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Ultrasmallsuperparamagnetic iron oxide (USPIO) has been suggested to be a negative MR contrast agent to detect
metastatic lymph nodes. Previously reported studies have evaluated the diagnostic performance of USPIO-
enhanced MR lymph node imaging based on signal intensity. In this study, we investigate the specific performance
of three different parametric approaches (normalized signal intensity, R2* and susceptibility) using 3D multi-echo
gradient echo to quantify the USPIO particles in lymph nodes. Nine rabbits with VX2 tumor implants were scanned
before and after USPIO injection. From 3Dmulti-echo GRE magnitude and phase data, we generated multi-echo com-
bined T2*-weighted images, an R2* map, and a quantitative susceptibility map. Eighteen lymph nodes (nine reactive
and nine metastatic) were evaluated and showed remarkable signal drops in the area of USPIO accumulation. On
parametric analysis, the R2* difference before and after USPIO injection was significantly different (p<0.05) be-
tween reactive and metastatic lymph nodes; in contrast, the normalized signal intensity and susceptibility were
not significantly different between the nodes. Our study showed the potential utility of USPIO-enhanced MRI using
R2* mapping from 3D multi-echo GRE for the detection of lymph node metastasis and parametric analysis of lymph
node status in a rabbit model. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The presence of metastatic lymph nodes is the most important
prognostic factor and determines the need for radiation therapy
or adjuvant chemotherapy after surgery (1). MRI and PET CT in-
crease the diagnostic performance to identify lymph nodemetas-
tases; however, one limitation is the possibility of misinterpreting
enlarged reactive lymph nodes as metastases or normal sized
metastatic lymph nodes as simply reactive (1–7).

Ultrasmallsuperparamagnetic iron oxide (USPIO) has been
developed as a contrast agent that can be used for lymph node
staging following intravenous or local subcutaneous injection
(8–10). Due to the circulation of dextran-coated USPIO, it can
extravasate and be absorbed physiologically in lymph nodes by
macrophages, resulting in a signal loss of lymph nodes in T2 or
T2*-weighted images. In contrast, metastatic lymph nodes exhibit
this signal loss only partially or not at all depending on the extent
of lymph node invasion (4,11).

In spite of its potential utility, USPIO has not yet been
approved for clinical application because a prior study did not
show improved specificity for detecting metastatic lymph nodes
(11). Several studies have evaluated the diagnostic performance
of USPIO-enhanced MRI in animal models by analyzing lymph
node size and the pattern of signal intensity changes (2,4,12–
15). However, the signal intensity is of relative value and signal
intensity-based quantification is sensitive to several factors such
as receiver coil sensitivity, susceptibility artifacts and B1 field in-
homogeneity (16). To overcome these limitations, the signal in-
tensities were normalized by referencing the adjacent muscle
signal intensities assuming USPIO accumulation is negligible in

muscle tissues (15–17). Although this normalization process
can reduce potential errors to some extent, a more stable and ac-
curate parametric approach is needed.
T2* relaxation time is another approach for quantifying USPIO

accumulation because there is a linear relationship between R2*
(=1/T2*) and iron concentration (18). Recently, quantitative
susceptibility mapping (QSM) techniques, which estimate local
susceptibility distributions using phase date of gradient echo
(GRE) (19–21), have been suggested for in vivo quantification of
paramagnetic contrast agent concentration (22,23). These
parametric approaches using R2* mapping or QSM may increase
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the specificity for reactive and metastatic lymph nodes.
Furthermore, parametric approaches will potentially enable
longitudinal studies and in vivo USPIO quantification.
In this study, we evaluate three different parametric

approaches generated from 3D multi-echo GRE (mGRE) for
USPIO-enhanced MR lymph node imaging. Using 3D mGRE
magnitude and phase data, we generated multi-echo combined
T2*-weighted images, an R2* map, and a QSM and analyzed the
parameters calculated from these images for the detection of
lymph node metastasis in a rabbit model.

2. MATERIALS AND METHODS

2.1. Animal preparation

This animal study was approved by the Institutional Animal Care
and Use Committee. of The Catholic University of Korea College
of Medicine. Nine male New Zealand white rabbits weighing
2.6–3.3 kg served as animal models. To set up a metastatic lymph
node model in rabbits, we implanted four to five VX2 tumor
tissue blocks (no bigger than 1mm3) intramuscularly in the
right thigh after skin incision. For a reactive lymph node model,
0.1mL of commercially available complete Freund’s adjuvant
(0.1mg/mL, Sigma-Aldrich, Steinheim, Germany) was inoculated
subcutaneously in the right medial thigh to generate lymphade-
nitis in the inguinal area and iliac chains.

2.2. MR contrast material

P904 (Guerbet Laboratories, Aulnay-sous-boy, France) was used
in this study as the USPIO contrast agent. P904 has a smaller hy-
drodynamic diameter (21 nm) and a higher in vitro macrophage
uptake (1.8–23 pg Fe/cell) than ferumoxtran-10 (13). P904 was
used at a dose of 200 μmoL Fe/kg body weight (13). P904 has
a relaxivityvalues of r1 and r2 measured in water at 1.42 T and
37 °C as 14 and 87mM–1 s–1, respectively (24).

2.3. MR imaging

MRI of the bilateral inguinal areas, iliac fossa and paraaortic re-
gion was performed 4 or 6weeks after tumor implantation and
3weeks after CFA innoculation. MRI was performed on a 3 Tesla
clinical scanner (Verio, Siemens Healthcare, Erlangen, Germany)
with an eight-channel knee coil. Rabbits were under full anesthe-
sia with an intramuscular injection of 0.7mL of ketamine hydro-
chloride and 0.3mL of xylazine hydrochloride per kilogram of
body weight. For contrast injection, a marginal vein in the ear
was punctured by a 24-G intravenous angiocatheter system.
For all rabbits, 2D TSE and 3D mGRE images were obtained

with identical imaging orientation and position. To minimize
the signal contribution of fat to both magnitude and phase data,
all TEs for GRE imaging were set to be multiples of the in-phase
of water and fat (approximately, 2.46ms at 3 T). Scans were
performed before and after 24 hours of USPIO injection with
the same protocols (12,13). A few USPIOs did not differ in the
diagnostic value to discriminate the benign and malignant node
at earlier acquisition time such as 120minutes after the injection,
however most USPIOs showed best and stable diagnostic value
after 24 hours after injection (13). The detailed parameters for
the two sequences are summarized in Table 1.
For 3D mGRE data, combined magnitude, R2* map, and QSM

were generated from multi-echo magnitude and phase data.
Combined magnitude images were generated using the root

sum of squares and R2* maps were calculated using voxel-
by-voxel mono-exponential fitting from multi-echo magnitude
data. QSMs were reconstructed using the improved sparse linear
equation and least-squares (iLSQR) technique (25) from multi-
echo magnitude and phase data (STI Suite, http://people.duke.
edu/~cl160).

2.4. Histopathological examination

After MRI, the rabbits were sacrificed for imaging-
histopathologic correlation. All lymph nodes at the iliac bifurca-
tion and the inguinal fossa were removed by one surgeon (LJK)
and labeled for orientation and location then fixed in formalin
(10%). A pathologist (LSH) performed hematoxylin and eosin
and Prussian blue staining to visualize iron.

2.5. Image analysis

Parametric analysis was performed to compare the diagnostic
performance for three different contrast images (signal intensity
of the combined magnitude, R2*, and susceptibility) generated
from 3D mGRE. For confirmed lymph nodes, regions of interest
(ROI) were manually drawn on representative slices of the
combined magnitude images (red dotted ellipse in Fig. 1). Mean
values were calculated from the defined ROIs for signal intensity,
R2*, and susceptibility. Lymph nodes very close to the bowels
with a large susceptibility artifact were excluded from parametric
analysis (yellow dotted arrows in Fig. 1). Table 2 summarizes the
size and number of reactive and metastatic lymph nodes used in
parametric analysis. For signal intensity analysis, ROIs for muscle
tissues (red circles in Fig. 1) were also drawn and then the mean
signal intensities of lymph node ROIs were normalized by
dividing the mean signal intensities of muscle ROIs to reduce
systematic errors (15).

In addition, the ratios of before and after USPIO injection
were calculated for the normalized signal intensities (SIROI,after/
SIROI,before, where SIROI,after and SIROI,before represent normalized
signal intensities of lymph node ROIs after and before
USPIO injection, respectively) and the differences between
before and after USPIO injection were calculated for R2*

Table 1. Pulse sequence parameters

Sequence 2D TSE (T2) 3D mGRE (T2*)

FOV (mm) 128
Matrix size 256 × 256 × 40
Voxel size (mm3) 0.5 × 0.5 × 2.0
Acceleration R= 2, ACS lines =24
(GRAPPA)
TR (ms) 4000 64
TE (ms) 90 4.92, 7.38, … , 31.98
Flip angle 90 ° 15 °
BW/px 219Hz/px 501Hz/px
ETL / # of echoes 18 12
NEX 4 2
Acqusitiontime 5:12 11:25

FOV: field of view
R: reduction factor
ACS: auto-calibraion signal
ETL: echo train length
NEX: number of excitations
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(R2*ROI,after - R2*ROI,before, where R2*ROI,after and R2*ROI,before
representR2*s of lymph node ROIs after and before USPIO injec-
tion, respectively) and susceptibility (QSMROI,after - QSMROI,before,
where and represent QSMs of lymph node ROIs after and before
USPIO injection, respectively). For the calculated mean values of
the normalized signal intensities, R2*, and susceptibility, a
Mann-Whitney U test was performed between reactive and met-
astatic lymph nodes. All post-processing steps were performed
using MATLAB (MathWorks Inc., Natick, MA, USA).

3. RESULTS

Twenty-nine lymph nodes (18 reactive and 11 metastatic) were
isolated from nine rabbits after MR examination. Among them,
11 lymph nodes near the bowel (nine reactive and two
metastatic) were excluded from parametric analysis due to
severe susceptibility artifacts from bowel gas. The sizes of
reactive and metastatic lymph nodes analyzed in this study
are summarized in Table 2.
Fig. 2 shows representative slices including a metastatic lymph

node for T2-weighted magnitude (2D TSE) and different contrast
images generated using 3D mGRE data (combined magnitude,
R2* map, phase, QSM) before and after USPIO injection. Although
remarkable signal changes were observed in the combined
magnitude, R2* map, phase, and QSM at the boundaries of the
lymph nodes (arrowheads in Fig. 2) 24 hours after USPIO
injection, signal changes were relatively small in the inside
regions of the metastatic lymph nodes (red arrows in Fig. 2).
Fig. 3 shows the different patterns of the phase and QSM

images for reactive and metastatic lymph nodes. After USPIO
injection, both lymph nodes showed partial signal losses mainly
at boundary regions in the magnitude images. The phase and

Table 2. Size of lymph nodes used in parametric analysis

Long-axis (mm) Short-axis (mm)

Mean (S.D.) Range Mean (S.D.) Range

Reactive
(n = 9)

8.8 (3.5) 5.0 – 16.0 4.4 (2.2) 2.0 – 9.0

Metastatic
(n = 9)

12.5 (5.3) 5.0 – 20.0 7.5 (1.9) 4.7 – 10.5

S.D. standard deviation.

Figure 2. Comparison of different contrast images before and after USPIO injection. Noticeable signal changes in the boundary voxels of a metastatic
lymph node (yellow arrow heads) are shown in the combined magnitude, R2* map, phase and QSM 24 hours after USPIO injection.

Figure 1. (a) T2-weighted magnitude image of 2D TSE and (b) T2*-weighted multi-echo combined magnitude image of 3D mGRE 24 hours after USPIO
injection. Three reactive lymph nodes (yellow arrows and red dotted ellipse) were confirmed by histopathology after MR examination. The combined
magnitude image of 3D mGRE shows the entire signal loss in all three reactive nodes.
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QSM depict more localized patterns for metastatic lymph nodes
(arrowheads in Fig. 3b). In QSM, blooming effects shown in the
magnitude and phase images are markedly reduced and positive
signs (arrow and arrowheads in Fig. 3a and 3b) suggest the
presence of paramagnetic susceptibility sources with more
accurate localization for both nodes after USPIO injection. The
histopathologiesdemonetrate diffuse iron contents for the
corresponding reactive lymph node (blue spots in Fig. 3c).
Whereas the metastatic tumor cells are devoid of iron content
and a small fleck of iron is seen at the surrounding stroma
(blue spots in Fig. 3d).

In parametric analysis, all three different contrasts showed
noticeable changes 24 hours after USPIO injection for both
reactive and metastatic lymph nodes, as shown in Fig. 4. The
R2* difference before and after USPIO injection was significantly
different (p< 0.05) between reactive and metastatic lymph
nodes. While normalized signal intensity and susceptibility did
not show significant differences between reactive and metasta-
tic lymph nodes, they did show visually different signal patterns
for most lymph nodes after USPIO injection. The mean and
standard deviation calculated from the ROIs for three different
contrasts are summarized in Table 3.

Figure 3. Signal patterns of phase and QSM for (a) reactive and (b) metastatic lymph nodes. The corresponding hematoxylin-eosin (H-E) and Prussian
blue staining photomicrographs (×400) are displayed for (c) reactive and (d) metastatic lymph nodes. Histopathology demonstrates the metastatic
lymph node (arrowheads in Fig. 3d) devoid of iron content and a small fleck of iron (arrows in Fig. 3d) at the surrounding stroma.

Figure 4. ROI-based quantification results of reactive and metastatic lymph nodes for (a) normalized signal intensity of magnitude image, (b) R2*, and
(c) susceptibility (* p< 0.05).
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4. DISCUSSION

We investigated the ability to discriminate lymph nodes with
three different parametric approaches of normalized signal
intensity (T2*-weighted multi-echo combined magnitude), R2*
map, and QSM. For this purpose, 3D mGRE images were acquired
before and after USPIO injection in a rabbit model. Among them,
only the difference in R2* values before and after USPIO injection
showed a significant difference between reactive and metastatic
lymph nodes.

The combined magnitude, R2* map, phase and QSM gener-
ated using 3D mGRE data showed remarkable signal changes
in the USPIO accumulation area after USPIO injection. In the case
of metastatic lymph nodes, remarkable signal changes were
observed at the lymph node boundaries; however, signal
changes were relatively small in the inside regions. These results
are in accordance with those of previous lymph node studies
using USPIO (7,15). In the present study, we observed different
patterns for reactive and metastatic lymph nodes in the phase
and QSM images. After USPIO injection, both lymph nodes
showed partial signal loss mainly at the boundary regions in
the magnitude images. However, there were more localized
patterns minimizing nonlocal signal changes due to susceptibil-
ity artifacts for metastatic lymph nodes in comparison with
reactive lymph nodes. These results suggest that relatively
sparse USPIO distribution in the metastatic lymp nodes. In
addition, QSM showed markedly decreased blooming effects as
compared with the magnitude and phase images and high
signal positive signs, suggesting the presence of paramagnetic
susceptibility sources.

R2* measurement can be used to quantify USPIO nanoparti-
cles at a relatively low iron concentration (12). However, in the
presence of a high iron concentration, relaxometry-based
approaches are almost impossible when using regular pulse
sequences and aggregations of SPIO nanoparticles could drasti-
cally influence local relaxation time, making quantification more
complicated (26). Further studies to optimize imaging parame-
ters (e.g., shortest echo time) and USPIO concentration will be
required to quantify a wide range of lymph nodes.

In the present study, the normalized signal intensity did not
show significant differences between reactive and metastatic
lymph nodes. Our results did not correspond to previous results
that benign nodes had a significantly lower signal intensity ratio

than metastatic nodes (2,12). This discordance among studies
might be derived from the sample size, MR machine and
sequence, the presence of the intervention to minimize the
susceptibility artifact and different contrast agents.
We expected that reactive lymph nodes would show a higher

QSM value; however, our results did not demonstrate significant
differences. These results were probably due to an inherent
limitation of this sequence. MR phase can be affected by many
other sources, including fat signal contribution (27,28), physio-
logical motion such as cardiac motion, blood flow during phase
encoding (29), large scale susceptibility artifacts due to a wide
range of USPIO concentration (30) and initial phase induced by
RF excitation (31). These unwanted phase sources can highly
affect the quality of the background phase removal and QSM
processes which solve ill-posed inverse problem (18–20). The
effects of these should be investigated and controlled for lymph
node quantification using QSM. In this study, the reactive lymph
nodes were more affected by these effects (mainly from bowel
gas and respiration) compared to the metastatic lymph nodes,
thus 50% of the reactive lymph nodes were excluded in para-
metric analysis due to severe artifacts in magnitude and phase
images. Although the other 50% of the reactive lymph nodes
were included in parametric analysis, many of them show noisy
QSM results compared to those of the metastatic lymph nodes.
One limitation of this study is the relatively small number of

lymph nodes sampled, particularly in quantification evaluation.
The resulting contrast images visualized the lymph nodes and
demonstrated the signal changes in the areas of USPIO accumu-
lation. However, among 29 lymph nodes, 11 lymph nodes near
the bowel (37.9%) were excluded from parametric analysis due
to severe susceptibility artifacts from bowel gas. Thus, the final
number of samples may be insufficient for revealing subtle
differences in the various quantification values.
In conclusion, USPIO-enhanced MRI using R2* mapping from

3D multi-echo GRE has the potential utility for the detection of
lymph node metastasis and parametric analysis of lymph node
status in a rabbit model.
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Table 3. Parametric analysis: ROI mean values (standard deviation) of normalized signal intensity, R2* and susceptibility (χ) before
and 24 hours after USPIO injection

Normalized S.I. R2* χ

(a.u.) (s-1) (ppm)

before 24 h ratio before 24 h ΔR2* before 24 h Δχ

Reactive 0.99 0.62 0.63 33.0 89.5 56.5 -.04 .13 0.17
(n = 9) (0.14) (0.14) (0.14) (7.7) (15.7) (18.4) (0.15) (.19) (0.25)
Metastatic 1.04 0.71 0.69 39.8 73.8 34.0 .01 .14 0.13
(n = 9) (0.08) (0.12) (0.14) (17.4) (19.1) (10.8) (.15) (.15) (0.23)
p-value 0.3865 0.3401 .6048 0.7962 0.0939 .0106 0.6665 0.6488 .7304

ratio: the normalized signal intensity ratios of before and after USPIO injection (SIROI,after/SIROI,before)
ΔR2*: the R2* differences between before and after USPIO injection (R2*ROI,after - R2*ROI,before)
Δχ: the QSM differences between before and after USPIO injection (QSMROI,after - QSMROI,before)
p-values were calculated by using a Mann-Whitney U test.
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