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Abstract

Purpose—To investigate permittivity and conductivity of cancerous and normal tissues, their 

correlation to the apparent diffusion coefficient (ADC), and the specificity that they could add to 

cancer detection.

Methods—Breast adenocarcinomas and prostate carcinomas were induced in rats. Conductivity 

and permittivity measurements were performed in tumors and muscle tissue in the anesthetized 

animals, using a dielectric probe and an impedance analyzer, between 50 and 270MHz. The 

correlations between ADC’s (measured at 3T) and probe-measured conductivity values were 

investigated. Frequency dependent discriminant functions were computed, to assess the value that 

each of the three parameters adds to cancer detection.

Results—27%/12%/7% permittivity contrast was observed between tumors and normal tissue at 

64/128/270 MHz, respectively. Relatively frequency independent, 15–20% conductivity contrast 

was noted between cancerous and normal tissue. Strong negative correlation was observed 

between tissue conductivity and ADC. While permittivity had the strongest discriminatory power 

at 1.5T, it became comparable to ADC at 3T, and less important than ADC at 270 MHz.

Conclusion—Conductivity measurements offered limited advantages in separating cancer from 

normal tissue beyond what ADC already provided; conversely, permittivity added separation 

power when added to the discriminant function. The moderately high cancerous tissue permittivity 

and conductivity impose strong constraints on the capability of MRI-based tissue electrical 

property measurements.
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Introduction

Diffusion weighted imaging, and apparent diffusion coefficient (ADC) mapping are used 

increasingly frequently for cancer detection, alone or in addition to dynamic contrast 

enhanced MRI (1–3). While easy to acquire, ADC maps are usually not specific enough, and 
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additional parameters are needed for tumor characterization. Recent demonstration of tissue 

electrical properties (TEP) mapping by MRI (4–6) has raised hopes that these parameters 

can increase the specificity of cancer detection. Unfortunately, TEP mapping is sensitive to 

noise, therefore prone to measurement error. Additionally, disagreements exist in the 

literature about the conductivity and permittivity of cancerous tissues; while some reports 

document less than 10% increases of electrical properties of cancerous tissues of cancers (7), 

others point to factors of 1.5, 2 or higher (8–10). It is therefore important to quantify the 

tumor/normal TEP differences by gold standard measurements, as a function of field 

strength, in order to establish the required capability for MRI based TEP measurements.

In addition, the suggested linear relationship between the conductivity and diffusion tensor 

eigenvalues (11) is also interesting to explore, to clarify the potential of TEP’s as 

independent markers of disease. Using the observation that, although mediated by different 

carriers, both the conduction and the diffusion process respect the same boundary conditions 

imposed by the tissue geometry, Tuch et al. demonstrated that the conductivity and diffusion 

tensor share the same eigenvectors (11). A further, low frequency, approximation results in a 

linear relationship between the conductivity and diffusion tensor eigenvalues, enabling one 

to compute the conductivity out of the diffusion tensor (12). If conductivity and the apparent 

diffusion coefficient are linearly correlated, then measurement of the first one will add little 

or no information to tumor characterization-- in addition to what diffusion weighted imaging 

offers. Ultimately, the discriminatory power of each of these three parameters (permittivity, 

conductivity and ADC) for cancer detection needs to be understood, in order to guide further 

optimization of MRI based TEP mapping.

In this work, conductivity and permittivity measurements were performed in two rat tumor 

models using an impedance analyzer and a dielectric probe over the 50–270MHz range. 

Correlations between tumor conductivity and ADC’s (measured at 3T) were also assessed. 

Discriminant functions that best separate benign from malignant tissues, using tissue 

conductivity, permittivity and ADC’s as input, were constructed as a function of field 

strength. Recommendations regarding field strength and MRI based TEP mapping capability 

are offered in conclusion.

Methods

All the experiments described were done with approval of the Institutional Animal Care and 

Use Committee.

Tumor models and impedance analyzer based dielectric measurements

Cells from the MATBIII (breast adenocarcinoma) and MATLyLuB2 (prostate carcinoma) 

tumor lines were implanted in the flanks of 6 female Fisher (of 11 weeks mean age and 178g 

mean weight) and 7 male Copenhagen rats (of 11 weeks mean age and 256g mean weight). 

When tumors reached a spherical size of about 2cm diameter, imaging was performed, with 

the animals anesthetized using 1.5% Isoflurane, and their temperature maintained to 37C. 

Following the MRI scanning session, with rats still under anesthesia, the skin above the 

tumors was opened, and dielectric measurements over the 50–270MHz range were 

performed using an E4991 impedance analyzer and an E85070 dielectric probe (Agilent, 
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USA), pressed tightly against the tissue under study. The temperature of the animals was 

maintained by placing them on a heated pad between dielectric measurements. Due to the 

minute long duration of each measurement, lower room temperature, and low heat capacity 

of the dielectric probe, it is estimated that open tumor/muscle temperature varied by as much 

as 3°C from the nominal 37°C. The animals were sacrificed at the end of the session. Four to 

six measurements were taken in different places of the tumor and normal muscle, to increase 

measurement accuracy and compensate for the non-isotropic sensitivity of the dielectric 

probe in its intended sample volume of ~8cc. Note that, although it would have been 

preferable to extend the frequency range to 300MHz, in order to cover the common range of 

MRI frequencies, our instrument exhibited intermittent failure modes past 270 MHz. Given 

the relatively slow variation of the electrical properties over the range studied, we preferred 

to report all results at 270 MHz, instead of some results at 300MHz.

Imaging

All scans were done on a Discovery 3.0 T MR750 scanner (GE Healthcare, Waukesha, WI), 

using a transmit receive quadrature Litz coil (Doty Scientific, Columbia, SC), of 50mm 

diameter and 108mm length. Rats were placed on two tubes filled with warm solutions, with 

the tumors in the center of the coil. Following a localizer sequence, high resolution diffusion 

weighted images were acquired for 13 axial slices, at 1.5mm thickness, with a field of view 

12×6cm, and x/y resolution of 0.9mm. For the first animal scanned, eleven b values, equally 

spaced between 0 and 1000 *10−3 mm2/s were acquired, to look for evidence of 

biexponential signal decay. Lacking this evidence, all other experiments were acquired with 

two b values (b1=0 and b2=600*10−3 mm2/s). ADC’s were computed on a pixel by pixel 

basis, using ADC=ln(S[b1]/S[b2])/(b2−b1). Regions of interest (ROI’s) were manually drawn 

on each diffusion weighted image, and average tumor ROI’s were computed by averaging 

ADC’s over each slice, and then over the 13 slices (which almost entirely covered the 

tumor).

Statistical analysis

SPSS 19 (IBM, Armonk, NY) was used for statistical data analysis. For each of the 13 

animals studied, average conductivity and permittivity were computed from the dielectric 

measurements for tumor and muscle tissues at 64, 128 and 270MHz. Average muscle and 

ADC values, measured at 128MHz, were also used in the statistical analysis at 64 and 

270MHz-- as they are frequency independent.

Pearson correlation coefficients between conductivity and ADC values were computed at the 

3 frequencies studied. Stepwise discriminant analysis was also performed for each of the 

three frequencies, using the 26 average values (13 tumors and 13 muscle) of conductivity, 

permittivity and ADC, as input. Discriminant functions were computed at 64, 128 and 

270MHz. To select predictors, Wilk’s lambda method (which selects predictors that 

minimize Wilk’s lambda) was employed. An F-statistic was used to threshold entering/

exiting variables, so that only variables that add significant amount of orthogonal 

discriminatory power were selected in the discriminant function. The criteria for entry was 

an F-function probability of 0.05, and the criteria for removal was a F-function probability 

of 0.1.
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Results

Figure 1 shows an overlay between the ADC image and the anatomical image, with the 

tumor region encircled by the green elliptical ROI; the dielectric probe placement (after the 

MRI exam) is also exemplified here in white. The two red circles in this image represent the 

warm solutions, of high ADC; as expected the tumors exhibit lower ADC than the 

surrounding, normal muscle tissue. Note that the size of the tumors we chose to investigate 

was dictated by the availability of commercial instrumentation for dielectric measurements; 

since such measurements are typically done on the basis of an S11 measurement from an 

open coaxial cable, all the fields emitted by the probe need to be contained within the 

sample. The relatively long wavelength characteristic of MRI frequencies dictates the 

minimum sample size in which measurements can be reliably done.

Figure 2 displays the tumor-muscle permittivity and conductivity differences (expressed in 

percent) for the MATBIII and MATLyLu tumors, as a function of frequency; the standard 

deviations reported are between animals. Since electrical properties are known to change 

with temperature by as much as 2%/°C (13), the percent change in electrical properties will 

depend on temperature only to a minimal extent- as the conductivity of both tissue types will 

be affected by the temperature changes in a similar manner. While some differences exist 

between the two tumor strains, the range of contrasts seen in the two cases are similar, 

varying, e.g., between 0 and 30% in conductivity and between 15 and 30% in permittivity at 

64MHz. Decreasing permittivity contrast and somewhat constant conductivity contrast is 

seen progressing from 64, to 128 and to 270MHz. Note that higher variability is seen in the 

conductivity than in the permittivity measurements-- as error bars are considerably higher 

for the former. This fact is a direct reflection of the higher inter-subject (population) 

variability, as well as of the higher intra-subject conductivity measurement variability (8–

10% for conductivity, vs. 2–5% for permittivity). High intra-subject variability in the 

conductivity measurements can be due to e.g., temperature sensitivity or inherent tumor 

heterogeneity. While the first can be mitigated by an in vivo measurement technique that 

does not expose tissue to colder room air (MRI, e.g.), the later is of a fundamental nature, 

and cannot be mitigated.

Figure 3 displays the correlation between ADC’s and the probe-based conductivity 

measurements at 128MHz. In this graph, the dots represent experimental data points, the 

black line represents the linear fit, the red line the 95% confidence interval, and the blue line 

the 95% prediction interval. While higher ADC is associated with lower conductivity, the 

linear fit explains only a fraction of data variability (R2=0.48). Pearson correlation 

coefficients between ADC and conductivity values at the 3 frequencies are all around −0.65, 

and the correlation is significant at the 0.001 level (two-tailed).

Following stepwise discriminant analysis at the 3 frequencies, Table 1 shows the 

standardized canonical discrimination function coefficients and Wilk’s lambda (defining the 

proportion of the total variance in the discriminant scores not explained by differences 

among the groups). As coefficients with large absolute values correspond to variables with 

greater discriminating ability, the field strength dependence of TEP’s imparts a strong 

weight on the capability of different factors to discriminate between cancer and normal 
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tissue. While permittivity has the strongest discrimination power at 1.5T, it becomes 

comparable to ADC at 3T, and less important than ADC at 7T. Conversely, conductivity 

measurements impart limited or no incremental discrimination power above ADC; note that 

even at 128MHz, if only ADC and conductivity are entered as independent variables in the 

discriminant analysis, only ADC ends up part of the discriminant function. Whether this is 

due to the ADC correlation to conductivity, or to the high intra-subject or inter-subject 

variability remains to be determined.

Discussion and Conclusions

This study offers insight into the electrical properties of tumors, and their potential 

usefulness as cancer markers at MRI frequencies. Somewhat limited differences between 

electrical properties of the two tumors lines studied here and normal muscle tissues were 

found, averaging 26% in permittivity and 14% in conductivity at 64MHz. The permittivity 

differences consistently decreased as frequency increased, reaching 7% at 270MHz, while 

conductivity differences remained relatively constant across the 50–270MHz range studied 

here. Our results are consistent with a number of literature studies (9,13), yet not so 

consistent with others (7,14). While some of the discrepancies between our data and similar 

published reports can be explained by the exact type of tumor studied, measurement 

technique and protocols can also undesirably influence results. For example, in our in-situ, 

dielectric probe based measurements, we see smaller tumor conductivity values than 

measured in breast cancer patients through MRI-based approaches (14). In fact, the highest 

conductivity of any tumor measured by us at 128MHz is 0.89S/m--significantly below the 

1.5–6S/m reported elsewhere (14). Given the small size of the tumors previously studied 

(14), the known susceptibility of MRI-based methods to region of interest edge effects, and 

the relatively well-understood mechanisms determining electrical properties (which limit 

TEP’s to the properties of extracellular fluid, i.e. conductivity of ~1.8S/m and relative 

permittivity of ~80 @128MHz) (13), is it is possible that MRI based methods could bias 

results (particularly for small ROI’s), and their output needs to be regarded with caution. In 

our study, we also saw larger tumor/normal muscle electrical property differences than the 

less than 10% changes reported in a large scale study of breast tissue specimens, analyzed 

0–4hrs after surgery (7). While following three of our animals after death, and taking 

repeated measurements every 30min, up to two hours after death (while maintaining the 

animals’ core body temperature to 37°C), we have found slight changes in the electrical 

properties of both muscle and tumor tissue (data not shown). Electrical properties of tumors 

tended to decrease after death, and electrical properties of muscle tended to increase, 

resulting in an average contrast decrease after death from 30% to 22% in permittivity, and 

from 12% to 3% in conductivity (@ 64MHz). For the numbers reported here after death, 

electrical properties measured at 30, 60, 90 and 120min after death were averaged. While 

these changes are not dramatic, they point to the need to reference measurements taken by 

any imaging method to gold standard measurements also acquired in vivo-- if at all possible.

The negative correlation between tissue conductivity and ADC’s at RF frequencies was 

somewhat expected, given prior work documenting low ADC and high conductivity for 

tumor tissues (1,14). While low frequency, theoretical and experimental studies find a 

positive correlation between the diffusion and conductivity eigenvalues (11,12,15), limited 
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theoretical work relating the diffusion and conductivity tensor eigenvalues exists in the high 

frequency regime. Given the results of a simulation study modeling a cell in uniform and 

heterogeneous electrical fields (16), and extensive studies analyzing the dielectric dispersion 

in tissues (13), the 64–300MHz regime characteristic of MRI experiments resembles the 

high frequency regime (in which cell membranes do not offer a significant barrier to current 

flow) much more than the low frequency regime. Our experimental results, indicating a 

negative correlation between conductivity and ADC remain to be explained by a theoretical 

model.

Discriminant analysis indicated that permittivity could add significant power in separating 

cancer from normal tissue, above and beyond what ADC offers. In fact, at 64MHz, 

permittivity accounted for a larger fraction of data variability than ADC’s did (Table 1). As 

the field strength increased, and the difference between normal and malignant tissue 

permittivity decreased, permittivity added less and less differentiation power. Conductivity 

contributed little to increasing cancer characterization above what ADC did- at any 

frequency. These results are only valid assuming that electrical property measurement 

precision/accuracy is comparable to the one of this study. Should permittivity measurements 

be made by other means than dielectric probe (from MRI measurements, e.g.), and should 

measurement accuracy decrease from the current 2–5% to more than 10%, it is likely that 

such measurements would contribute less and less to cancer characterization, in particular at 

high field strengths, where permittivity differences dwindle. Conversely, should the 

accuracy of conductivity measurement improve from the 8–10% of the current study (by 

performing such measurements through imaging, and eliminating the slight temperature 

variation during the experiments, e.g.), it is possible for conductivity measurements to add 

value in the quest towards better cancer detection. Since the capability to estimate TEP’s by 

MRI methods increases at higher field strengths (17), more accurate conductivity mapping at 

fields higher than 3T may provide the right direction. On the other hand, alternative 

methodology for reliable permittivity measurements at frequencies below 64MHz may also 

be useful.
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Figure 1. 
Example of the overlay between the ADC map and the anatomical image. Dielectric probe 

placement, following the imaging experiment, is highlighted here in white
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Figure 2. 
Tumor-muscle TEP differences for the MATBIII (top) and MATLyLu (bottom) strains as a 

function of frequency.
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Figure 3. 
Correlation between ADC and conductivity at 128MHz.
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Table 1

Standardized canonical discrimination function coefficients. Wilk’s lambdas are displayed in parentheses, for 

each variable separately, and for the combined discriminant function (under the Frequency column)

Frequency [MHz] ADC Permittivity Conductivity

64 (0.04) −0.7 (0.15) 0.9 (0.07) 0 (0.6)

128 (0.06) −1 (0.15) 1 (0.19) 0.6 (0.6)

270 (0.09) 0.9 (0.15) −0.7 (0.35) 0 (0.6)
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