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ABSTRACT 

 

Microwave Detection of Sentinel Lymph Node Metastasis 

in Breast Cancer 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Hy-De Lee) 

 

An accurate and prompt way to detect nodal metastases in early 

breast cancer is crucial for staging, effective adjuvant treatments, and 

eliminating unnecessary axillary node dissection. As microwaves are able 

to distinguish the different electromagnetic properties of materials, this 

study investigates the clinical implications of using microwaves for 

detection of metastases in nodes. Broadband microwaves of 0.5 to 30 GHz 

were used to detect metastases in nodes. Permittivity in mid-band 

frequencies (3-5 GHz), conductivity in high-band frequencies (25-30 GHz) 

and slope changes of permittivity at high-band frequencies (15-30 GHz) 

were measured to create a Cancer Metastasis Index (CMI), which was used 

to predict metastatic status. The CMI was designed to reveal the 

electromagnetic properties of cancer cells responding to all of the 3 above 

parameters. CMI prediction of metastasis was confirmed by 

immunohistochemistry (IHC). Using Permittivity in mid-band frequencies 



 ix

(3-5 GHz), conductivity in high-band frequencies (25-30 GHz) and slope 

changes of permittivity at high-band frequencies (15-30 GHz), a pattern of 

results developed. Primary cancer tissues and metastasized nodes generally 

showed higher values for each properties. Finally, the CMI magnified the 

differences between metastasized and non-metastasized nodes. The CMI 

was clearly higher in nodes containing cancer cells. 

In addition, topographic correlation between microwave scanning 

and IHC confirmed that electromagnetic changes were actually originated 

from cancer cells. Furthermore, it was demonstrated, for the first time, that 

broadband microwave could detect micrometastases. Results suggest that 

broadband microwaves can detect cancer metastases, including 

micrometastases. Furthermore, microwave diagnosis does not entail the 

inaccuracy or time-delay of frozen section or IHC of multiple sections. 

Therefore, metastasis detection using microwaves is advantageous in terms 

of speed and accuracy. 

------------------------------------------------------------------------------------------  

Keywords: microwave, breast carcinoma, lymph node, metastasis, 

micrometastasis  
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I. Introduction 
 

Metastatic status of the axillary lymph nodes is the most 

important prognostic factor in breast carcinoma. Despite the risk of 

morbidity, axillary lymph node dissection has been recognized as an 

integral part of surgical treatment in breast cancer.  

Introduction of the sentinel lymph node concept has brought 

surgical treatment of breast cancer into the new era 1,2. The sentinel 

lymph node refers the first lymph node to receive lymphatic 

drainage from a primary tumor. Therefore, histological examination 

of sentinel lymph node would predict the metastatic status of the 

regional lymphatic basin. The clinical validity of the sentinel 

lymphadenectomy in predicting metastasis of axillary lymph nodes 

in early breast cancer has been reviewed 3-5. The sentinel lymph 

1



 ２

node allows pathologists to provide more accurate staging of the 

disease. Based on this nodal status, clinicians can administer 

effective adjuvant chemotherapy 6, and omit unnecessary axillary 

lymph node dissection in sentinel lymph node-negative patients 7. 

Another important implication of sentinel lymph node is the clinical 

significance of micrometastasis in terms of disease outcome. 

Although micro sized cancer cells in the lymph nodes are not 

considered as evidence of major metastasis at the moment, 

micrometastases is collecting more attention for its probable clinical 

impact on survival rate 8. Immunohistochemistry (IHC) and/or 

Hematoxylin-Eosin (H&E) staining  of multiple sections, and 

reverse transcriptase-polymerase chain reaction (RT-PCR) enhanced 

detectability of occult metastasis, including micrometastasis, 

compared to the conventional one-level Hematoxylin-Eosin staining 
9,10. However these require extensive time and labor besides having 

some potential drawbacks from technique and interpretation 11, 

which results in delayed diagnosis and occasionally an additional 

surgery. Despite relatively low sensitivity (58-86%) 12-14, and poor 

micrometastasis detectability of frozen section, it is often performed, 

since it is one of few recognized intra-operative assessments of 

metastasis in nodes. Therefore, there are growing demands for an 

accurate, and prompt method for assessment of (micro)metastasis.  

 

Microwaves are electromagnetic waves ranging from 0.3 GHz 

up to 300 GHz. Microwaves can be used to measure an important 

material-specific parameter called complex permittivity 

( εεε ′′−′= j� ). Complex permittivity consists of real part (ε′) and 

imaginary part (ε″). The real part (ε′) indicates the degree of 
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polarization of the material induced by electromagnetic fields. The 

imaginary part (ε″) refers to energy loss during the rearrangement of 

materials, triggered by polarity changes of electromagnetic fields. 

The complex permittivity divided by the permittivity of the free 

space is called relative permittivity. (In this work, the relative 

permittivity is implied when the word �permittivity� is used 

henceforth.). Another commonly-used parameter is conductivity (σ), 

which is defined as εωεσ ′′= 0 , where ε0 is the permittivity of free 

space, ω is the angular frequency (=2πf). It represents the electrical 

loss at high frequencies. 

 

The values of the complex permittivities at a certain frequency 

reveal unique electromagnetic properties of individual materials 15. 

Another important phenomenon is the frequency dependence of the 

complex permittivity, especially when the dielectric relaxation is 

observed within the measurement frequency range. The dielectric 

relaxation occurs when the frequency of the incoming 

electromagnetic wave becomes higher than the maximum frequency 

of the polarity change (transition frequency) that the polar materials 

can sustain. Thus, slower mechanisms show lower transition 

frequency. 

 

Several studies piloted the possibility of using low-frequency 

electromagnetic waves for discriminating malignant tissues from 

normal tissues 16-18, which reported higher values of permittivities 

for malignant tissues over a low microwave frequency band below 3 

GHz. Measurement at a fixed frequency has also been performed at 

24 GHz for malignant tissues 18, but no broadband frequency 
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dependence has been reported. For the first time, this study tries to 

characterize electromagnetic properties of cancer cells, especially 

metastasized micro sized cancer cells, by employing broadband 

high-frequency microwaves ranging up to 30 GHz. Inclusion of 

high-frequency range (>15 GHz) allowed us to observe cancer-

indicative dielectric relaxation in the metastasized lymph nodes.  
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II. Materials and Methods 
 

 

 

This study was conducted from Mar. 2001 to Aug. 2001 at 

Yongdong Severance Hospital Breast Cancer Center (Seoul, Korea). 

The 27 axillary lymph nodes and 7 pure cancer tissues were obtained 

during modified radical mastectomy and breast conserving surgery 

from 12 patients diagnosed with invasive breast carcinoma. 

The specimen was sent to 3-D Millimeter wave Integrated 

Systems (C3DM) at Seoul National University, while wrapped with 

gauze soaked in normal saline at 4℃, for microwave scanning. 

Deliveries were made as soon as possible to prevent tissue damage, 

and the longest delay was less than 12 hours after the dissection. For 

permittivity measurement using microwaves, each specimen was 

placed in a specially designed sample holder. At the end of 

measurement, the specimen was retained in the holder and fixed 

with 10% formalin for IHC. Comparison was made with results 

obtained from both measurements. 

 

 

 

1. Experimental Protocols 
Each specimen, which was placed in a specially designed 

sample holder, was scanned using a broadband microwave vector 

network analyzer (VNA : HP8510C). A holder consists of 2 parts. 
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Each part contains 32 probe-holes (3 mm diameter), designed to 

cover the entire surface of the specimen, and has a 0.5 mm-deep 

recess at the center to accommodate the specimen. A specimen 

placed between two matching parts was compressed to 1 mm 

thickness. A probe was inserted into each hole of the sample holder 

to measure permittivity of the area corresponding to the size of a 

hole. Open-ended coaxial probe method has been employed for 

permittivity measurement19,20. Broadband microwave signals 

ranging from 0.5 to 30 GHz in 0.5 GHz increment were used for 

measurement. At the end of measurement, the specimen was still 

retained in the holder and fixed with 10% formalin for IHC. IHC 

was performed to validate the results from microwave testing. Each 

LN was sliced to a thickness of 3 µm, with a 50-µm space between 

slices. Slices were mounted serially on poly-L-lysine coated slides. 

IHC was performed by the labeled Avidin-Biotin Complex method, 

using the LSAB 2 system HRP (DAKO, Carpinteria, CA, USA). 

Monoclonal anti-human cytokeratin (clone MNF116, DAKO, 1:50) 

was used as a primary antibody and then incubated for 90 minutes at 

room temperature. The final reaction was visualized using 3-amino-

9-ethylcarbazole.  

 

 

 

2. Microwave Parameters 
 

There have been reports on the dielectric properties of the 

cancer tissues below 3 GHz 17,21. They showed two characteristic 

permittivity patterns in cancer tissues compared to normal tissues; 
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strong dielectric relaxation at low frequencies (MHz range) and 

higher values of real part (ε′) and conductivity (σ) at low-GHz 

frequencies. In this work, for more accurate detection of 

metastasized cancer cells including micrometastasis in the lymph 

node, we have pioneered the use of broadband microwaves ranging 

up to 30 GHz, and discovered another strong dielectric relaxation 

between 15 and 30 GHz in both cancer tissues and metastasized 

lymph nodes. Our broadband measurement showed that cancer 

tissues and lymph nodes containing cancer cells exhibited high 

values of ε′ at low-GHz frequencies and σ at high-GHz frequencies, 

and pronounced dielectric relaxation between 15 and 30 GHz. The 

dielectric relaxation can be characterized by the rapid decrease of ε′ 

near the transition frequency (see Figure 1). This led us to define the 

following microwave parameters as indicators for metastasis.  

 

A. Mean real-part permittivities at mid-band microwave 

frequencies (between 3 and 5 GHz): ε′MF  

 

 

The vector network analyzer (VNA) that sweeps the 

frequency from 0.5 to 30GHz measured the reflection from the 

sample through the open-ended coaxial probe. VNA (including the 

test cable) was calibrated using a standard calibration procedure. 

Once the probe parameters were found, the impedance and 

permittivity of the specimen could be obtained by measuring the 

reflection from the specimen. The relation between reflection 

coefficients (Γ ) and permittivities ( ε ) of known and unknown 

specimens was given as,  



 ８

)Γ)(ΓΓ(Γ
)Γ)(ΓΓ(Γ

)ε)(εε(ε
)ε)(εε(ε

ACBm

CBAm

ACBm

CBAm

−−
−−

=
−−
−−    

where subscript A, B and C are for known specimen (distilled 

water, methanol and air) and m for unknown specimen.  

In this way, the real-part permittivity averaged between 3 and 

5 GHz was calculated. 

 

 

B. Conductivities at high-band microwave frequencies 

(between 25 GHz and 30GHz): σHF 

As has been shown in the previous work 16,17,21, cancer cells 

exhibited higher values of σ than normal tissues at low-band 

microwave frequencies. Extended frequency measurement of this 

work revealed that the difference in σ becomes larger as the 

frequency reach the transition frequency for cancer tissues, which 

are typically between 15 and 30 GHz. Therefore, we have measured 

the conductivities averaged from 25 and 30 GHz, and used them as 

another key microwave parameter. Conductivity is defined as 

εωεσ ′′= 0 , where ε0 is the permittivity of free space (=8.854×10-12  

F/m), ω is the angular frequency (=2πf). σHF is averaged value of 

conductivities between 25 and 30GHz 

 

 

C. Slope Changes in real-part permittivities at high 

frequencies (between 15 and 30 GHz): 
HFdf

dε ′
∆  

Our measurement showed strong dipolar relaxation between 

15 and 30 GHz for cancer tissues and metastasized nodes. This 



 ９

phenomenon can be represented by rapid decrease of the real part 

near the transition frequency (Figure 1: see result). For better 

characterization of this phenomenon, maximum and minimum slope 

values of the real part of permittivity curves were extracted and 

differences between maximum and minimum slope values were 

calculated. In normal lymph nodes, the slope of permittivity curve 

was very minimal, and showed little change as a function of 

frequency. Therefore, the difference between maximum and 

minimum values of the slopes was quite an effective parameter to 

tell the presence of dielectric relaxation at high-band frequencies. 

The slope parameter at the high-band frequencies, 
HFdf

dε ′
∆ , is thus 

defined as 

minmax )()(
df
d

df
d

df
d

HF

εεε ′
−

′
=

′
∆  

 

 

D. Cancer Metastasis Index (CMI) 

After extensive characterization of cancers, it was found that 

the cancer tissues and positive nodes showed high values in all three 

parameters described above. In order to utilize all parameters 

obtained, we have combined these effects by multiplying the 

normalized parameters and defined a new parameter called Cancer 

Metastasis Index as a critical parameter to determine the metastasis. 

CMI is defined as 

df
dCMI HFMF
εσε ′

∆××′=  
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where the over-bar for each parameter indicates that it is 

normalized by the parameter value averaged between positive and 

negative nodes. Among the probing trials from various spots in each 

specimen, the probing trial showing the highest CMI value was used 

for determining metastatic status, since it corresponded to the 

location with the most likelihood of the metastasis.  

 

 

3. Topographic correspondence between CMI and IHC 

and correlation between size and CMI. 
Each node was mapped with probing areas and the 

areas were labeled by CMI values. Finally, the map was 

compared to find topographic correlation with 

corresponding IHC results. In addition, correlation 

between metastasized cancer size and CMI values was 

obtained to see how the size of metastasis influences CMI. 
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III. Results 

 

Using microwaves, it took approximately 10-15 

minutes to measure and analyze one sample and most of it 

was consumed by probing. Figure 1 shows the 

conductivity and the real part of permittivity of the breast 

cancer tissues, and the lymph nodes with and without the 

metastases. This plot represents the frequency dependence 

of permittivities and conductivities averaged from all the 

samples in each category. Curves with lines only are for 

the real-part of permittivities while those with lines and 

points are for the conductivities. Black curves represent 

cancer cells, blue curves represent metastasized node and 

red curves represent normal lymph nodes. Cancer tissue 

and metastasized lymph node show abrupt descending 

pattern for the real-part at high-band (above 15 GHz) 

frequencies, which is indicative of dielectric relaxation. 

They also show higher values of conductivities compared 

to the normal nodes. The differences in the values of the 

conductivities become larger as the frequency approaches 

the transition frequency. Patterns of normal lymph nodes 

lack the pattern of abrupt drop in real-part of permittivity 

and show small values of conductivity all the way up to 30 

GHz, and no pronounced peaking is observed. In addition, 

the permittivities between 3 and 5 GHz are distinctively 

higher for cancer tissues and metastasized lymph nodes 

compared to normal lymph nodes. This graph clearly 
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shows the difference in the frequency dependence of 

permittivity and conductivity between lymph nodes with 

and without the metastases. Another striking observation 

is the similarity of the permittivities and conductivities 

between the pure cancer tissues and the positive nodes. 

Even though the average size of metastasis is only 3.21 

mm for metastasized lymph nodes, the positive lymph 

nodes showed characteristics similar to the bulk cancer 

tissues but completely different from the negative nodes. 

This enables us to distinguish the lymph nodes with 

metastases, including micrometastases, with high accuracy 

using the microwave method of this work. Based on the 

similarity between cancer tumor and metastasized cancer 

cells, and the size of probe (3 mm), samples were re-

categorized for further analyses. Metastasized cancer cells 

bigger than 2mm and cancer tumor samples were 

considered as macro group, which represented macro-

sized cancer cells, and metastasized cancer cells smaller 

than 2 mm were grouped into the micro group. Lymph 

nodes without cancer cells were called negative group. 
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Figure 1. Electromagnetic characteristics of pure cancer 

tissues and metastasized lymph nodes in comparison with normal 

lymph nodes. This plot represents the frequency dependence of real-

parts of relative complex permittivity and conductivities averaged 

from all the samples in each category. The relative complex 

permittivity is the ratio of complex permittivity to that of free space. 

Curves with lines only are for the real-part of permittivities while 

those with lines and points are for the conductivities. Black curves 

represent cancer cells, blue curves represent metastasized node and 

red curves represent normal lymph nodes. Cancer tissue and 

metastasized lymph node show abrupt descending pattern for the real-

part at high-band (above 15 GHz) frequencies, which is indicative of 

dielectric relaxation. They also show higher values of conductivities 

compared to the normal nodes. The differences in the values of the 

conductivities become larger as the frequency approaches the 

transition frequency. In addition, the permittivities between 3 and 5 

GHz are distinctively higher for cancer tissues and metastasized 

lymph nodes compared to normal lymph nodes.  
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1. Characteristics of permittivity : Cancer vs. Normal 
A. Mean real-part permittivities at mid-band frequencies 

(between 3 and 5 GHz): ε′MF  

Table 1 shows individual values and average ε′MF of 

the tested specimens. Metastasized nodes shows an 

average value of 37.585, which is clearly higher than the 

average value of non-metastasized nodes (12.363). Figure 

2A shows comparison of mean values of ε′MF of macro, 

micro and negative groups. Macro group showed the 

highest (mean=45.9), micro group in middle (mean=36.1) 

and negative group showed the lowest values (mean=12.4), 

and these differences were statistically significant 

(Oneway Anova, F(2,31) = 104.9, p <0.0000001 ), also 

there were significant differences between each group 

(post- hoc t-test Tukey Unequal N; negative vs. micro, p < 

0.0005; micro vs. macro, p < 0.01). Each micro and macro 

groups showed 2.9 and 3.7 fold increases, compared to 

negative group. However, there is considerable variability 

among individual nodes. For example, ε′MF of 

metastasized node P3, P4 and P7 were 28.960, 28.096, and 

29.553, respectively, which were indistinguishable from 

one of non-metastasized nodes N1 27.822 ( Table 1 ). 
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Table 1. Characteristics of examined lymph nodes and cancer tissues. 

Sample IHC* Size of 
Metastatsis(mm) � ε′MF

� HFσ §

df
dε ′

∆
¶ CMI₤ 

Node P1 + 8.00 47.555 41.708 2.664 8.168 

Node P2 + 0.30 40.380 39.497 2.654 6.545 

Node P3 + 0.08 28.960 30.944 2.144 2.971 

Node P4 + 0.04 28.096 29.756 1.528 1.974 

Node P5 + 0.20 36.595 36.272 2.194 4.503 

Node P6 + 8.00 38.188 36.117 1.583 3.374 

Node P7 + 1.00 29.553 30.561 1.894 2.644 

Node P8 + 10.0 35.823 36.680 2.057 4.187 

Node P9 + 10.0 40.404 47.039 4.117 12.097 

Node P10 + 0.70 39.736 22.128 2.032 2.762 

Node P11 + 0.05 43.825 32.723 1.128 2.502 

Node P12 + 0.10 41.909 29.795 1.553 2.999 

Mean of positive node 37.585 34.435 2.129 4.560 

Node N1 - N/A 27.822 18.348 0.854 0.674 

Node N2 - N/A 17.479 8.682 0.687 0.161 

Node N3 - N/A 15.541 8.576 0.743 0.153 

Node N4 - N/A 18.418 14.522 1.210 0.500 

Node N5 - N/A 10.069 4.572 0.299 0.022 

Node N6 - N/A 8.865 3.383 0.207 0.010 

Node N7 - N/A 6.087 1.687 0.128 0.002 

Node N8 - N/A 16.944 10.830 0.539 0.153 

Node N9 - N/A 5.764 2.048 0.097 0.002 

Node N10 - N/A 7.128 3.284 0.140 0.005 

Node N11 - N/A 8.842 2.432 0.235 0.008 

Node N12 - N/A 13.607 6.456 0.254 0.034 

Node N13 - N/A 5.909 1.949 0.124 0.002 

Node N14 - N/A 12.098 4.854 0.352 0.032 
Node N15 - N/A 10.873 3.362 0.305 0.017 

Mean of negative node 12.363 6.332 0.412 0.118 

Cancer 1 N/A N/A 43.444 52.432 4.263 15.013 

Cancer2 N/A N/A 48.238 41.431 3.388 10.469 
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Cancer3 N/A N/A 51.498 28.069 2.748 6.140 

Cancer4 N/A N/A 46.682 31.563 1.411 3.214 

Cancer5 N/A N/A 48.022 34.723 2.250 5.801 

Cancer6 N/A N/A 50.527 24.533 1.531 2.935 

Cancer7 N/A N/A 54.740 38.633 2.731 8.929 

Mean of cancer tissue 49.022 35.912 2.617 7.500 

* Immunohistochemical staining. 
� In case of scattered cancer cells, boundary was set to include all the cancer 

cells and the size was taken from it. 
� Mean real-part permittivities at mid-band microwave frequencies (between 3 

and 5 GHz) 
§ Conductivities at high-band microwave frequencies (between 25 GHz and 

30GHz) 
¶ Slope Changes in real-part permittivities at high frequencies (between 15 and 

30 GHz) 

 ;Cancer Metastasis Index  װ
df
dCMI HFMF
εσε ′

∆××′= . 
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Figure 2. Between Group Comparisons of mean values of each parameter. 
Micro includes lymph nodes containing cancer cells with less than 2 mm in size, 
macro includes lymph nodes and tumors containing cancer cells with bigger than 2 
mm in size. Negative represents nomal lymphe nodes. Figure 2A shows mean 
values of mean real-part permittivities at mid-band frequencies (ε′MF) of macro, 
micro and negative groups. Macro group showed the highest, micro group in 
middle and negative group showed the lowest values, and these differences were 
statistically significant. Figure 2B and 2C shows that average conductivity at high-
band frequencies (σHF) and Slope Changes in the real-part permittivities at high 

frequencies (
HFdf

dε ′
∆ ) were also the highest in macro group, middle in micro 

group, and the lowest in negative group. Means of macro and micro groups were 
significantly higher than negative group. However, difference between micro and 
macro group were not significant. Figure 2D shows average Cancer Metastasis 
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Index (CMI). The value of CMI was 7.30 for macro group, 3.36 for micro group, 
and 0.12 for negative group, which showed statistically significant differences 
between group. Especially, difference between micro and macro was effectively 
maximized by CMI. (* significantly different, compared to negative group, at p < 
0.0005; ** significantly different, compared to negative group, at p < 0.005;  *** 
significantly different, compared to negative group, compared to negative group at 
p < 0.05;  **** significantly different at p < 0.01, compared to micro group) 
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B. Conductivities at high-band frequencies (between 25 

GHz and 30GHz): σHF 

This parameter indicates the increase in the microwave loss 

associated with dielectric relaxation at high-band microwave 

frequencies. Average conductivity was also the highest in macro 

group (mean=37.54), middle in micro group (mean=31.46), and the 

lowest in negative group (mean=6.33). Means of macro and micro 

groups were significantly higher than negative group (Figure 2B, 

Oneway Anova, F(2,31)=92.4, p < 0.0000001). Each micro and 

macro group showed 4.95 and 5.92 fold increases, compared to 

negative group. However, difference between micro and macro 

group were not significant (Post-hoc t-test Tukey Unequal N; p = 

0.14).  

 

C. Slope Changes in the real-part permittivities at high 

frequencies (between 15 and 30 GHz): 
HFdf

dε ′
∆  

Cancer cells showed dipolar relaxation above 15 GHz, which 

could be characterized by the large slope changes in the real-part of 

permittivity  vs. frequency plot (Figure 1). This parameter also 

showed significant differences between groups, that is, both micro 

(mean=1.89) and macro (mean=2.61) groups showed significantly 

higher mean values than negative group (0.41; Figure 2C, Oneway 

Anova, F(2,31)=39.4, P < 0.0000001 ; Post- hoc t-test Tukey 

Unequal N; negative vs. micro, p < 0.005). However, the difference 

between micro and macro group was not significant (post-hoc, 

Tukey Unequal N test, p = 0.08). Increases were 4.59 folds in micro 

group and 6.35 folds in macro group, compared to negative group. 
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In some cases, it was difficult to distinguish metastasized ones from 

non-metastasized one as shown in Table 1 due to the individual 

variability. (Node P11; 1.128 vs. Node N4: 1.210 ). 

 

D. Cancer Metastasis Index (CMI) 
In order to overcome the variability issues of individual parameters 

stated above, CMI was employed to determine the metastatic status. 

CMI contains information from above 3 different measures of cancer 

using broadband-microwave signals. As shown in Table 1, CMI 

could dramatically enhance metastasis-detectability of microwave 

by correcting variability shown in the individual parameters. 

Furthermore, the lymph nodes with only micrometastasis were also 

successfully detected with CMI;  micrometastasis as small as 40 µm 

could also be detected using our method (Node P4).  Average CMI 

was 7.30 for macro group, 3.36 for micro group, and 0.12 for 

negative group, which showed statistically significant differences 

between group (Figure 2D, Oneway Anova, , F(2,31)= 28.8, p < 

0.0000001 ; post-hoc t-test Tukey Unequal N, negative vs. micro, p 

< 0.05; micro vs. macro, p < 0.01). Micro and macro groups showed 

28.4 fold and 61.7 fold increases, respectively, compared to negative 

group, Especially, difference between micro and macro was 

effectively maximized by CMI than any other individual parameters 

thus showed more than 2 fold change.  
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2. Topographic correspondence between CMI and 

Immunohistochemistry (IHC) 
Immunohistochemistry revealed that 12 of 27 LNs have metastases. 

Among those 12, four  were macrometastatic, which were bigger 

than 8 mm, and the rest were micrometastatic with sizes of 0.04 ~ 

1.0 mm. Figure 3 shows topographic correspondence between CMI 

and IHC in micrometastasized nodes. In the Figure, a cluster of 

cancer cells with a size of 150 µm in 7 o'clock direction, and 5 

cancer cells in 10-15 µm sizes scattered within 300 µm area in 

1o�clock direction were observed by IHC (Figure 2A). Measured 

permittivities and CMIs corresponding to each probing area in the 

same node are shown in Figure 3B and 3C. In Figure 3B, each curve 

of the real-part of permittivity and conductivity vs. frequency plot 

represents individual microwave probings. Red curves stand for real-

parts of permittivity and blue curves are for conductivity. Among the 

probings, two probings show representative pattern of cancer, 

showing the typical pattern of dielectric relaxation in the frequency 

dependence. Figure 3C shows that CMI values are distinctively high 

in the probing areas containing cancer cells . Two areas with high 

value CMI (red color) was calculated from permittivity and 

conductivity curves showing pattern of dielectric relaxation 

respectively. Comparison with IHC results showed that the probing 

areas with high CMI corresponded accurately with the location of 

the metastatic cancer cells. This confirms that CMI map reliably 

reproduces the actual cancer distribution in the nodes with high 

accuracy. The validity of CMI was also verified topographically for 

the rest of the metastasized nodes (data not shown). CMI values 

were distinctively high for the probing areas containing metastasized 
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cancer cells. Furthermore, topographic correspondence was also 

observed in the nodes containing only micrometastases. For example, 

in one node, the size of cancer cells cluster was as small as 40 µm, 

which was detected by CMI and topographic correlation was 

verified. However, in the same node, there were two solitary cancer 

cells with size of 10 ~ 15 µm in other sites and microwaves could 

not detect them. This may suggest the resolution limit of the current 

method using a probe size of 3 mm. 
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Figure 3. Topographic correspondence between Cancer Metastasis Index 
computed using microwave permittivity and immunohistochemical results in 
node P2. A. IHC found that there were 2 clusters of metastasized cancer cells 
(shown in photographs). Scale bar : 1 cm. B. C. CMI map: Each probing hole was 
labeled with CMI computed using microwave permittivity. A. IHC staining shows 
that metastasized cancer cells are clustered in 2 regions. Circles around cancer 
cells indicate probing areas. B. Microwave scanning from each probing; real-part 
of complex relative permittivity and conductivity vs. frequency plot. Each curve 
represents individual microwave probings on the same node. Red curves stand for 
real-part of complex relative permittivity and blue curves are for conductivity. 
Among the probings, two probings show representative pattern of cancer, showing 
the typical resonant pattern in the frequency dependence. C. CMI map: Each 
probing hole was labeled with CMI acquired. Correspondence between high CMI 
values and actual cancer sites is shown. Scale bar : 1 cm. 
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3. Correlation between the size of cancer and CMI 
Including negative group, all data were included in the 

correlation analysis. The size of cancer cells in cancer tissue were 

considered as 3 mm in sizes, also cancer cells in lymph nodes bigger 

than 3 mm were considered as 3 mm in sizes because the size of 

probe was 3 mm. Figure 4 shows the correlation between CMI 

values and the size of metastasis. In all parameters, there were 

indications of size correlation, even though the difference was rather 

small. However, CMI could reliably maximize the difference 

between micro and macro group. Despite the lack of data for mid-

sized cancer cells, it shows that CMI is considerably correlated with 

the size of cancer metastasis (pearson's correlation coefficent, r = 

0.76, p < 0.0001). 
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Figure 4. Correlation between size of metastasis and Cancer 
Metastasis Index. The axis of ordinates represents the value of 
CMI and the axis of abscissa represents size of metastasis. 
Pearson�s correlation was used to reveal size dependency of CMI 
values. All 27 nodes including non-metastasized were used to 
figure out correlation. 
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IV. DISCUSSION 

The probability of detecting metastatic cancer cells in lymph nodes 

using conventional one-level Hematoxylin-Eosin (H&E) staining 

and intra-operative frozen section is variable, since it depends on the 

size of the node, and the amount and distribution of tumors in the 

node. Approximately 16 percent of patients classified as node-

negative by conventional one-level Hematoxylin-Eosin staining, 

showed tumor recurrence within 5 years of initial treatment 22,23. 

Several clinical trials have reported the beneficial effects of adjuvant 

chemotherapy in these high-risk patients 24-29. Therefore, it would be 

of tremendous clinical value if high-risk patients could be accurately 

identified. The discrepancy between the node-negative status and 

survival could be attributed to variable metastatic detectability using 

conventional methods. Recently, micrometastasis is collecting more 

attention for its clinical significance in terms of survival rate. Even 

though the clinical significance of micrometastases is controversial, 

it appears that micrometastases of breast cancer affects patients' 

survival rate 8. Dowlatshahi et al. suggested that an innovative 

method for occult metastasis detection would be necessary to 

overcome the inaccuracy of the traditional examinations for 

metastasis 8.  
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RT-PCR can detect even a single cancer cell out of 107-108 normal 

cells, hence it�s wide use to detect metastatic cells in breast cancer 

patients 30-32. However, several factors such as lack of marker 

specificity, standardization of assay procedure, and morphologic 

correlation of a positive signal, limits wider clinical usage 33,34. Re-

examination of axillary lymph node dissection specimens by 

Hematoxylin-Eosin of multiple sections converts 3-33 percent of 

patients from node-negative to node-positive 9. These occult 

metastases have a clinical significance. Immunohistochemistry is 

another sensitive, specific method for micrometastasis detection. 

Immunohistochemistry enhances metastasis detection in lymph node 

by 8-41 percent 9. However, interpretation could be influenced by 

antigen retrieval (enzyme digestion) methods, staining reagents, 

monoclonal antibodies, inter-observer differences, the presence of 

benign epithelial inclusion and/or cytokeratin-immunoreactive 

mesenchymal cells. Nevertheless immunohistochemistry has proven 

to be very useful for tumor detection, especially micrometastasis in 

lymph node. Even though the clinical significance of 

immunohistochemistry-detected micrometastasis are controversial, it 

appears that micrometastasis of breast cancer impacts patients' 

survival 8. This is why Hematoxylin-Eosin and 
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immunohistochemistry of multiple sections are currently 

recommended to find metastasis in sentinel lymph node. However 

these methods are limited by potential pitfalls from technique or 

interpretation 10,11,33, and moreover, are time-consuming, expensive 

and laborious. After sentinel lymphadenectomy, to make a decision 

on whether performing the further axillary lymph node dissection or 

not, intraoperative accurate and prompt method detecting 

metastasized cancer cells in sentinel lymph node is necessary. 

Although frozen section is often performed, since it is a simple and 

prompt intraoperative examination to detect metastasis, its usage is 

controversial 35 due to high false-negative rates compared with the 

standard Hematoxylin-Eosin examination 12-14. Particularly, even if 

the tumor-free sentinel lymph node with frozen section during 

sentinel lymphadenectmy without further axillary dissection is 

judged some days later to be metastatic by serial Hematoxylin-Eosin 

or immunohistochemistry, an additional operation is required 

because of incorrect intraoperative method and accurate but delayed 

methods. result. Some studies suggested imprinting cytology 36 or 

Rapid-immunohistochemistry staining 37 to overcome these 

limitations, however, its clinical usefulness has not yet been 
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confirmed. Therefore, there are growing demands for an accurate, 

and prompt method for assessment of (micro)metastasis. 

Since, using microwaves, it takes only fraction of time to determine 

the metastatic status compared to immunohistochemistry and RT-

PCR and cancer-specific electromagnetic behaviors was clearly 

observed in all specimens containing cancer cells regardless of their 

sizes, it is considered that microwave scanning could play an 

important role in determining metastatic status during the initial 

operation, and in revealing the clinical significance of 

micrometastases. Even though further experimentations are required, 

microwave method of this work may provide an prompt and 

accurate intra-operative measurement for the metastases in lymph 

nodes. Furthermore, with the introduction of an automatic 

mechanical probing system and smaller size of probe can reduce the 

testing time to a few minutes with higher resolution., making this 

approach highly suitable for an intra-operative assessment.  

Microwave scanning was able to characterize electromagnetic 

properties of cancer cells, including micro sized cancer cells 

appropriately with all 3 parameters used in this study, and CMI 

could effectively amplify the characteristics of cancer cells. The 

mechanisms underlying cancer detection by microwaves is not 
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completely understood at the moment. However, the frequency 

dependence of the complex permittivity and high conductivity in 

cancer tissues or metastasized cancer cells in lymph node is similar 

to that observed in high-water-content muscle tissues 38 except for 

the details of the curve patterns and transition frequencies. This 

suggests that the cancer detection mechanism appears to be related 

to water content. However, other factors such as cancer-specific 

protein and/or other components, and their interactions with water 

molecules are also under consideration since the cancer cells can 

cause several changes in cell structures, cell components and 

extracellular matrix for their survivals and metastases 39. 

Currently, clinical implication of the sentinel lymph node has been 

widely accepted in melanoma, penile cancer and breast cancer 1,2,40. 

In addition, possible application of the sentinel lymph node is being 

actively investigated in colorectal cancer and stomach cancer 41,42. 

Once this method is firmly established, the microwave scanning can 

be applied to sentinel lymph node diagnosis for a variety of cancers 

other than breast cancer. 

Our results show the potential possibility of broadband microwave 

scanning as a prompt, accurate intra-operative assessment for 

metastases in the lymph node. 
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V. CONCLUSIONS 
 

Microwaves can be used to reveal unique 

electromagnetic properties of materials, thus this study 

aims to unleash electromagnetic properties of breast cancer 

cells, especially, metastasized cancer cells in the lymph 

nodes using broad-band microwaves. To distinguish the 

cancer-specific patterns of cancer tissue, 3 primary 

microwave parameters were assessed, i.e., permittivity in 

mid-band frequency (3-5 GHz), conductivity in high-band 

frequencies (25-30GHz) and slope changes of permittivity 

at high-band frequencies (15-30 GHz). An additional 

parameter, Cancer Metastasis Index (CMI), was developed 

to effectively represent all parameters. Broadband 

microwave scanning was able to reveal cancer specific 

electromagnetic behaviors in all 3 parameters regardless of 

size and metastatic status, and these were reliably reflected 

by CMI. CMI effectively magnified the difference of 

electromagnetic properties between normal nodal tissues 

and cancer tissues. Furthermore, immunohistochemistries 

were performed to verify the origin of electromagnetic 

changes represented by CMI values. 
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초고주파를 이용한 유방암세포의 감시림프절 전이 판정 

 

최 진 욱 

연세대학교 대학원 의학과 

(지도교수 이 희 대) 

 

 
액와부 림프절의 암세포 전이 여부는 유방암에서 가장 

중요한 예후인자이며 전이 판정 여부는 검사림프절 하나의 

절단면을 Hematoxylin-Eosin 염색하여 암세포를 

육안으로 찾아내는 전통적인 방법으로 하여왔다. 그러나 

액와부 림프절 전이가 없는 환자들에서 5년 재발율이 20-

30%정도에 이른다는 사실과, 면역조직화학검사 

(immunohistochemistry), RT-PCR등과 같은 정밀한 

검사 방법의 기술적 발전은 예후에 대한 

미세전이(micrometastasis)의 역할에 많은 관심을 

기울이게되는 동기가 되었다. 하지만 이러한 검사 방법들은 

인력, 시간 그리고 경비면에서 효율적이지 못하여 실제 

임상적인 이용에 한계를 갖고있다. 특히 1990년대 초에 

유방암에 도입된 감시림프절(sentinel lymph node)의 

개념은 수술도중 정확하게 암전이 여부를 판단할 필요성을 

느끼게 하였다.  
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초고주파(microwave)는 각각의 물질이 갖고있는 

고유한 전자기적 특성을 측정하는데 이용되고있으며, 역으로 

미지의 물질에 대한 전자기적인 특성을 검사하여 그 물질이 

어떠한 물질인지를 알아낼 수 있다. 본 논문은 이러한 

초고주파의 특징을 이용하여 암세포의 고유한 전자기적인 

특성을 찾아내고, 실제로 림프절로 전이된 암세포를 발견하여 

임상적으로 이용이 가능할 것인지에 대해 연구한 결과이다. 

초고주파에 대한 암세포의 고유한 전자기적인 특성을 

구별하기 위하여 암세포가 없는 정상 림프절 조직과 

유방암조직에 대하여 각각 1) 3-5 GHz에서의 

유전율(permittivity), 2) 25-30 GHz에서의 

전도율(conductivity), 3) 15-30 GHz에서의 유전율 

변화량(slope changes in permittivity)을 조사하였다. 

최종적으로 상기 3 측정치의 특성을 하나의 차원으로 집약할 

수 있도록 고안된 Cancer Metastasis Index (CMI)를 

설정하였다. 원발 유방암세포에 대하여 초고주파 검색을 

이용하여 측정된 각각의 결과치는 정상 림프조직의 

측정치와는 상이한 차이를 보였다. 또한 암세포가 전이된 

림프절에 대한 초고주파 측정치는 유방암 조직의 특징적인 

초고주파 측정치와 비슷한 형태를 나타내었으며, 이는 전이 

림프절에서 측정된 초고주파 특성이 암세포에서 기인한다는 

사실을 암시하고있다. CMI는 암세포의 각각의 측정치에 

대한 전자기적 특성을 증폭하여 암세포전이 림프절과 정상 

림프절간의 구분을 쉽게 해주었다. 
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본 연구는 암세포가 정상 림프절 조직과 구별되어지는 

초고주파적인 특징을 갖고있음을 보여주고 있으며, 이러한 

결과의 임상적 응용성에 대한 가능성을 보여주고 있다. 

------------------------------------------ 

핵심되는 말; 유방암, 초고주파, 림프절전이, 

림프절미세전이 
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