
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-22T06:05:03Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title Challenges of post-measurement histology for the dielectric
characterisation of heterogeneous biological tissues

Author(s) La Gioia, Alessandra; O'Halloran, Martin; Porter, Emily

Publication
Date 2020-06-09

Publication
Information

La Gioia, Alessandra, O’Halloran, Martin, & Porter, Emily.
(2020). Challenges of Post-measurement Histology for the
Dielectric Characterisation of Heterogeneous Biological
Tissues. Sensors, 20(11), 3290. doi:10.3390/s20113290

Publisher MDPI

Link to
publisher's

version
https://doi.org/10.3390/s20113290

Item record http://hdl.handle.net/10379/16640

DOI http://dx.doi.org/10.3390/s20113290

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


  

Sensors 2020, 20, x; doi: FOR PEER REVIEW www.mdpi.com/journal/sensors 

Article 1 

Challenges of post-measurement histology for the 2 

dielectric characterisation of heterogeneous 3 

biological tissues  4 

Alessandra La Gioia 1,*, Martin O’Halloran 1 and Emily Porter 2 5 

1 National University of Ireland Galway, Translational Medical Device Laboratory, Costello Road, Galway, 6 
Ireland; {martin.ohalloran, a.lagioia1}@nuigalway.ie  7 

2 The University of Texas at Austin, Department of Electrical and Computer Engineering, Austin, TX, USA; 8 
emily.e.porter@ieee.org 9 

* Correspondence: a.lagioia1@nuigalway.ie   10 

Received: 08/05/2020; Accepted: date; Published: date 11 

Abstract: The dielectric properties of biological tissues are typically measured using the open-ended 12 
coaxial probe technique, which is based on the assumption that the tissue sample is homogeneous. 13 
Therefore, for heterogeneous tissue samples, additional post-measurement sample processing is 14 
conducted. Specifically, post-measurement histological analysis may be performed in order to 15 
associate the measured dielectric properties with the tissue types present in a heterogeneous sample. 16 
Accurate post-measurement histological analysis enables identification of the constituent tissue 17 
types that contributed to the measured dielectric properties, and their relative distributions. There 18 
is no standard protocol for conducting post-measurement histological analysis, which leads to high 19 
numbers of excluded tissue samples and inconsistencies in the resulting reported data for 20 
heterogeneous tissues. To this extent, this study examines the post-measurement histological 21 
process and the challenges in associating the acquired dielectric properties with the different tissue 22 
types present in heterogeneous samples. The results demonstrate that the histological process 23 
inevitably alters the morphology of samples, thus introducing errors in the interpretation of the 24 
dielectric properties acquired from heterogeneous biological samples. Notably, sample size was 25 
seen to shrink by up to 90% through the histological process, meaning that sensing volume 26 
determined from fresh tissues is not directly applicable to histology images.  27 

 28 

Keywords: dielectric measurements, biological tissues, open-ended coaxial probe technique, 29 
histology 30 

 31 

1. Introduction 32 

Accurate dielectric measurements of biological tissues are crucial for the development of 33 
electromagnetic diagnostic and therapeutic devices, such as microwave breast imaging systems and 34 
microwave ablation applicators [1]–[3]. These technologies are designed based on estimates of the 35 
dielectric properties of diseased and healthy tissues. Dielectric properties of biological tissues are 36 
typically measured in the microwave frequency range using the open-ended coaxial probe technique 37 
[4]–[7]. This technique is preferred over others, such as the transmission line method or the cavity 38 
perturbation method, because it is non-destructive (it does not require specific sample shape or size) 39 
and can be used for in-vivo measurements [8], [9]. The dielectric measurement procedure with an 40 
open-ended coaxial probe is straightforward; however, several factors can introduce uncertainties 41 
into the dielectric data, which can consequently reduce the efficacy of electromagnetic medical 42 
technologies [9], [10]. Generally, uncertainties are higher in dielectric measurements of 43 
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heterogeneous tissue samples [4] due to the fact that the open-ended coaxial probe technique is based 44 
on the assumption that the measured sample is homogeneous [11]. 45 

Post-measurement histology has been conducted to associate the dielectric properties acquired 46 
by the measurement probe with the different tissue types within heterogeneous samples [12]–[14]. 47 
Histology is used by pathologists worldwide to support diagnosis of diseases at a rate of millions of 48 
samples per day [15]. Despite this extremely frequent usage in hospitals, histological process was not 49 
designed to support interpretation of dielectric measurements. In fact, histology has been used only 50 
recently to associate the measured dielectric properties to the different tissues within heterogeneous 51 
tissue samples. As such, there are no standard methods used across the literature for accurately 52 
interpreting the relationship between the dielectric properties of heterogeneous tissue samples and 53 
the histology of these samples [9]. A key difficulty in linking the dielectric measurements to the 54 
histological results is the need for the identification of a ‘histology region’, i.e., a region demarcated 55 
on the histological images that includes the tissues that may have contributed to the measured 56 
dielectric properties. The definition of the histology region is challenging because it requires 57 
knowledge of the sensing volume of the measurement probe, which is delineated by sensing radius 58 
and sensing depth [16], [17].  59 

While recent studies have investigated the sensing radius and sensing depth of several coaxial 60 
probes [16], [17], there are no studies in the literature that have investigated the post-measurement 61 
histology process and its impact on the definition of the histology region. Furthermore, in all 62 
dielectric studies investigating the dielectric properties of heterogeneous tissue samples with 63 
histology to date, the histology region has been defined by directly applying the sensing volume 64 
findings without taking into account the change in tissue morphology caused by the histological 65 
process [18]. 66 

In general, studies have reported high numbers of tissue samples that had to be excluded from 67 
further analysis due to challenges with the histology procedure including lack of a clear marker of 68 
the dielectric measurement location and tissue deformations [13]. For example, in two of the largest 69 
studies to date where histology was used to investigate the dielectric properties of breast tissues, 70 
more than 24% [13] and 49% [12] of samples, respectively, had to be excluded from further analysis 71 
due to histological challenges. Such substantial numbers of excluded samples are particularly 72 
unfortunate when human samples are obtained yet not able to be fully analysed. Furthermore, even 73 
with samples that can be analysed following histology, the questions discussed above related to what 74 
histology region to use in order to accurately interpret the histology in the context of the dielectric 75 
measurement are still an issue. 76 

For these reasons, this study investigates the process of conducting post-measurement 77 
histological analysis. This work aims to provide a concrete understanding of how the histology 78 
process impacts tissue samples in the context of associating dielectric properties to the samples, and 79 
specifically examines the challenges of identifying the histology region even when the sensing 80 
volume is known. In particular, this study involves dielectric measurement and post-measurement 81 
histology of heterogeneous tissue samples from different animals and different regions of the body. 82 
Furthermore, in this study, the sensing radius and tissue dielectric contribution findings from 83 
previous dielectric studies [17], [19], [20] are considered in order to evaluate the applicability of these 84 
findings in defining the histology region and in accurately interpreting the measured dielectric 85 
properties. The specific findings of each of these studies is discussed in the relevant sections below 86 
in relation to the results of this work. 87 

The dielectric and histology protocols adopted for the dielectric characterisation of the biological 88 
tissue samples are provided in Section 2. In Section 3, after highlighting the challenges and limitations 89 
of histology, the results from the histological analysis are reported and associated with the measured 90 
dielectric data. Lastly, the key findings of this study are summarised in Section 4. 91 

2. Materials and Methods 92 

This section describes the methodology used to examine the post-measurement process and its 93 
impact on the dielectric characterisation of heterogeneous biological samples. Specifically, the 94 
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methodology consists in dielectrically characterising a set of radially heterogeneous biological 95 
samples with the support of post-measurement histology. To this extent, Section 2.1 motivates the 96 
choice of the radially heterogeneous tissue samples, Section 2.2 details the dielectric measurement 97 
protocol, and Section 2.3 describes the histology protocol. 98 

2.1. Selection of radially heterogeneous tissue samples 99 

Biological samples presenting simple radial heterogeneities, such as kidney and muscle with fat 100 
inclusions, were selected. Radially heterogeneous samples were chosen because, as opposed to 101 
complex heterogeneous samples, it is straightforward to identify a ‘landmark’ location on these tissue 102 
sample, which can be marked and tracked from the time of the dielectric measurement through to 103 
the post-histology images. Specifically, the landmark location that can be marked is the interface 104 
between tissue types. Similarly to the samples analysed in [17], [19], [20], each of the samples has a 105 
structure that does not vary with depth and consists of two tissue types, which have an interface 106 
parallel to the axis of the probe and perpendicular to the surface of the sample. In particular, ten 107 
samples were selected as representative radially heterogeneous samples to be analysed by post-108 
measurement histology. The ten samples consisted of: three samples of ovine kidney (composed of 109 
medulla and cortex tissue), two samples of ovine muscle (with fat inclusions), and five samples of 110 
porcine muscle (with fat inclusions). All of the samples were obtained from a local butcher, and each 111 
sample is from a different source animal.  112 

While the three ovine kidney samples had consistent structures with defined cortex and medulla 113 
regions, like the sample illustrated in Figure 1a, the two ovine and the five porcine muscle samples 114 
had structures that were different from each other. An example of the heterogeneity of ovine and 115 
porcine muscle samples is reported in Figure 1b. 116 

         117 

(a)                             (b) 118 

Figure 1. Examples of selected radially heterogeneous samples: (a) ovine kidney sample, where the 119 

medulla region is easily distinguishable from the cortex region; (b) porcine muscle sample, where the 120 

fat tissue is easily distinguishable from the muscle tissue. These photos are cross-sections through the 121 

longitudinal (xy) plane. 122 

2.2. Dielectric measurement protocol 123 

Dielectric experiments were performed with the Keysight slim form probe connected to the 124 
Agilent E8362B Vector Network Analyser (VNA) across the MW range of 2-6 GHz, which is the 125 
operating frequency of many MW imaging systems and MW ablation applicators [2], [3]. Specifically, 126 
the slim form probe was selected for consistency with the experiments detailed in [17], [19], [20], the 127 
findings of which were used to support the association of the measured dielectric data with the 128 
histology of the measurement samples. Specifically, the findings from [19], [20], which quantitatively 129 
examined the sensing radius of the Keysight slim form probe, the most commonly used probe in 130 
recent studies [5], [6], [9], were used to define the histology region. The findings from [17], [19] were 131 
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also considered for the estimation of the dielectric contribution of each constituent tissue to the 132 
measured dielectric data. A photograph of the experimental set-up showing the slim form probe 133 
connected to the VNA is provided in Figure 2. 134 

For each dielectric experiment, data was collected at 21 frequency points. Furthermore, the same 135 
measurement procedure was followed as in [20]. Before each measurement set, the system was 136 
calibrated and validated. The validation involved measurements of the known, well-characterised 137 
material 0.1 M NaCl, after the calibration of the system, and before and after each tissue 138 
measurement. The temperature of the 0.1 M NaCl solution was recorded at each measurement 139 
instance in order to compare the measured data with the known dielectric properties of 0.1 M NaCl 140 
at that temperature. Throughout the measurement process, it was ensured that the measurement 141 
uncertainty was consistently within the total combined uncertainty reported in [20], i.e., 2.5% for 142 
relative permittivity and 4.2% for conductivity.  143 

Prior to measurements, tissue samples were kept in cling film to minimise tissue dehydration 144 
by limiting the exposure of each sample to air. During tissue measurements, each sample was brought 145 
to the probe tip using a lift table, a firm contact between the probe and the tissue was kept after 146 
finding the optimal probe-tissue pressure, excess blood on the surface of the sample was removed 147 
using cotton swabs, and the tissue temperature, which was consistently between 21 and 22⁰C, was 148 
measured with an infrared thermometer. The optimal probe-tissue pressure resulting in consistently 149 
repeatable dielectric measurements was found by performing multiple measurements at the same 150 
location with a gradually increased pressure. Thus, the optimal probe-tissue pressure for a specific 151 
tissue location was the one at which the measured dielectric properties had approximately the same 152 
magnitude. Furthermore, between each measurement, the probe was cleaned with an alcohol wipe 153 
in order to avoid contamination. 154 

Dielectric experiments were conducted on the samples listed in the previous subsection. 155 
Specifically, measurements conducted on ovine kidney covered three regions of the sample: the 156 
homogeneous cortex region, the homogeneous medulla region and the radially heterogeneous region 157 
at the cortex/medulla interface. Measurements conducted on porcine and ovine muscle covered 158 
multiple regions of the sample, generally, consisting of: homogeneous muscle, homogeneous fat, 159 
radially heterogeneous regions with side-by-side or concentric muscle and fat.  160 

After conducting the dielectric measurements, the measurement sites were marked with a 161 
histology marker and then prepared for sample processing. The samples were then subject to the 162 
histology steps detailed in the following subsection. It is noted that all dielectric measurements were 163 
conducted prior to the sample being preserved and processed for histology, as these procedures are 164 
expected to change the dielectric properties of the tissue sample [21]. 165 

 166 

 167 

       (a)                                                    (b) 168 



Sensors 2020, 20, x FOR PEER REVIEW 5 of 16 

 

Figure 2. (a) Photograph of the dielectric measurement set-up, with VNA, probe, and tissue sample 169 

labelled. (b) A zoomed-in version of the photograph illustrates the contact of the probe with the 170 

sample. 171 

 172 

2.3. Histology protocol  173 

The protocol designed for post-measurement histology consists of six steps: fixation, processing, 174 
embedding, slicing, staining and imaging. The steps followed in this work are the same as those used 175 
in standard clinical or research histology workups, and have not been altered or adapted for the 176 
purpose of this study. 177 

Labelling was essential to ensure that the samples and measurement sites could be uniquely 178 
identified throughout each step of the histology protocol. Furthermore, since parts of the histological 179 
process can cause shrinkage and deformation of the tissue samples [15], [18], a subset of five samples 180 
were measured with a calliper, before and after the two steps of fixation and processing, in order to 181 
monitor the change in size of the samples. Monitoring of the change in size of the sample supports 182 
identification of the measurement sites on the histology slides in order to find an accurate 183 
correspondence between measured dielectric data and histological content.  184 

To preserve the histology of the tissue sample, fixation was conducted by immersing the sample 185 
into a 10% w/v formalin solution. In order to guarantee adequate staining samples were kept in 186 
formalin solution from 48 hours to 12 days [15], after measurement but before tissue processing. 187 

Either before or after fixation, the samples were sectioned in order to be fitted into the cassettes 188 
used by the Thermo Scientific Excelsior tissue processor. Furthermore, preliminary histology 189 
experiments showed that the black marks on samples with a glossy texture (like kidney) were not 190 
resistant to sample processing. For this reason, in order to avoid exclusion of the samples (as occurred 191 
in [12], [13]), the measurement sites across heterogeneous sample regions of the kidney samples were 192 
further marked with stitches. An example of the stitches being used for marking is reported in Figure 193 
3. Specifically, two green stitches can be observed beside the measurement sites; they were not placed 194 
over the measurement sites in order to avoid tissue damage. The distances between the stitches and 195 
the marked measurement sites were recorded at this stage and also after tissue processing. 196 

 197 

 198 

 199 
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Figure 3. Ovine kidney sample after undergoing fixation in 10% w/v formalin solution. Two green 200 

stitches can be seen beside the marked measurement sites across the heterogeneous regions of the 201 

sample. The sample is placed into a cassette to be inserted into the tissue processor. The cassette was 202 

labelled with the unique identifier, i.e. LK7M 26-11, written in the pencil since graphite is resistant to 203 

all chemicals used by the tissue processor. 204 

 205 

After fixation, the samples were placed into cassettes, the tissue processor was run, and they 206 
were embedded in paraffin wax. The orientation of each sample was taken into account during 207 
embedding, so that the measurement sites on each sample were easily identifiable. Samples were 208 
then sliced with a microtome and placed on slides. The slice thickness was generally 5 μm, which 209 
allows for clear images of the slice as it contains only a single layer of cells. The slides were labelled 210 
to keep track of the sequence of the slices, i.e., to facilitate the association of each slice to a specific 211 
depth of the sample. Next, haematoxylin and eosin (H&E) staining was performed as reported in [22]. 212 
After staining, the slides were mounted using the DPX mounting medium between the slide and the 213 
coverslip, and left to dry for a day at room temperature. Finally, the slides were imaged with the 214 
Olympus VS120 digital slide scanner using from 50 to 100 focal points for each slice. The slides were 215 
analysed with Olyvia (version 2.9.1) and Image J. The results of the histological analysis are discussed 216 
in the following section. 217 

Table 1. Change in size for a subset of radially heterogeneous samples during histology, from pre-218 

fixation to post-processing. The sizes refer to cross-sections of the sample through the longitudinal 219 

(xy) plane with the bases or bottom/top bases parallel to the x axis and the height parallel to the y 220 

axis. All samples were fixed for three days, except for Sample PM3 which was fixed for two days.  221 

Sample  

(shape) 
Pre-fixation size [mm] Post-fixation size [mm] 

Post-processing size 

[mm] 

LK1 

(triangular) 

Base: 15.12; Height: 16.75 Base: 15.21; Height: 16.05 Base: 15.62; Height: 12.68 

LK2 

(trapezoidal) 

Bottom base: 13.84; Top 

base: 9.85; Height: 24.44 

Bottom base: 16.02; Top 

base: 9.50; Height: 26.37 

Bottom base: 14.39 Top 

base: 8.65; Height: 19.54 

PM1 

(rectangular) 

Base: 9.68; Height: 8.66 Base: 11.64; Height: 7.62 Base: 10.17; Height: 6.52 

PM2  

(rectangular) 

Base: 18.43; Height: 13.42 Base: 19.17; Height: 14.44 Base: 15.19; Height: 13.34 

PM3  

(rectangular) 

Base: 16.87; Height: 13.24 Base: 15.76; Height: 15.37 Base: 13.12; Height: 11.35 

 222 

3. Results and Discussion 223 

This section discusses the correspondence between measured dielectric data and sample tissue 224 

content as identified through histology. Specifically, Section 3.1 reports the challenges of the histology 225 

process and how, despite best efforts, these challenges brought about the exclusion of four out of ten 226 

samples. Then, Section 3.2 reports the analysis performed to associate the dielectric data with the 227 

sample histological content.  228 
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3.1. Histological Analysis and Challenges  229 

This subsection overviews each step of the post-measurement histology process conducted on 230 

the heterogeneous samples.  231 

Firstly, fixation was performed. Different fixation times can have different impacts on the quality 232 

of the staining and therefore on the quality of the images at the microscope [15]. However, among 233 

the ten samples that underwent different fixation times (from 2 to 12 days), no notable difference in 234 

staining quality was seen for the purposes of tissue content assessment. Thus, all samples could be 235 

analysed in order to differentiate the different tissue content regions. However, it is important to note 236 

that the histological assessment was done visually. For computer-automated methods, precision in 237 

the quality of staining may be more important.  238 

Next, tissue processing was performed. A considerable difference in sample size was found 239 

across the steps from fixation to sample processing (prior to embedding). The change in size was 240 

monitored for five samples and is reported in Table 1. Among those five samples, two samples 241 

(Samples LK1 and LK2) were ovine kidney and three samples (Samples PM1, PM2 and PM3) were 242 

porcine muscle. As is clear from Table 1, the change in size for the ovine kidney was generally higher 243 

than for the porcine muscle. However, for both sample types, a general small increase in size was 244 

recorded between pre-fixation and post-fixation (similarly to what was found for ocular tissues in 245 

[23]) and a general decrease in size was recorded between post-fixation and post-processing (due to 246 

dehydration).  247 

Furthermore, from Table 1, it can be noted that the change in size is not consistent across 248 

samples, but it depends on the sample constituent tissues and initial shape [18], [23]. For example, 249 

Samples LK1, LK2 and PM2 exhibited from 18% to 25% post-processing shrinkage in one direction. 250 

Furthermore, a change in size of up to 22% was recorded for Sample PM3, due to the high fat content. 251 

In fact, it was noted that fat tissue tended to shrink and harden more than muscle tissue in the tissue 252 

processor. 253 

After removing the samples from the tissue processor, it was found that four samples were 254 

damaged either entirely or only on the surface during the sample processing. This sample damage 255 

can be attributed to the fact that the sample sizes were modified through the processing, resulting in 256 

compression against the cassettes. At this stage, only one sample was excluded, while the other three 257 

samples were further processed, since the damage of these samples involved only the surface. 258 

During embedding, care was taken to put the appropriate amount of paraffin wax so that the 259 

sample was moulded firmly into the cassette and the formation of air bubbles was prevented (in 260 

order to facilitate sample slicing). 261 

After the samples were embedded, the samples were sliced using the microtome. The slicing of 262 

the samples was challenging for fibrous tissue samples (e.g., muscle samples). In fact, the tissues from 263 

fibrous samples tended to tear and crumble during the slicing. At this stage, three ovine and porcine 264 

muscle samples were excluded. Furthermore, two ovine kidney samples were fibrous only across the 265 

first 0.1-0.5 mm. However, the ovine kidney samples were not excluded from the analysis, since the 266 

samples were heterogeneous only radially and thus the surface histological content did not contain 267 

additional information.  268 

Through this section, it has become clear why studies such as [12] and [13] end up with a high 269 

rate of sample exclusion. Up to this stage, four out of the ten samples had to be excluded, thus leaving 270 

six samples for further analysis. For each of the remaining six samples that underwent histology, five 271 
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to ten slides were analysed each in order to verify that the samples were heterogeneous only across 272 

the radial extent (and not across the longitudinal extent). Hence, a subset of slices were imaged by 273 

the digital scanner and analysed to associate the measured dielectric data to the sample histology 274 

content. 275 

3.2. Dielectric characterisation of radially heterogeneous samples through histology 276 

Figure 4 shows the histology of Sample PM1 reported in Table 1. In order to facilitate the 277 

association of the dielectric data with the histological tissue content, post-fixation and post-278 

processing sample pictures are reported together with a sample slice imaged with the microscope. 279 

Figure 4a presents the five marked measurement sites, which are still visible (although faded) in 280 

Figure 4b. Among the five measurement sites, one was from muscle, two from fat, and the remaining 281 

two from two concentrically heterogeneous regions consisting of muscle or fat (inner tissue) entirely 282 

surrounded by fat or muscle (outer tissue). The two fat measurement sites are from a smaller region 283 

(approximately as large as the probe) and a larger region (twice larger than the probe), which were 284 

considered for the validation of the sensing radius findings in [19], [20]. Furthermore, Figure 4c 285 

reports the 5 μm slice obtained at the depth of 0.3 mm, where fat tissue (which appears in white since 286 

the H&E staining cannot perfuse through hydrophobic tissues) can be distinguished from muscle 287 

tissue (which is represented in pink due to the eosin staining). The slice in Figure 4c is representative 288 

of the whole sample, since slices at depths higher than 0.3 mm presented similar histological features 289 

(slices at depths lower than 0.3 mm were very fibrous and crumbly, thus not suitable for staining). 290 

Figure 4c reports also the size of the sample, which is 11 mm long and 7.5 mm wide. These 291 

dimensions are comparable with the dimensions reported in Table 1, thus suggesting that the sample 292 

was appropriately sliced (i.e., that the correct orientation was maintained through sample embedding 293 

and slicing). However, although less than 8% difference in size was found for this sample between 294 

pre-fixation and post-processing (as reported in Table 1), a shrinkage above 50% was found for fat 295 

tissue. In fact, while the small fat region had a diameter of approximately 2.2 mm (which is the 296 

diameter of the Keysight slim form probe) before fixation, a diameter of 1 mm was measured for the 297 

same region after sample processing. An imaged slice for the small fat region is highlighted and 298 

compared with the pre-fixation size in Figure 5.  299 

The fat tissue shrinkage highlighted in Figure 5 suggests that the sensing radius estimated in 300 

[19] for fat, i.e., 0.9 mm, cannot be used to define the histology region. In fact, if a histology region 301 

with a radius of 0.9 mm (i.e., a diameter of 1.8 mm) was considered for the measurement site 302 

highlighted in Figure 5, the histology region would include 0.5 mm of fat surrounded by muscle. 303 

However, the true histology region should actually include only fat, as suggested by the dielectric 304 

traces in Figure 6, which are from three measurements performed on Sample PM1. Specifically, the 305 

three dielectric traces in Figure 6 are from one measurement on muscle, one measurement on a larger 306 

fat region (approximately twice larger than the probe) and one measurement on a smaller fat region 307 

(approximately as large as the probe). In Figure 6, the muscle and fat reference data from [24] is also 308 

plotted. 309 

 310 
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       311 

(a)                           (b)                             (c) 312 

Figure 4. (a) Post-fixation picture, (b) post-processing picture and (c) 5 μm thick histological slice of 313 

Sample PM1 (reported in Table 1). The five marked measurement sites in (a) are faded in (b). Among 314 

the five measurement sites, one is from muscle, two from fat (from smaller and larger regions), and 315 

two from concentrically heterogeneous regions. 316 

 317 

 318 

Figure 5. A 5 μm thick histological slice of Sample PM1. On the histological slice, the change in size 319 

of the small fat region is highlighted. 320 

 321 
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 322 

Figure 6. Relative permittivity traces from three measurements performed on Sample PM1. Among 323 

the three measurements, one measurement was performed on muscle, one measurement on a larger 324 

fat region (approximately twice larger than the probe) and one measurement on a smaller fat region 325 

(approximately as large as the probe). Data from measurements on muscle and fat reported in the 326 

literature [24] are also plotted with dashed lines. Conductivity traces are not reported since trends 327 

similar to relative permittivity were found across the three measurements. 328 

 329 

Differences between measured and reference dielectric data can be attributed to biological 330 

variability between and within animals, source regions of the body for fat and muscle, source species, 331 

and temperature and handling variations [4], [8]. Furthermore, the data from the smaller 332 

homogeneous fat region (within muscle) is comparable with the data from the larger homogeneous 333 

fat region. In fact, less than 1% difference was found between the dielectric traces of the large and 334 

small regions. This difference is well within the measurement uncertainty, indicating that the muscle 335 

surrounding the small fat region did not have any impact on the dielectric measurement. In other 336 

words, the sensing radius of the probe was less than the size of the small fat region. Thus, the 337 

measurements of Sample PM1 confirm the sensing radius findings in [19], [20]. Specifically, in [19] 338 

and [20], the sensing radius was calculated numerically to be 0.9 mm when the tissue under the probe 339 

is fat. The results here agree with this sensing radius, since the edge of the small region is not detected 340 

and therefore the sensing radius must be smaller than the extent of the measurement region, i.e., 341 

smaller than 1.1 mm. 342 

However, the histology information from the slice in Figure 5 can support the interpretation of 343 

the dielectric measurement from the smaller fat region only if the histology region is scaled down by 344 

50% (due to the 50% fat shrinkage). In fact, by scaling down the sensing radius of 0.9 mm by 50% a 345 

sensing radius of 0.45 mm is found. Such a value is within the 0.5 mm radius fat region, thus 346 

confirming that only fat is included within the histology region illustrated in Figure 5. 347 
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Furthermore, inconsistent fat shrinkage up to 90% was found for the remaining measurement 348 

sites of Sample PM1, thus compromising the interpretation of the dielectric data measured from the 349 

concentrically heterogeneous measurement sites. Similar results were found for all ovine and porcine 350 

muscle samples. Thus, due to the irreversible and unpredictable shrinkage of fat tissue caused by the 351 

histology process, the sensing radius and dielectric contribution findings in [17], [19], [20] could not 352 

be directly applied to define the histology region. For this reason, the histology process could not 353 

support the interpretation of the dielectric data measured from ovine and porcine muscle and fat 354 

samples. 355 

On the other hand, the histology process was able to enhance the interpretation of dielectric data 356 

measured from a subset of ovine kidney samples. As an example, Figure 7 shows the histology of 357 

Sample LK2 (previously reported in Table 1 and illustrated in Figure 2). In order to facilitate the 358 

association of the dielectric data with the histological tissue content, Figure 7 reports post-fixation 359 

and post-processing sample pictures together with a sample slice imaged with the microscope. Figure 360 

7a presents four marked measurement sites: one on the medulla, one at the interface between medulla 361 

and cortex, and two on the cortex (one close to the interface and one far from it). The measurement 362 

sites at and closer to the interface were further marked with green stitches, since the black marks 363 

faded away during sample processing, as is clear from Figure 7b. Furthermore, Figure 7c reports the 364 

10 μm slice obtained at the depth of 0.5 mm. A 10 μm instead of a 5 μm slice is reported since it 365 

enables distinction between the medulla and cortex because of the additional cell layer present in the 366 

10 μm slice compared to the 5 μm slice. The slice in Figure 7c is representative of the whole sample, 367 

slices at depths higher than 0.5 mm presented same histological features, thus suggesting that the 368 

sample was heterogeneous only radially (slices at depths lower than 0.5 mm were very fibrous and 369 

crumbly, thus not suitable for staining, and not analysed further).  370 

On the histological slice in Figure 7c, the extremities of the green stitch marking the 371 

measurement site at the interface between the cortex and medulla are highlighted, since this site is 372 

used to define the histology region and estimate the dielectric contribution of the two side-by-side 373 

tissues (i.e., medulla and cortex). In order to enhance the interpretation of the dielectric data from the 374 

cortex-medulla interface, the medulla and the histology region at the cortex-medulla interface 375 

(marked with the stitch) are highlighted on the 10 μm histological slice in Figure 8. Specifically, the 376 

histology region was identified by considering the location of the probe (which has diameter of 2.2 377 

mm) and the distance of the measurement site from the stitch. 378 

Furthermore, Figure 8 reports the dimensions of the slice as a comparison with the dimensions 379 

of Sample LK2 reported in Table 1. The dimensions in Figure 8 are the same as the dimensions in 380 

Table 1, thus suggesting that the sample was appropriately sliced in the desired orientation. The 381 

dielectric traces of Sample LK2 corresponding to the measurements on the cortex, medulla and 382 

cortex-medulla interface are reported in Figure 9. For an enhanced interpretation of the dielectric 383 

data, Figure 9 reports the reference data from [7] and the estimated signal at the interface obtained 384 

by averaging the cortex and medulla signals. The estimated signal from the average properties is the 385 

expected trace based on the finding that side-by-side tissues contribute equally to a dielectric 386 

measurement, when the probe is centred on the interface between the tissues, as presented in [17], 387 

[19], [25]. 388 
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       389 

                   (a)                              (b)                               (c) 390 

Figure 7. (a) Post-fixation picture, (b) post-processing picture and (c) 10 μm histological slice of Sample LK2 391 

(reported in Table 1). Among the four marked measurement sites in (a), two are from the medulla, two from the 392 

cortex (with one site closer to the medulla than the other) and one is at the cortex-medulla interface. The two 393 

measurement sites at/closer to the interface were further marked with green stitches, since the black marks faded 394 

away during sample processing, as is clear in (b). 395 

 396 

Figure 8. 10 μm histological slice of Sample LK2 (reported in Table 1). On the histological slice, the 397 

estimated location of the medulla and the histology region at the cortex-medulla interface (marked 398 

with the stitch) are highlighted, in order to facilitate the correspondence between dielectric data and 399 

histological information. 400 

 401 
 402 
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 403 

Figure 9. Relative permittivity traces from three measurements performed on Sample LK2. Among 404 

the three measurements, one measurement was performed on the medulla, one measurement on the 405 

cortex (far from the medulla) and one measurement at the cortex-medulla interface. ). Data from 406 

measurements on cortex and medulla, reported previously by our group [7], are also plotted with 407 

dashed lines. Conductivity traces are not reported since trends similar to relative permittivity were 408 

found across the three measurements. 409 

The measured cortex and medulla data differed from the reference data from [7] by up to 10%. 410 

Such differences can be mainly attributed to tissue dehydration, as seen by the fact that the data from 411 

the medulla (i.e., the inner layer of kidney) is closer to the reference data than the data from the cortex 412 

(i.e, the outer layer of kidney), which tend to dehydrate more rapidly than the medulla. However, 413 

measuring the exact magnitude of the properties is not the aim of this study, since the actual 414 

properties are not as important as comparing the tissue dielectric contributions. 415 

Furthermore, in Figure 9, the data from the cortex-medulla interface is comparable with the 416 

estimated data obtained by averaging the data from the cortex and medulla. In fact, less than 1% 417 

difference was found between the two dielectric traces, thus suggesting that the cortex and medulla 418 

had equal dielectric contribution to the dielectric signal acquired at the interface. Thus, with the 419 

support of the histological information summarised in Figure 8, the measurements of Sample LK2 420 

reported in Figure 9 confirmed the dielectric contribution findings regarding side-by-side tissues in 421 

[17], [19]. Similarly, the histological process was able to support the dielectric interpretation of the 422 

dielectric data measured from the remaining ovine kidney samples. The key outcomes from the 423 

histological analysis conducted across all investigated samples are summarised and compared with 424 

the findings from [17], [19], [20], [25], in Table 2.  425 

 426 

Table 2. Comparison of the key outcomes from this study (on samples analysed after post-427 

measurement histology) with the outcomes from the literature (on unprocessed tissue samples) [17], 428 

[19], [20], [25]. 429 
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Scenario 
Literature  

(unprocessed samples) 

This study  

(samples processed with histology) 

Sensing radius 

estimation 

Sensing radius was 0.9 mm for 

fat [19] 

Histology radius was 0.45 mm for 

fat (due to ~50% fat shrinkage) 

Dielectric contribution 

of concentric tissues 

The contribution of the inner 

tissue is dominant relative to 

that of the outer tissue [17], 

[19], [20] 

Histology caused changes in the 

morphology of the samples and 

could not support the literature 

outcome 

Dielectric contribution 

of side-by-side tissues 

Two side-by-side tissues have 

equal dielectric contribution 

when probe placed on interface 

[17], [19], [25] 

Histology supported the literature 

outcome 

Overall, the results of this investigation suggest that inconsistencies in the reported dielectric 430 
data of heterogeneous tissues are likely caused by errors or weaknesses in linking histological results 431 
with dielectric measurements, or in other words, in interpreting the dielectric measurements based 432 
on the histological results. This interpretation can be error-prone, even when the dielectric 433 
measurement is accurate and the histological process is performed correctly.  434 

4. Conclusions 435 

In this work, heterogeneous tissue samples were analysed histologically after measuring their 436 
dielectric properties. In particular, the challenges of conducting post-measurement histological 437 
analysis were investigated with the aim of supporting accurate dielectrical characterisation of 438 
heterogeneous tissue samples. 439 

This study found that the sensing radius and dielectric contribution findings from [17], [19], [20] 440 
on samples that did not undergo histology, could be directly applied to define the histology region 441 
within only a small subset of radially heterogeneous samples (ovine kidney samples). In this way, 442 
ovine kidney samples were accurately characterised through histology. However, the post-443 
measurement histological process was destructive for the remaining samples (porcine and ovine 444 
muscle samples) and reliable identification of the histology region was not possible. For instance, the 445 
sample processing caused a tissue shrinkage of more than 50% in porcine and ovine muscle samples. 446 
For a subset of these samples, the tissue shrinkage could be monitored and taken into account when 447 
defining the histology region. However, for the majority of muscle samples, the shrinkage was 448 
difficult to monitor and led to the inapplicability of the sensing radius and dielectric contribution 449 
findings from [17], [19], [20]. 450 

These results suggest that histology can cause different changes in tissue morphology 451 
depending on the tissue constituents in the sample, and importantly, that these changes in tissue 452 
morphology can lead to erroneous definition of the histology region, and thus erroneous 453 
interpretation of the measured dielectric properties. Such limitations of the post-measurement 454 
histology process have not been taken into account in dielectric studies to date and may be the reason 455 
why dielectric data from heterogeneous biological samples has been inconsistent in the literature.  456 

In summary, this study demonstrated that, due to the invasive and destructive process of 457 
histology, post-measurement histological analysis is not always able to support the dielectric 458 
characterisation of heterogeneous tissue samples. In future studies, methods and reporting standards 459 
should be devised for measuring tissue deformation and taking it into account when using histology 460 
for dielectric tissue characterisation. In other fields, for example those in which it is required to 461 
measure the size of tumours for disease staging, corrections due to tissue shrinkage through the 462 
histological process have been investigated [26], and researchers in the field of dielectric 463 
measurements may be able to learn from and build upon such efforts.  464 
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Another interesting option for future work is the potential use of mixture theory to correlate the 465 
volume fraction of a specific type of cell present in the sample with the measured dielectric properties. 466 
In [14], Bruggeman’s effective medium approximation theory was used to describe a heterogeneous 467 
tissue sample as a mixture of cells, with each type of cell having different dielectric properties. More 468 
work is needed to identify the best type of mixture model to use, and to determine the accuracy of 469 
such a model in associating histological imaging results with measured dielectric data.  470 

Alternatively, future studies could evaluate the use of less invasive and non-destructive 471 
techniques, such as microCT [27], [28], to support the correspondence between the measured 472 
dielectric data and the tissue constituents of heterogeneous samples. However, like histology, 473 
microCT is expensive and requires specialist knowledge. Future work should investigate other 474 
potential methods that can satisfy the requirements of being non-destructive for tissue samples, while 475 
also being readily available and usable by researchers who conduct dielectric measurements.  476 

Overall, better methods to associate the tissue content with dielectric measurements are needed. 477 
Obtaining a solid understanding of the dielectric properties of heterogeneous tissues, in turn, will 478 
support the design and development of electromagnetic diagnostic and therapeutic devices. 479 
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