows that the signal in the normal node is decreased (thick arrow) but that it is
high in the metastatic node (thin arrow). In Panel D, abdominal CT fails to differentiate between the two lymph nodes (arrows). In Panel E,
histopathological examination of the malignant lymph node reveals sheaths of carcinoma cells (hematoxylin and eosin, x200).
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Table 2. Sensitivity, Specificity, Accuracy, and Positive and Negative Predictive Values of MRI Alone
and MRI with Lymphotropic Superparamagnetic Nanoparticles.

Variable

Results per patient (n=380)
Sensitivity (%)
Specificity (%)
Accuracy (%)
Positive predictive value (%)
Negative predictive value (%)

Results per individual lymph nodes of all sizes (n=334)
Sensitivity (%)
Specificity (%)
Accuracy (%)
Positive predictive value (%)
Negative predictive value (%)
Area under the curve

Sensitivity (%)

Specificity (%)

Accuracy (%)

Positive predictive value (%)
Negative predictive value (%)

Sensitivity (%)

Specificity (%)

Accuracy (%)

Positive predictive value (%)
Negative predictive value (%)

Results for nodes with a short-axis diameter of 5-10 mm (n=45)

Results for nodes with a short-axis diameter of <5 mm (n=17)

MRI with
Lymphotropic
Superparamagnetic
MRI Alone Nanoparticles P Value
45.4 100 <0.001
78.7 95.7
65.0 97.5
60.0 94.2
67.2 100
354 90.5 <0.001
90.4 97.8
76.3 97.3
55.9 95.0
80.3 97.8
0.756 0.975 <0.001
28.5 96.4 <0.001
87.2 99.3
783 98.9
28.5 96.4
87.2 99.3
0 41.1
100 98.1
86.4 90.4
NA* 77.7
86.4 913

* NA denotes not applicable.

from 45.4 percent to 100 percent, with a specificity
0f95.7 percent. These results confirm earlier work
in animal models2° and preliminary observations
in patients with other types of cancer.19-30-33 Unex-
pectedly, even very small metastases — less than
2 mm in diameter — were occasionally identified
within normal-sized lymph nodes. Such microscop-
ic tumor deposits are below the threshold of detec-
tion of any other imaging technique. For compari-
son, the limit of detection of tumor deposits in the
pelvis on positron-emission tomography is often
6 to 10 mm.34

Dissection of pelvic lymph nodes is the diagnos-
tic standard for detecting metastatic prostate can-
cer in iliac lymph nodes and is therefore performed
with either an open or a laparoscopic technique in
most patients deemed candidates for surgery. This
approach, however, has several limitations. First,
the area of surgical exploration is limited to groups
within the external iliac obturator nodes, but so-
called skip metastases to the internal and common

iliac nodes are not uncommon and go undetected
with the use of this method. Nine examples of this
phenomenon were encountered in the 80 patients
we studied. Second, the rates of morbidity and com-
plications of 4 to 5 percent with this invasive tech-
nique are not negligible. Third, dissection of pelvic
lymph nodes is expensive and requires hospitaliza-
tion. On average, the cost per metastasis diagnosed
in patients with a low risk of postsurgical complica-
tions is approximately $43,600. Fourth, it is typical-
ly a one-time procedure performed at the beginning
of cancer treatment.3> Although these aspects of
cost and outcome of MRI with lymphotropic super-
paramagnetic nanoparticles will have to be studied
in larger, prospective clinical trials, this approach
could provide clinical and cost benefits.

The routine imaging protocols used in this study
are readily available at most MRI centers. We found
that the adapted three-dimensional reconstruction
techniques were of particular help in displaying and
analyzing the massive amount of high-resolution
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data. With them, it is feasible to show both normal
and abnormal lymph nodes and their location with
respect to important surgical landmarks such as
vessels, obturator nerves, and ureters in three di-

mensions.

Supported in part by departmental funds from both institutions
to defray imaging costs and by a grant from the National Cancer In-
stitute (RO1CA59649, to Dr. Weissleder). The experimental imag-
ing agent was supplied to the investigators at no cost.
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