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Abstract 

Time-dependent alterations in the ultrasonography characteristics of lymph nodes during 
early-stage metastasis have not been compared with those of tumor-draining lymph nodes that do 
not develop tumor; this is partly due to the absence of an appropriate experimental model. In a 
previous study of lymph nodes with experimental early-stage metastasis, we used 
contrast-enhanced high-frequency ultrasound to demonstrate that an increase in lymph node 
blood vessel density preceded any changes in lymph node volume. In the present study, we used an 
experimental model of lymph node metastasis in which tumor cells metastasized from the subiliac 
lymph node to the proper axillary lymph node (the tumor-draining lymph node). We utilized 
contrast-enhanced high-frequency ultrasound to perform a longitudinal analysis of tumor-draining 
lymph nodes, comparing those at an early-stage of metastasis with those that did not develop 
detectable metastasis. We found that the normalized blood vessel density of an early-stage 
metastatic lymph node exhibited a progressive rise, whereas that of a tumor-draining lymph node 
not containing tumor began to increase later. For both types of lymph nodes, the normalized blood 
vessel density on the final day of experiments showed a trend towards being higher than that 
measured in controls. We further found that mice with an initially low value for lymph node blood 
vessel density subsequently showed a larger increase in the blood vessel density of the metastatic 
lymph node; this differed significantly from measurements in controls. The present study indicates 
that a longitudinal analysis of the blood vessel densities of tumor-draining lymph nodes, made using 
contrast-enhanced high-frequency ultrasound imaging, may be a potentially promising method for 
detecting early-stage lymph node metastasis in selected patients. Furthermore, our findings suggest 
that tumor in an upstream lymph node may induce alteration of the vascular structures in draining 
lymph nodes that do not contain tumor. 

Key words: lymph node metastasis; contrast-enhanced high frequency ultrasound; blood vessel density; early 
diagnosis 

Introduction 
The lymphatic system acts as a secondary 

circulation system, and both its anatomical and 
physiological characteristics provide an ideal 
environment for the transport and survival of tumor 

cells [1]. In fact, the lymphatic system serves as an 
initial route of tumor cell spread for many 
carcinomas, including those of the breast, colon, lung 
and prostate [2]. Lymph node metastasis has a strong 
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impact on the prognosis of many types of cancers 
[3-6], and its accurate diagnosis is important for 
decision-making regarding therapeutic strategy [7, 8]. 
Early detection of lymph node metastasis facilitates 
the early initiation of treatment and may improve the 
prognosis of patients with lymph node metastasis, but 
a reliable method for identifying small tumors in 
lymph nodes has not been fully established [9]. 

Grayscale ultrasound (US) imaging is widely 
used for detecting metastatic lymph nodes [10]. The 
criteria used for the diagnosis of lymph node 
metastasis by grayscale US are size, shape (rounded 
node), calcification, change in echogenicity, cystic 
necrosis, cortical thickening and loss of the fatty hilum 
[11-13]. Contrast-enhanced (CE), color and power 
Doppler US are capable of assessing blood flow in 
tissues of interest [14], and this can help to distinguish 
between benign and malignant tumors [15]. It is 
possible to evaluate the macrovascular blood flow 
and vascular resistance of individual lymph nodes 
using power and color Doppler US, and malignant 
lymph nodes have been shown to exhibit peripheral 
vascularity or a mixture of hilar and peripheral 
vascularity [16, 17]. Contrast-enhanced US (CE-US) is 
capable of monitoring blood flow through a 
microvascular network [18, 19]. It has been reported 
that, compared with grayscale US, CE-US and a 
combination of grayscale US with CE-US improves 
the accuracy of the diagnosis of lymph node 
metastasis, and the best known criterion used by 
CE-US is a heterogeneous pattern of enhancement 
[20-22]. As far as we are aware, no previous 
investigations have compared the sonographic 
features between tumor-draining lymph nodes that 
develop metastasis (from an upstream lymph node) 
with those that do not develop tumor. Until now, an 
appropriate experimental model in which to make 
this comparison has not been developed, and CE or 
grayscale US imaging findings of tumor-draining 
lymph nodes under these two conditions have not 
been fully described [9].  

 In a previous study, we established an 
experimental model of lymph node metastasis using 
sarcoma cells and MRL/MpJ-lpr/lpr (MRL/lpr) mice, 
which develop severe autoimmune diseases and 
exhibit systemic lymph node swelling [23-25]. 
Sarcoma cells are inoculated into the subiliac lymph 
node (SiLN), and subsequently all experimental mice 
develop metastasis to the proper axillary lymph node 
(PALN, the draining lymph node) via lymphatic 
vessels [24]. Our research group has used this model 
to demonstrate that the normalized blood vessel 
density of an experimental metastatic lymph node (i.e. 
the PALN), measured by contrast-enhanced 
high-frequency US (CE-HFUS), exhibited a significant 

increase before any increment in the lymph node size 
was detected [9]. The results suggest that detecting an 
increase in the blood vessel density of a 
tumor-draining lymph node may be a potentially 
promising method for identifying lymph node 
metastasis at an early stage. However, the model 
described above has certain limitations: first, because 
all experimental mice develop metastases to the 
draining lymph nodes, it is not possible to 
differentiate draining lymph nodes to which tumor 
cells do not metastasize from the upstream node; and 
second, the autoimmune diseases that develop in 
MRL/lpr mice may induce angiogenesis [26]. The 
growth of lymphatic vessels induced by a tumor 
(tumor-lymphangiogenesis) is deeply associated with 
the dissemination of cancer cells through the 
lymphatic system [27]. This phenomenon is observed 
in tumor-draining lymph nodes at a premetastatic 
stage and is thought to be induced by various soluble 
factors secreted from tumor in upstream lymph nodes 
[28]. However, it has not been unequivocally 
established whether alteration of the vascular 
structure of a tumor-draining lymph node can be 
induced at a premetastatic stage by tumor in an 
upstream lymph node.  

The model of lymph node metastasis in the 
present study used mouse mammary cancer cells and 
MXH10/Mo-lpr/lpr (MXH10/Mo/lpr) mice, which 
exhibit remarkable lymphadenopathy and develop 
only mild autoimmune diseases [29, 30]. Tumor cells 
were inoculated into the SiLN (as with the MRL/lpr 
mouse model), but only a certain proportion of 
MXH10/Mo/lpr mice developed metastasis from the 
SiLN to the PALN (unlike MRL/lpr mice). This 
MXH10/Mo/lpr mouse model of lymph node 
metastasis was used to monitor three types of PALN, 
using CE-HFUS: tumor-positive PALNs 
(luciferase-labeled breast cancer cells were injected 
into the SiLN and subsequently metastasized to the 
PALN); PALNs not containing detectable tumor 
(tumor cells were inoculated into the SiLN but 
metastatic spread to the PALN was not 
demonstrated); and controls. The aims of the present 
study were to monitor the sizes, morphological 
characteristics, densities and volumes of blood vessels 
in these various types of PALN and to investigate the 
correlation between the initial value for blood vessel 
density and the subsequent time-dependent changes 
in these parameters. 

Materials and Methods 
The Institutional Animal Care and Use 

Committee of Tohoku University approved the 
animal experiment protocols. 
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Cell preparation 
FM3A-Luc cells, a C3H/He mouse mammary 

carcinoma cell line that stably expresses the firefly 
luciferase gene, were established and cultured as 
previously described [31].  

Animal model 
The mouse strain of MHX10/Mo/lpr was 

generated by intercrossing MRL/lpr and 
C3H/HeJ-lpr/lpr strains as previously described [30]. 
The MXH10/Mo/lpr mice were bred under specific 
pathogen-free conditions. 

Lymph node metastasis model 
Twenty-six mice (male-to-female ratio of 1:1; 

16–18 weeks old) were used in the in vivo experiments, 
divided into two groups as follows: control (n = 10) 
and tumor cell inoculation (n = 16). For the tumor cell 
inoculation group, FM3A-Luc cells were suspended in 
20 μL of phosphate-buffered saline (PBS; 
Sigma-Aldrich, St. Louis, MO, USA) and then mixed 
with 40 μL of Matrigel (BD Biosciences, Franklin 
Lakes, NJ, USA); 60 μL of this cell suspension (the 
number of FM3A-Luc cells in this suspension was 1.5 
× 106 cells/mL) was injected into the unilateral SiLN 
of the experimental mice using a 24-gauge needle 
(outer diameter 0.55 mm, Terumo, Tokyo, Japan). For 
the control group, 60 μL of the PBS/Matrigel mixture 
(without cells) was injected into the unilateral SiLN of 
each mouse. The day of inoculation was defined as 
day 1. The injections were carried out with the 
assistance of US guidance using a high-frequency US 
(HFUS) imaging system with a 25-MHz 
center-frequency transducer (Vevo 770; VisualSonics 
Inc., Toronto, Ontario, Canada). In the present study, 
the PALN was considered as the experimental 
tumor-draining lymph node. 

Evaluation of lymph node metastasis by 
luciferase activity monitoring 

Measurement of in vivo bioluminescence signal 
intensity from the PALN of mice in each group was 
carried out using an IVIS Lumina system (Xenogen 
Co., Alameda, CA, USA). Mice were deeply 
anesthetized by inhalation anesthesia using 2% 
isoflurane (Abbott Japan Co., Ltd., Tokyo, Japan) in 
oxygen delivered at 1 L/min. On days 7, 14 and 21, 
luciferase activity was measured as previously 
described [29]. The bioluminescence signal intensity 
was quantified in a manually selected region of 
interest over the PALN of each MHX10/Mo/lpr 
mouse. Values measured on days 14 and 21 for each 
group were normalized to those on day 7.  

Measurement of time-dependent changes in 
the grayscale intensity of the PALN 

Time-dependent changes in the grayscale 
intensity of the PALN were investigated. B-mode 
images were acquired from the center of each PALN 
using the HFUS imaging system with a 25-MHz 
center-frequency transducer (RMV710B, axial 
resolution 70 μm). 

 Sonazoid (Daiichi Sankyo, Tokyo, Japan), with a 
median diameter ranging from 2.3–2.9 μm, was used 
as the microbubbles for imaging and prepared 
according to the manufacturer’s instructions [32, 33]. 
The PALN of experimental mice in each group was 
prepared using a coupling gel (Aquasonic 100; Parker 
Laboratories, Inc., Fairfield, NJ, USA) and then 
examined by HFUS. Experimental mice were 
positioned on a heated stage after being anesthetized 
with 2% isoflurane (Abbott Japan Co., Ltd.) in oxygen, 
and Sonazoid (100 µL) was administered 
intravenously to 4 MHX10/Mo/lpr mice. B-mode 
images were recorded continuously for 9 min. The 
boundary of each PALN was manually traced in the 
two-dimensional (2D) images and the grayscale 
intensity in each frame was calculated using 
quantification software (VisualSonics Inc.). The pixel 
intensities between successive 2D images of PALN 
obtained at pre- and post-administration of Sonazoid 
were analyzed, and the areas that exceeded a 
threshold value (set at 300) were highlighted by a 
green overlay using quantification software 
(VisualSonics Inc.). The green area on the B-mode 
image was considered to be the extracted vessel 
image.  

Monitoring of blood vessel density and volume 
in the PALN 

To evaluate longitudinal alterations in blood 
flow in metastatic lymph nodes, the PALNs of mice in 
both groups were imaged using the CE-HFUS system 
on the day before inoculation (day 0) and on days 8, 
15 and 22. Consecutive 2D images (slice thickness, 100 
μm) throughout the whole PALN were acquired 
before and after intravenous injection of 100 μL 
Sonazoid into the caudal vein, for subsequent 
three-dimensional (3D) reconstruction. The method of 
acquiring the extracted vessel images from the 2D 
images was the same as described above. The 
boundary of each PALN was manually traced in the 
2D images and then a 3D image was reconstructed 
automatically. PALN volume and blood vessel 
density were calculated by quantification software 
(VisualSonics Inc.); the blood vessel volume was 
obtained by multiplying the PALN volume by the 
blood vessel density. The values were normalized to 
those obtained on day 0. Throughout the imaging 
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session, each mouse was positioned on a heated stage 
and anesthetized with 2% isoflurane (Abbott Japan 
Co., Ltd.) in oxygen. Respiration gating was used to 
suppress imaging artifacts due to unavoidable 
respiratory movements. 

Histopathological analysis 
On day 22, the PALNs were resected and fixed in 

10% formaldehyde (Wako Pure Chemical Industries, 
Ltd., Osaka, Japan), and subsequently dehydrated. 
The specimens were then embedded in paraffin and 
cut into 4-μm serial sections. The presence of tumor 
cells in the PALN was confirmed in hematoxylin and 
eosin (HE) stained sections, which were then 
immunostained with anti-CD31 antibody to detect 
CD31-positive cells, as previously described [29]. The 
‘hot-spot’ method was used to evaluate blood vessel 
density [34]. A hot-spot was defined as an area rich in 
CD31-positive vascular structures. Using a 
microscope, 5 hot-spot fields (each 320 μm × 706 μm 
in size) were chosen under low magnification (× 40), 
and the number of CD31-immunostained vascular 
structures in each field were counted and summated 
under high magnification (× 200). In the present 
study, this value was defined as microvessel density. 

Statistical analysis 
Data are expressed as the mean ± standard error 

of the mean (SEM). Kruskal-Wallis and Steel-Dwass 
tests were used for statistical analyses of the 
normalized luciferase activity measurements. 
Analysis of variance (ANOVA) and the 
Tukey-Kramer test were used to compare values 
between groups in the other experiments. Differences 
were considered to be significant at P < 0.05. The 
statistical analyses were carried out using JMP 11 
(SAS Institute Inc., Cary, NC, USA). 

Results 
Lymph node metastasis model 

Figure 1Aa illustrates the anatomical 
characteristics of an MXH10/Mo/lpr mouse (16–18 
weeks old). Systemic lymphadenopathy is observed, 
and the SiLN clearly communicates with the PALN 
via a lymph vessel. A longitudinal analysis of 
luciferase activity (days 7, 14 and 21) was carried out. 
All 16 mice in the tumor cell inoculation group 
exhibited an increase in the bioluminescence intensity 
from the SiLN. In this group, 10 mice showed a 
progressive increase in bioluminescence intensity 
from the PALN and were defined as the metastasis 
group (i.e. tumor-positive PALNs), and 6 mice 
without an increase in bioluminescence intensity from 
the PALN were considered as the non-metastasis 
group (i.e. tumor-free PALNs). Representative 

bioluminescence images from each group are shown 
in Fig. 1Ab, c, d. The normalized luciferase activity of 
the PALN in the metastasis group was significantly 
higher than in the non-metastasis and control groups 
on days 14 and 21 (Fig. 1B).  

Evaluation of time-dependent changes in the 
grayscale intensities of the PALN 

To measure the duration in which Sonazoid was 
acoustically active in the PALN, we investigated the 
time-intensity relation of B-mode images after the 
administration of Sonazoid. Representative images 
are shown in Fig. 2A; the areas in the PALN 
highlighted in green did not exhibit any major 
changes during the entire measurement period. 
Figure 2B shows the time-intensity relationship in the 
PALN, illustrating that the mean grayscale intensity 
of the PALN remained stable from approximately 150 
s after injection of Sonazoid to the end of the 
measurement (n = 4). Therefore, the diagnostic 
window was determined to be between 150s and 540s. 

Monitoring of blood vessel density in the PALN 
To investigate time-dependent changes in blood 

vessel density within the PALN in each group, a 
longitudinal analysis was carried out using 3D 
CE-HFUS imaging. Representative B-mode images of 
the PALN in each group are shown in Fig. 3A. In all 3 
groups there were no obvious differences in the 
morphological features or distribution of the green 
overlay within the PALN (vessel extraction image) 
between images obtained on day 0 and those acquired 
on day 22. Mean values for the blood vessel density of 
the PALN on day 22 were 40.9% in the metastasis 
group (n = 10), 44.8% in the non-metastasis group (n = 
6) and 37.3% in the control group (n = 10). The 
normalized blood vessel density of the PALN in the 
control group showed little or no change for the entire 
study period. In contrast, the corresponding value in 
the metastasis group exhibited a progressive rise and 
showed a trend towards being higher than that of the 
non-metastasis and control groups on days 8, 15 and 
22 (Fig. 3Ba). The normalized blood vessel density of 
the PALN in the non-metastasis group increased 
between days 15 and 22 (Fig. 3Ba). Additional analysis 
was performed in mice in which blood flow in the 
PALN was initially low, i.e. a blood vessel density on 
day 0 < 35% (this cutoff value was selected because 
the mean blood vessel density of the PALN on day 0 
was approximately 35%). In the subgroup analysis, 
the normalized blood vessel density of the PALN was 
significantly higher in the metastasis group than in 
the control group on day 22 (P < 0.01; n = 6 for the 
control group; n = 3 for the non-metastasis group; and 
n = 5 for the metastasis group) (Fig. 3Bb). 
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Figure 1. Lymph node metastasis model (Aa) Anatomical drawing of an MXH10/Mo/lpr mouse. (Ab, c, d) Representative in vivo bioluminescence images 
obtained from mice in each group. Mice in the metastasis group demonstrated an increase in the bioluminescence signal intensity from the PALN. (B) Longitudinal 
analysis of the normalized luciferase activity in the PALN (n = 10 for the control group; n = 6 for the non-metastasis group; and n = 10 for the metastasis group). The 
values at different time points were normalized to those on day 7. On days 14 and 21, the normalized luciferase activity in the PALN was significantly higher in the 
metastasis group than in the non-metastasis and control groups. Mean ± SEM values are shown. *P < 0.05; **P < 0.01. 
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Figure 2. Acoustically active lifetime of Sonazoid in the PALN (A) Two-dimensional US images of the PALN obtained before and after intravenous injection 
of Sonazoid. (B) Temporal changes in the grayscale intensity of the PALN (n = 4). The mean grayscale intensity of the PALN increased gradually during the early phase 
of measurement and then subsequently decreased to a level that remained stable from approximately 150 s after injection of Sonazoid to the end of the measurement 
period (540 s). Scale bars represent 1 mm. 

 
Measurement of changes in blood vessel 
volume and the size of the PALN 

The blood vessel volume of the PALN was 
investigated using 3D CE-HFUS and normalized to 
that measured on day 0. A representative 3D image of 
the PALN is shown in Fig. 4A. In all groups, the 
normalized volume of the PALN did not show any 
significant changes during the entire experimental 
period (Fig. 4B). The normalized blood vessel volume 
of the PALN in the metastasis and non-metastasis 
groups suggested a trend towards being higher than 
in the control group (Fig. 4C). As described above, 
subgroup analysis was performed for blood vessel 
volume measurements. For mice in which blood flow 
in the PALN was low on day 0, the metastasis and 
non-metastasis groups exhibited an increase in the 
normalized blood vessel volume of the PALN 
between days 15 and 22; however, there were no 
significant differences between any of the groups (Fig. 
4D). 

Histological analysis and quantification of the 
number of blood vessels  

Histopathological analysis was carried out and 

the presence of tumor cells was verified in 
H&E-stained sections taken from the metastasis 
group. In sections taken from the metastasis group, 
tumor cells were predominantly found around the 
marginal sinus and revealed infiltrative growth into 
the parenchyma of the lymph node (Fig. 5Aa, b). 
Tumor cells were not evident in H&E-stained sections 
from the non-metastasis and control groups. 
CD31-immunostained sections from the control and 
non-metastasis groups revealed that CD31-positive 
vasculature structures were distributed uniformly in 
the lymph node parenchyma and that most of these 
were collapsed microvessels (Fig. 5Ac-f). In 
CD31-immunostained sections taken from the 
metastasis group, CD31-positive vascular structures 
were more prominent in peritumoral than in 
intratumoral areas (Fig. 5Ag, h). There was a trend 
towards a higher microvessel density (number of 
CD31-positive vascular structures in vascular-rich 
areas) in the metastasis and non-metastasis groups 
compared to the control group, although statistical 
significance was not reached (Fig. 5B).   



 Journal of Cancer 2017, Vol. 8 

 
http://www.jcancer.org 

710 

 
Figure 3. Blood vessel density in the PALN measured by CE-HFUS imaging (A) Representative vascular extraction images for each group, taken from the 
widest cross-section of the PALN on days 0 and 22. The white circles indicate the boundary of each PALN. In the control group, there were no obvious differences 
in vessel structure between the US images obtained on days 0 and 22. In vascular extraction images from the non-metastasis and metastasis groups, the proportion 
of the PALN colored green was higher on day 22 than on day 0. (B) A longitudinal analysis of the normalized blood vessel density of the PALN in each group. The 
normalized blood vessel density of the PALN in the metastasis group progressively increased and showed a trend toward being higher than that in the other two 
groups on days 8, 15 and 22; however there were no statistically significant differences between the groups (Fig. 3Ba; n = 10 for the control group; n = 6 for the 
non-metastasis group; and n = 10 for the metastasis group). Additional analysis was performed in mice in which the PALN had an initially low blood vessel density 
(blood vessel density < 35% on day 0) (Bb). A significant difference was demonstrated between the control and metastasis groups on day 22 (P < 0.01; n = 6 for the 
control group; n = 3 for the non-metastasis group; and n = 5 for the metastasis group). **P < 0.01. Scale bars represent 1 mm. 
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Figure 4. Analysis of PALN volume and blood vessel volume of the PALN (A) Representative three-dimensional images of the PALN on day 0 in the 
control group. The PALN did not contain tumor cells. (B) The volume of the PALN was measured for each group. None of the groups showed any significant changes 
in PALN volume during the experimental period. (C) The normalized blood vessel volume of the PALN in the metastasis and non-metastasis groups appeared to 
increase between days 15 and 22, although there were no significant differences between any of the groups (n = 10 for the control group; n = 6 for the non-metastasis 
group; and n = 10 for the metastasis group). (D) Additional analysis was carried out in mice in which the PALN had an initially low blood vessel density (blood vessel 
density < 35% on day 0). There was a trend toward a higher normalized blood vessel volume in the metastasis and non-metastasis groups compared to the control 
group, although statistical significance was not reached (n = 6 for the control group; n = 3 for the non-metastasis group; and n = 5 for the metastasis group). 

 

Discussion  
To our knowledge, this is the first study using 

CE-HFUS to monitor and compare blood vessel 
densities and volumes between early-stage metastatic 
lymph nodes and tumor-draining lymph nodes that 
do not contain metastatic cancer cells. The 
experiments were designed to assess whether a single 
cross-sectional evaluation of lymph node volume 
or/and blood vessel density could be used to identify 
early-stage metastasis or whether a longitudinal 
analysis (with repeated measurements over time) 
would be needed. The present study investigated the 
correlation between PALN volume and 
luciferase-labeled tumor growth in the PALN. Figures 
1B and 4B show that the development of tumor cells 
in the PALN did not lead to an increase in the volume 
of the PALN in the metastasis group. When the 
sonographic images obtained on day 0 were 
compared with those obtained on day 22 (Fig. 3A), the 

PALNs of MXH10/Mo/lpr mice in all 3 groups 
showed no obvious alterations in either the 
distribution of the vessel extraction image (CE-HFUS) 
or the morphological characteristics. In addition, the 
mean value of the blood vessel density of the PALN 
on day 22 did not differ significantly between any of 
the groups. These results indicate that in this 
experimental model, a single cross-sectional 
evaluation using CE or grayscale HFUS is unable to 
detect a tumor-positive PALN. However, the blood 
vessel density of the PALN in the metastasis group 
showed a progressive rise and a trend towards being 
higher than those in the non-metastasis and control 
groups. CE-US with Sonazoid has advantages that 
include relatively low cost and low toxicity [35]. 
Therefore, longitudinal imaging of regional lymph 
nodes using CE-HFUS could be practical in the 
clinical setting and helpful in the detection of 
early-stage metastatic lymph nodes.  
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Figure 5. Histopathological analysis (Aa) Representative H&E-stained sections for the metastasis group. (Ab) Higher-magnification view of the region highlighted 
in panel Aa (white dotted square). Tumor cells were predominantly located around the edge of the lymph node and exhibited infiltrative growth into the node. 
Representative CD31-immunostained sections from the control (Ac, d), non-metastasis (Ae, f) and metastasis (Ag, h) groups are also presented. In the 
C31-immunostained sections from the non-metastasis and control groups, CD31-positive vasculature was distributed over the entire lesion. In the metastasis group, 
CD31-positive vascular structures were predominantly located in peritumoral areas. (B) Quantification of blood vessel density in the PALN. The number of 
CD31-positive vascular structures in the metastasis and non-metastasis groups showed a trend towards being higher than that in the control group. Black and red bars 
represent 200 μm and 50 μm, respectively. 
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Blood vessel density values obtained in all 
groups on day 0 varied from 14.9% to 56.1%, 
indicating that there were marked individual 
differences in blood flow through the PALN as 
measured by CE-HFUS. In subgroup analyses 
conducted in mice in which the initial blood vessel 
densities of the PALNs were low (blood vessel density 
< 35% on day 0), the normalized blood vessel density 
of the PALN in the metastasis group progressively 
increased and on day 22 was approximately double 
that in the control group (which, in contrast, 
demonstrated little change throughout the entire 
experimental period) (Fig. 3Bb). This finding suggests 
that longitudinal analysis of regional lymph nodes 
using CE-HFUS might be a more reliable method of 
predicting the development of lymph node metastasis 
in patients with lymph nodes with a physiologically 
poor vasculature. The cutoff point selected in the 
present study was based on the mean value of the 
blood vessel density of the PALN in all groups on day 
0. To determine the optimal cutoff value for blood 
vessel density at the initial measurement, it may be 
helpful to select patients for whom longitudinal 
CE-US imaging proves to be a reliable modality for 
diagnosing early-stage lymph node metastasis. 
However, the sample size was too small to allow 
determination of the optimal cutoff value to be made 
in mice. 

In the present study, both the density and 
volume of the blood vessels of the PALN were 
monitored to determine which strategy would be 
more reliable for detecting early-stage alterations in 
blood flow through a metastatic lymph node. Figures 
4C and 4D show that the normalized blood vessel 
volume of the PALN increased between days 15 and 
22 in the metastasis and non-metastasis groups but 
did not exhibit a major change in the control group. 
However, when compared with evaluations of 
normalized blood vessel density, the differences 
between groups in normalized blood vessel volume 
on day 22 were relatively smaller and there were no 
notable differences between the metastasis and 
non-metastasis groups over the entire experimental 
period (Figs 3Ba, 3Bb, 4C and 4D). It was not possible 
to determine which method (normalized blood vessel 
volume or density) reflected the actual change in 
blood flow through the PALN more accurately. 
Nonetheless, it was evident that a longitudinal 
analysis of blood vessel density was a more useful 
strategy for identifying early-stage lymph node 
metastasis. 

A heterogeneous pattern of contrast 
enhancement on CE-US and non-hilar blood flow on 
color Doppler US has been observed in histologically 
proven metastatic lymph nodes in various types of 

carcinoma [20, 22, 36-38]. These characteristic imaging 
findings are thought to result from tumor-induced 
alterations of preexisting vascular structures; 
however, a detailed assessment of the vasculature in 
metastatic lymph nodes has not been carried out. In 
addition, there has been little research concerning 
angiogenesis in metastatic lymph nodes, but Jeong 
and colleagues reported that sprouting angiogenesis 
was not detected during the early process of 
metastasis to a lymph node [39, 40]. Previous 
pathological analysis has indicated that most blood 
vessels observed in normal lymph nodes are 
microvessels [41], and this finding is consistent with 
the immunohistochemically-stained sections obtained 
in our controls (Fig. 5A). In the present study, the 
numbers of microvessels in hot-spots (microvessel 
density) were analyzed to evaluate structural 
alterations in the vasculature of the PALN in each 
group. There were no significant differences in 
microvessel density between any of the groups (Fig. 
5B). Furthermore, there were no significant 
differences in microvessel density between groups in 
a subgroup analysis of mice in which the PALN had 
an initially low blood vessel density (< 35% on day 0; 
data not shown). However, it should be noted that the 
microvessel and blood vessel densities of the PALN in 
the metastasis and non-metastasis groups showed a 
trend towards being higher than those in the control 
group. The results suggest that the vascular structures 
in the PALN are influenced not only by tumor in the 
PALN but also by tumor in the SiLN. However, the 
detailed mechanisms underlying these changes have 
not yet been fully elucidated.  

The most unique feature of this study is that a 
comparison was made between the metastasis and 
non-metastasis groups, but the factors differing 
between these groups remain unclear. An increase in 
the blood vessel density of the PALN in the 
non-metastasis group was observed between days 15 
and 22 (Fig. 3B). It was not possible to determine 
whether mice in the non-metastasis group would 
eventually develop metastasis to the PALN over a 
longer experimental time period. Extension of the 
observation period will resolve this question. If 
PALNs in the non-metastasis group are in a 
premetastatic state, a CE-HFUS measured increase in 
blood vessel density might be a predictor of the 
subsequent development of lymph node metastasis.  

Although Fig. 1B appears to show that the 
bioluminescence signal intensity from the PALN in 
the non-metastasis group exhibited a small 
progressive rise compared with the control, it should 
be emphasized that the size of the increase for the 
non-metastasis group (approximately 4-fold change) 
was around 100 times smaller than that seen for the 
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metastasis group (approximately 400-fold change). 
Furthermore, this apparent increase in the 
non-metastasis group was not statistically significant. 
Since the bioluminescence signal intensity in the SiLN 
(which contained luciferase-labeled tumor) increased 
in both the non-metastasis and metastasis groups, it is 
likely that the small apparent increase in the 
bioluminescence signal from the PALN in the 
non-metastasis group was due to an increase in 
background fluorescence caused by the enhanced 
bioluminescence of the SiLN. We believe that the 
apparent increase in the bioluminescence signal from 
the PALN in the non-metastasis group was not caused 
by the presence of luciferase-labeled breast cancer 
cells because histopathological analysis confirmed the 
absence of these cells in the PALNs of mice in the 
non-metastasis group. 

There is a limitation of the present study. The 
experimental model of lymph node metastasis we 
used represents metastasis from a tumor-positive 
lymph node to a draining lymph node. For this 
reason, the results obtained in the present study may 
not be exactly applicable to the situation where there 
is metastasis to a sentinel lymph node from a primary 
site.  

 In conclusion, monitoring the blood vessel 
density of a lymph node by CE-HFUS is a potentially 
promising technique to diagnose early-stage lymph 
node metastasis in selected patients. However, further 
research is needed to define the mechanisms 
underlying the time-dependent changes in blood 
vessel density in a tumor-positive lymph node or a 
tumor-draining lymph node that has not acquired 
tumor. Expansion of the experimental time period 
and detailed investigation of the interrelationship 
between alterations in the blood vessel density of a 
tumor-draining lymph node and the vascular 
structures within the lymph node is required.  
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