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Abstract
Objectives—Determination of lymphatic metastasis is of great importance for both treatment
planning and patient prognosis. We aim to distinguish tumor metastatic lymph nodes (TLNs) and
reactive lymph nodes (RLNs) with diffusion-weighted and superparamagnetic iron oxide (SPIO)
enhanced magnetic resonance imaging (MRI).

Materials and methods—Ipsilateral popliteal lymph node metastasis or lymphadenitis model
was established by hock injection of either luciferase-expressing 4T1 murine breast cancer cells or
Complete Freund Adjuvant (CFA) in male Balb/C mice. At different time points after inoculation,
bioluminescence imaging, T2-weighted, diffusion-weighted and SPIO enhanced MRI were
performed. Imaging findings were confirmed by histopathological staining.

Results—Size enlargement was observed in both TLNs and RLNs. At day 28, TLNs showed
strong bioluminescence signal and bigger size than RLNs (p < 0.01). At early stages up to day 21,
both TLNs and RLNs appeared homogeneous on diffusion-weighted imaging (DWI). At day 28,
TLNs showed heterogeneous apparent diffusion coefficient (ADC) map with significantly higher
average ADC value of 0.41 ± 0.03 × 10−3 mm2/s than that of RLNs (0.34 ± 0.02 10−3 mm2/s, p <
0.05). On SPIO enhanced MRI, both TLNs and RLNs showed distinct T2 signal reduction at day
21 after inoculation. At day 28, TLNs demonstrated partial uptake of the iron oxide particles,
which was confirmed by Prussian blue staining.

Conclusions—Both diffusion-weighted and SPIO enhanced MRI can distinguish tumor
metastatic lymph nodes from reactive lymph nodes. However, neither method is able to detect
tumor metastasis to the draining lymph nodes at early stages.
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Introduction
Lymphatic metastasis is an important prognostic factor in patients with cancer.
Determination of nodal status is also critical for appropriate treatment planning. Although
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lymph nodes can be detected and visualized by several imaging modalities including
ultrasound (US), computed tomography (CT) and magnetic resonance imaging (MRI), the
differentiation between benign and malignant lymph nodes remains challenging [1, 2].
Enlarged reactive nodes are frequently present along the lymphatic drainage pathways,
particularly of large and/or necrotic tumors, which may mimic lymph node metastasis [3].

Diffusion-weighted magnetic resonance imaging (DWI) has been intensively investigated in
both preclinical models and patients with cancer for lymph node characterization [4–6].
DWI derives its contrast from the regional differences in the mobility of water molecules [7,
8]. By systematically increasing the strength of the gradient and measuring the decrease in
observed 1H signal intensity, the apparent diffusion coefficient (ADC) can be determined
[9]. Due to the different cellular density and extracellular diffusion, metastatic lymph nodes
may be distinguishable from normal lymph nodes with ADC measurements [10]. However,
the discrepancy still exists between studies from different groups [11–13]. Sumi et al. [14]
reported that metastatic lymph nodes have higher ADC values than lymph nodes without
tumor metastasis while Razek et al. [11] and Eiber et al. [15] reported that metastatic lymph
nodes have lower ADC values. Moreover, a longitudinal analysis of changes in lymph node
volume and ADC in healthy, metastatic, and hyperplastic lymph nodes revealed that
enlarged reactive or malignant nodes could not be differentiated based on their ADC values
[5].

MRI with superparamagnetic iron oxide (SPIO) is also gaining acceptance as a non-invasive
method for the detection of lymph node metastasis [16–20]. The underlying mechanism is
that superparamagnetic nanoparticles are phagocytosed by reticuloendothelial cells in
normal lymphoid tissues, but not in tumor tissue, because they lack reticuloendothelial cells.
The nanoparticles induce a signal drop in lymphoid tissues on T2-weighted images because
of their superparamagnetic effect. Therefore, metastatic tumors can be differentiated from
normal lymphoid tissues using SPIO-enhanced MRI [21].

In this study, we performed longitudinal DWI in both mouse lymph node metastasis and
CFA (Complete Freund’s Adjuvant) models [22]. With the same models, we also performed
contrast enhanced MRI after interstitial injection of SPIO and tumor metastasis was further
evaluated in tumor draining lymph nodes.

Materials and methods
Animal models

Luciferase-expressing 4T1 murine breast cancer cells were maintained at 37 °C in a
humidified atmosphere containing 5% CO2 in Dulbecco’s Modification of Eagles Medium
(DMEM) with 10% fetal bovine serum (FBS). The lymph node metastasis model was
established in 4–6 week-old female BALB/c mice by hock injection of 0.5×106 4T1 cells to
the right side. The reactive lymph node model was established in another group of mice by
aseptic administration of 20 μl of CFA (Complete Freund’s Adjuvant) to the left hock
region. At day 7, 14, 21 and 28 after 4T1 cell inoculation or CFA injection, tumor bearing
BALB/C mice and CFA injected BALB/C mice underwent bioluminescence imaging and
MRI. Animal procedures were performed according to a protocol approved by the National
Institutes of Health Clinical Center Animal Care and Use Committee (NIH CC/ACUC).

Imaging protocol
Multiple modality imaging was performed according to the protocol described in Table 1. At
each time point, BLI was performed immediately before MRI scan. Among them, 5 mice in
each group underwent longitudinal DWI MRI for four times and lymph nodes samples were
collected after the last MRI scan at day 28. SPIO enhanced MRI was perform at either day
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21 or day 28. Lymph nodes sampling was performed immediately after imaging for
histopathological examination.

Bioluminescence Imaging
Tumor metastatic progression of sentinel lymph node was evaluated using a Lumina II
imaging system (Caliper Life Sciences, MA, USA). Before imaging, the mice were
anesthetized with a 2% isofluorane/air mixture and given a single i.p. dose of 150 mg/kg D-
luciferin in normal saline. Bioluminescence imaging was accomplished between 5 and 10
min post-luciferin administration. A photographic image was collected followed by
acquisition and overlay of a pseudocolor luminescent image representing the spatial
distribution of the detected photons emitted from the active luciferin within the tumor cells.

MR imaging and data analysis
MRI scans were performed with a Bruker PharmaScan 7T/16 scanner equipped with a
mouse body volume coil. The animal was placed on an animal bed equipped with circulating
warm water to regulate body temperature during magnetic resonance imaging scans. While
the animal was under anesthesia, anatomic magnetic resonance imaging was done using a
T2-weighted spin echo sequence with RARE (rapid acquisition with relaxation
enhancement) technique. The acquisition parameters are as following: repetition time (TR)/
echo time (TE), 2,000/48.8 ms; 256 ×256 matrix; and a 30 × 30 mm field of view (FOV).
Continuous 1 mm thick slices were used to cover the entire tumor region. A magnetic
resonance-compatible small animal respiratory gating device was used during the scans. The
size of the lymph nodes was determined by measuring the short-axis diameter with T2-
weighted MRI.

DWI data were collected using a standard spin echo sequence with two b-factors (0 and
1,000 s/mm2) at three orthogonal gradient directions (x, y, z). The acquisition parameters are
as follows: bandwidth, 50505.1 Hz; TR/TE, 2750/90 ms; diffusion separation time, 16 ms;
diffusion gradient duration, 6 ms; 128 ×128 matrix; and a 30 × 30 mm FOV. A total of three
to five 1-mm-thick slices (1-mm gap) were used to cover regions of interest (ROIs). ADC
maps were automatically reconstructed for all diffusion-weighted images. For the ADC
calculation, an ROI was drawn on the b = 1000 s/mm2 DW image within each lymph node
at the slice in which the largest ROI could be drawn. The ADC map was calculated by
fitting the signal of the diffusion weighted images to the Stejskal–Tanner Equation: S(b) =
S0 * e −b*ADC to the data points at 2 b-values: 0 and 1000 mm2/s, with S0 and ADC as fit
parameters [5].

For SPIO enhanced MRI, 20 μmol of SPIO (0.56 mg/kg in 20 μl Feridex I.V.; Berlex
Laboratories, Inc., Wayne, NJ, USA) per extremity was administered locally 6 hours later.
The acquisition parameters were as the following: TR/TE, 2000/48ms; FA, 180° FOV,
3×3cm; Matrix, 256×256; NEX, 4.

Histological evaluation
After MR imaging, the popliteal lymph nodes were identified and dissected along with the
surrounding tissue and fixed with 4% formalin. The lymph nodes were subsequently
embedded in paraffin and the sections were stained with hematoxylin and eosin. Prussian
blue iron stain was used to assess the presence and intra-nodal distribution of SPIO particles.

Statistical analysis
Lymph node size and change of ADC were evaluated statistically. Statistical analysis was
performed with a two-tail Student’s t-test. A p value less than 0.05 was considered
statistically significant.

Zhang et al. Page 3

Mol Imaging Biol. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Results
Establishment of metastatic lymph nodes

In this study, we developed metastatic lymph nodes by hock injection of firefly luciferase
expressing 4T1 mouse mammary tumor cells [23]. Similar to footpad inoculation,
subcutaneous cell or CFA inoculation in hock region resulted in metastatic or reactive
popliteal lymph nodes in all mice. As shown in Fig. 1, positive bioluminescent signal was
detectable in the collateral popliteal region at day 21 after cell inoculation, indicating that
tumor cells metastasized to the local draining lymph nodes. Due to the tumor cell
proliferation within the lymph node, the BLI signal was much stronger at day 28. No
positive BLI signal was observed in CFA treated mice at all the time points (data not
shown).

CFA enhances antibody production and induces an inflammatory response, primarily at the
inoculation site. Consistent with previous studies [24, 25], enlargement of the lymph nodes
was recognized at day 7 after either tumor cell inoculation or CFA administration (Fig. 2).
From day 7 to day 21, no apparent difference in the size of affected lymph node was
observed between tumor cell inoculated group and CFA group. At day 28, the metastatic
lymph node showed dramatic size increase as compared to day 21 (p < 0.01), while the
lymph node volume of CFA injected mice remained virtually unaltered from day 21 to day
28.

ADC map of lymph nodes
At all the time points examined, reactive lymph nodes showed homogeneous signal
intensities on both T2WI and ADC map. At early time points up to day 21, relatively
homogeneous signal intensity was observed within the tumor draining LNs on both T2WI
and ADC map. At day 28, 4 out of 5 enlarged metastatic lymph nodes showed homogeneous
signal ntensity on the T2WI. Focal central necrosis was found in 1 lymph node. In contrast,
heterogeneous signal distribution of ADC map was found in all 5 TLNs (Fig. 2).

To calculate ADC value of each lymph node, we drew ROI directly on ADC map within
each lymph node at the slice in which the largest ROI could be drawn. As shown in Fig. 2d,
no difference in the mean ADC of tumor induced and inflammation induced lymph nodes
was found at early stages up to 21 days post inoculation. At day 28, ADC of metastatic LNs
was 0.41 ± 0.03 × 10−3 mm2/s, which was significantly higher than that of reactive LNs
(0.34 ± 0.02 × 10−3 mm2/s, p < 0.05).

Alignment of ADC map with HE staining
After aligning the ADC map with the HE staining section, we found that the high value
regions on the ADC map correspond to metastatic tumors (Fig. 3). More homogeneous ADC
map of reactive lymph nodes corresponds to hyperplastic inflammatory reaction. These
results suggest that increased ADC value in tumor metastatic LNs is mainly due to
proliferating tumor cells. On the HE staining, we found that metastatic tumors presented
lower cellularity than the surrounding lymphatic tissue, which may account for the locally
increased ADC value and patchy heterogeneity observed on the ADC maps.

SPIO MRI
Superparamagnetic nanoparticles are phagocytosed by macrophages in the normal lymphoid
tissues, where they induce T2 shortening and decreasing signal intensity [19, 20]. After
SPIO administration, normal lymph nodes appear dark on MR images while metastatic
nodes remain iso-signal intense. As shown in Fig. 4, at day 21 after cell and CFA
inoculation, both tumor metastatic and reactive LNs showed distinct T2 signal reduction at
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the central region after interstitial administration of iron oxide. Metastatic lymph nodes
demonstrated faint T2 signal reduction at subcapsular area. At day 28, metastatic lymph
nodes showed heterogeneous signal intensity, indicating uneven distribution of the iron
oxide particles within the lymph node. Prussian blue staining also revealed different patterns
of iron oxide in reactive and metastatic LNs. Iron oxide was mainly distributed in medullary
sinuses. In tumor metastatic LNs, medullary sinuses uptake also contributed to the locally
reduced signal intensity. However, proliferating tumor cells showed minimal iron oxide
uptake, which corresponds to the region without signal reduction.

Discussion
ADC value has been calculated in different nodal pathologies/conditions. It is convincing
that DWI and ADC measurements are effective in differentiating these different nodal
pathologies [26–28]. However, the ADCs of normal lymph nodes and those of different
nodal pathologies or conditions overlap since DWI highlights both normal and pathologic
lymph nodes [29]. In this study, T2WI showed homogeneous signal intensity in both
reactive and tumor metastatic LNs. However, heterogeneous signal distribution of ADC map
was found only in TLNs. The results suggest that ADC map is more sensitive than T2WI in
distinguishing reactive and tumor metastatic LNs. At day 28, ADC of metastatic LNs was
significantly higher than that of reactive LNs (p < 0.05), which is consistent with previously
reported results that metastatic lymph nodes have higher ADC values than benign lymph
nodes[14].

Multiple factors such as tissue cellularity, cell membrane permeability, and extracellular
matrix composition can affect ADC measurement [5]. Consequently, several groups
reported that metastatic lymph nodes have lower ADC values, which may be explained by
the histological alterations caused by carcinoma deposits in the nodal micro-architecture
consisting of densely packed enlarged cells and an increase of mitotic figures [11, 15]. We
found that the high value regions on the ADC map correspond to metastatic tumors,
indicating that increased ADC value in tumor metastatic LNs is mainly due to proliferating
tumor cells. This finding is further justified by the lower cellularity of the metastatic tumors
than the surrounding lymphatic tissue (Fig. 3).

High-quality DWI images is very important for qualitative analysis of ADC value,
especially for small animal lymph nodes. Since DWI is very sensitive to motion [30], we
chose the popliteal lymph node. Using this model can minimize motion artifacts and
consequently increase accuracy of ADC measurement. Moreover, there is only one single
popliteal lymph node in the popliteal fossa of the murine rear leg and the anatomic location
of the popliteal lymph node is constant, superficial, and easy to identify by palpation. The
mean ADC of normal lymph nodes was not evaluated due to the limitations in the spatial
resolution of our MR systems. Although the vendor-supplied sequence was improved at our
institution, susceptibility artifacts and image distortions along the phase encoding gradient
could not be eliminated completely. Consequently, the accurate determination of ADC
values in smaller lymph nodes is not feasible.

The measurement of ADC is relatively independent of lesion size if the area of lymph node
allows drawing a ROI. DWI requires short scanning time, thus ADC measurement can be
acquired as a part of routine MR examination. However, ADC is dependent on many factors
which cause variation of tissue diffusivity and regional gradient, such as body temperature,
tissue pressure, perfusion rate, or magnetic environment of individual subject [3, 31].
Although we confirmed that increased ADC in metastatic LNs was a result from
proliferating tumor cells, the ADC map failed to tell the difference between reactive and
metastatic LNs when only small subcapsular metastatic foci are present. Thus, we agree that
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normalized ADC, called relative ADC, is necessary for common general application of a
certain threshold for differentiating metastatic from nonmetastatic lymph nodes [32].

It has been demonstrated that intravenously administered SPIO decreases signal intensity of
normal but not metastatic nodes [33]. Compared with systemic administration, a more
selective enhancement of the lymphatic system can be achieved with interstitial MR
lymphography. For example, it has been reported that SPIO did not show uptake in lymph
nodes after intravenous administration since rapid clearance of the particles by the
reticuloendothelial systems of the liver and spleen [34]. For interstitial administration, a
whole network of lymphatic vessels is perfused. Thus, a more reliable and even distribution
of the contrast agent will be achieved into regional nodes. Moreover, interstitial MR
lymphography can vastly decrease the dose of contrast agent and potentially harmful side
effects [34, 35].

The major possible pathway underlying is initial interstitial distribution, followed by uptake
of SPIOs by draining lymphatic vessels and transport to regional lymph nodes via afferent
lymphatic channels and subsequent phagocytosis by macrophages in the lymph nodes [33,
36]. Consequently, we observed that metastatic lymph nodes showed heterogeneous signal
intensity, indicating uneven distribution of the iron oxide particles within the lymph node.
This can be explained by the fact that proliferating tumor cells have minimal iron oxide
uptake.

Conclusion
With apparent metastatic tumor cell proliferation, both diffusion-weighted and SPIO
enhanced MRI can distinguish tumor metastatic lymph nodes with reactive lymph nodes.
However, both methods have limited value in detecting microscopic tumor metastasis to the
draining lymph nodes at the very early stage.
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Figure 1.
(a) Bioluminescence imaging (BLI) of tumor metastasis to tumor draining lymph nodes. (b)
Quantification of tumor burden based on BLI.
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Figure 2.
T2 weighted MRI (upper panel) and ADC map (lower panel) of tumor draining lymph nodes
(a) and reactive lymph nodes (b) at different time points after tumor cell or CFA
inoculation. (c) Size of tumor draining and reactive lymph nodes measured through the short
axis. (d) Average ADC value of tumor draining and reactive lymph nodes. (E) ADC value
of lymphatic area and metastatic tumor area within tumor metastatic lymph nodes at day 28
after inoculation. * p < 0.05; ** p < 0.01.
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Figure 3.
(a) ADC map and HE staining of tumor metastatic lymph nodes at day 28 after inoculation.
Tumor cell proliferation on HE staining (200 x magnification) correlated with the
heterogeneity of ADC map. (b) ADC map and HE staining of reactive lymph nodes.
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Figure 4.
T2 weighted MRI and Prussian blue staining (200 magnification) of reactive lymph nodes (a
& b) and tumor draining lymph nodes (c & d) at day 21 (a & c) and day 28 (b & d) after
inoculation. Photomicrograph of histologic specimen was obtained after injection of
superparamagnetic iron oxide. The iron-laden cells of the medullary sinusoids were stained
blue by the Prussian blue reaction and sharply outline the pink counterstained cortex and
medullary cords. Compared with hyperplastic lymphatic tissue, proliferating tumor cells
showed much less iron oxide uptake and T2 reduction. (e) Quantification of T2 signal
intensity of lymph nodes.

Zhang et al. Page 12

Mol Imaging Biol. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Zhang et al. Page 13

Table 1

Imaging protocol for the mice, in days after tumor cell inoculation and CFA injection

Group 7 d 14 d 21 d 28 d

Tumor cell inoculation (n=15)

BLI 15 15 15 10

DWI-MRI (n=5) 5 5 5 5*

SPIO MRI (n=5) 5*

SPIO MRI (n=5) 5*

CFA injection (n=15)

BLI 15 15 15 10

DWI-MRI (n=5) 5 5 5 5*

SPIO MRI (n=5) 5*

SPIO MRI (n=5) 5*

MRI was performed immediately after BLI imaging.

*
, lymph nodes sampling
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