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ABSTRACT
A unified mixing (UM) model was developed to derive microstructural information of trabecular bone, i.e., bone volume fraction (BV/TV),
from electrical impedance spectroscopy. A distinct advantage of the UM-model over traditional methods, such as equivalent circuit models
and multivariate analysis, is that the influence of both the environment (hydroxyapatite) and different inclusions (water, fat, and air) can
be taken into account simultaneously. In addition, interactions between the different components such as interfacial polarization can be
addressed by a dedicated fitting parameter v. Accordingly, values of BV/TV for different bone samples, e.g., including or not including water,
were determined in the higher frequency range of 1–5 MHz. Results showed good agreement with experimental data obtained by micro-
computer tomography. In particular, predictions for dielectric parameters that were derived for 3 and 4 MHz were found most promising for
the assessment and distinction of osteopathic conditions and differences. This was shown by a clear differentiation of osseous tissues, e.g., the
greater trochanter, femoral head, and femoral neck.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0070182

I. INTRODUCTION

Common technologies for the diagnosis of bone conditions,
e.g., micro-computer tomography (μCT) and dual-energy x-ray
absorptiometry (DXA), are associated with high equipment cost
and other disadvantages, such as radiation exposure. Electrical
impedance spectroscopy (EIS) as a non-invasive, real-time, and cost-
effective method offers a different approach and a potentially clinical
alternative.1–5 This technique has already been used to study the
dielectric properties of osseous tissues, such as permittivity and
conductivity, and attempts have been made to correlate these
parameters with the bone microstructure that was foremost
determined by bone mineral density (BMD) or the bone volume
fraction (BV/TV). Both parameters provide diagnostic information
about bone stiffness and bone quality as an indicator of osteopathy,
e.g., micro-fractures and osteoporosis.6,7 In addition, the impedance

properties were also found to be dependent on the associated com-
ponents, such as water and fat. Therefore, microstructural informa-
tion (BV/TV) and compositions of osseous tissues could be explored
with the assistance of EIS if a sensitive correlation with their dielec-
tric properties could be established. However, this requires a more
reliable and unambiguous classification of permittivities and con-
ductivities with respect to different microstructures8 and pathologi-
cal statuses9 than is currently available.

Common methods for the interpretation of dielectric proper-
ties included electrical circuit models (ECMs) or Cole models and
multivariate analysis, e.g., principle component analysis (PCA) or
linear discriminant analysis (LDA). However, a convincing multi-
variate analysis is subject to a big sample size and further suffers
from the lack of any relation to underlying physical processes. The
physical interpretation that could be derived from ECM elements,
e.g., Cole parameters, was prone to large errors due to limitations
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in the assumptions of the underlying model and conjectures on
initial values for each element. Therefore, the associated interpre-
tation of characteristics of dielectric data remains ambiguous.10,11

More general, purely statistical, treatments of the correlation with
the microstructure and composition were afflicted by similar issues
in the understanding of impedance properties of bone tissues.

Accordingly, previous studies, employing these different
approaches, have yielded contradictory relationships between
dielectric properties and BV/TV or composition, e.g., water- or fat-
content. In addition, many of these studies were rather selective in
the frequencies that were evaluated from impedance spectra or in
scope, i.e., with respect to constituents and parameters that had been
considered. Moreover, a large number of samples, which is required
in order to derive any meaningful correlation at all, was not neces-
sarily available. Unal et al. indicated a relationship between dielectric
properties, i.e., permittivity and conductivity, with bound water (R2

≥ 0.5) at low frequencies (0.5–1 MHz) for cortical bone.12 Balmer
et al. correlated conductivity and BV/TV (R2 = 0.83) for impedance
measurements at 100 kHz for bovine bone samples ex vivo.2
Sierpowska et al. obtained a positive correlation (r = 0.68) between
permittivity and BV/TV and a negative relationship with conductiv-
ity (r = −0.59) for trabecular bone at 1.2 MHz.13 However, Meaney
et al.14 indicated a negative correlation (r = −0.6) between permittiv-
ity and BV/TV at 1.3 GHz, while Amin et al. obtained a weak posi-
tive correlation with conductivity at 900 MHz for diseased bones.15

Consequently, an unequivocal relationship between compositions
and microstructure (BV/TV) and dielectric properties is promising
to determine the bone status via impedance measurements; however,
the so far inconsistent results cannot provide a convincing general
correlation. Accordingly, advanced methods are obviously necessary
for a better understanding and interpretation of impedance proper-
ties of osseous tissues as a mandatory prerequisite for any clinically
relevant application.

An evaluation of impedance measurements by effective
medium approximations (EMAs) offers a solution. The approach
describes the distribution of different components, i.e., inclusions,
in a system, i.e., environment, and the effect of individual physical
characteristics on the bulk properties of the system. Possible inter-
actions between inclusions and with the environment are explic-
itly included. An example is the Bruggeman model, which was an
attempt to relate microstructural information on osseous tissue with
impedance properties.16 This model, however, might yield conflict-
ing results, in particular, for a large volume fraction of inclusions
and a large contrast between the dielectric properties of environ-
ment and inclusions,17,18 which is, for example, the case if the inclu-
sions are filled with water. In comparison, a unified mixing (UM)
model can take the microstructure and different compositions with
different dielectric properties into account simultaneously.19 Fur-
thermore, the UM-model utilizes the prior knowledge on the system
and regards the main component of the bone, i.e., hydroxyapatite
(HA), as the “environment” while other components are described
as “inclusions.” This is decidedly different from the Bruggeman
model, which treats all inclusions symmetrically. In the UM-model,
the effect from the large contrast of volume fractions of different
components and their possible interaction, which could affect the
derivation of microstructural information, can be accounted for by
a fitting parameter, ν.19 The good agreement between the estimated
results at a specific frequency and the experimental data that was

determined by μCT confirmed the applicability and effectiveness of
the model.

II. METHODS
The development of a UM-model was based on a compari-

son of values that were determined for BV/TV for different sites of
porcine trabecular bone by μCT-imaging with predictions based on
the assessment of electrical impedance measurements. First, bone
samples were prepared from different regions of the bones. Subse-
quently, impedance measurements were conducted on these sam-
ples, from which dielectric properties (relative permittivity and con-
ductivity) were derived as bulk material properties independent of
their geometry and particularly their thickness. Volume fractions
of water and fat that the UM-model required were quantified, and
the respective contribution to the impedance of individual samples
(e.g., with or without fat content) was studied. Eventually, values
for BV/TV were derived from the UM-model by considering the
volume fractions for different compositions and their correspond-
ing permittivity. These results were compared with data derived for
BV/TV from μCT-images for a statistical assessment of the accuracy
of the predictions.

A. Sample preparation
Bone samples were prepared from the femurs of six female Lan-

drace pigs (200.17 ± 15.18 kg) that were raised by the Research Insti-
tute for Farm Animal Biology (FBN), which were processed within
24 h post-mortem. Sample preparation was previously described in
detail.20 In brief, after the extraneous tissue was removed, rough thin
slices from different regions were cut with a band saw (Epple Met-
allbandsäge BS 125 GS, Epple Maschinen GmbH, Germany), per-
pendicular to the major axis of the investigated anatomical regions.
Discs 20 mm in diameter were then extracted with a hollow drill.
Afterward, the rough top and bottom surfaces were smoothened
with sandpapers of different grit sizes to a final thickness of ∼1.3 mm.
To ensure good contact with the electrodes of the impedance diag-
nostic system, sufficient parallelity of the surfaces was ensured.
The discs were subsequently ultrasonically cleaned in 0.9% NaCl-
solution. The cleaning time was set to 3 min in order to remove most
of the remaining debris, possible residual blood, and to not damage
the samples. The specimens were then frozen at −20 ○C in aqueous
solutions with 0.9% NaCl until needed for measurements. A total of
72 samples were prepared from different anatomical sites (Fig. 1),
i.e., 24 for each region, including the greater trochanter (PFGT),
femoral head (PFH), and femoral neck (PFN), with their thickness
shown in Table I. The similarly raised pigs and close-by anatomical
regions were deliberately chosen to develop a UM-model with high
sensitivity for even small anatomical differences.

B. Characterization of composition
and microstructure

The major component of the osseous tissue comprised the inor-
ganic phase, i.e., hydroxyapatite (HA). The wet samples, cut from the
bone, included air (pores that were not filled otherwise), soft tissue
(primarily fat), and water. The different components were succes-
sively removed, i.e., first water and then fat, to assess their influence
on the impedance measurements.
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FIG. 1. Anatomy of porcine trabecular bone and the regions investigated in the
study, including the greater trochanter (PFGT), femoral head (PFH), and femoral
neck (PFN).

To remove water from wet samples, they were stored in a desic-
cator, connected to a vacuum pump, after thawing. The drying time
was set to 24 h because the weight of the samples, which included fat
(fat-retained samples), remained unchanged from this time onward.
The removed water content, Wcont , was calculated from the dif-
ference between wet (Wwet) and dry weight (Wdry), according to

Wcont =
Wwet −Wdry

Wwet
. (1)

To remove fat, fat-retained samples were ultrasonically cleaned in
acetone. The cleaning time was 14 min to ensure that the fat was
removed and excessive damage to the samples, such as erosion of
HA, was avoided. Acetone was then evaporated at room tempera-
ture for 10 min to get the net fat-free weight of the now dry sam-
ples. Quantification of the fat content, Fcont , was obtained from the
weight difference of the samples before (Wdry) and after immersion
in acetone (W fat-free), as described by

Fcont =
Wdry −W f at– f ree

Wdry
. (2)

Water- and fat-content for each region, which were determined
according to Eqs. (1) and (2), respectively, i.e., mean values and stan-
dard deviations with respect to different bone regions, are shown in
Table II.

TABLE I. Thickness of the prepared bone tissue samples.

Anatomical region PFGT PFH PFN

Thickness (mm) 1.33 ± 0.19 1.36 ± 0.21 1.38 ± 0.13

TABLE II. Average relative contribution of water and fat [determined from Eq. (1)
and Eq. (2), respectively] and bone volume fraction, BV /TV (determined from μCT-
images) of the samples from different anatomical sites.

Bone region PFGT PFH PFN

Water content, Wcont 0.14 ± 0.02 0.13 ± 0.02 0.18 ± 0.07
Fat content, Fcont 0.44 ± 0.06 0.26 ± 0.10 0.27 ± 0.07
BV/TV 0.29 ± 0.03 0.40 ± 0.06 0.35 ± 0.05

The microstructure can be quantified by the bone volume frac-
tion, BV/TV , expressing the ratio of bone volume to total tissue vol-
ume, i.e., sample volume. Sample scanning was performed by micro-
computed tomography (microCT, Skyscan 1076, Bruker, USA) with
a resolution of 9 μm. After scanning, the reconstruction of images
for each sample was conducted with the NRecon software.21 To avoid
edge effects, a region of interest (ROI) was identified in the middle
of the images with the CTAn software (Version 1.10).22 Afterward,
ROI-images were segmented into binary images by using the Global
Threshold method built into CTAn. Examples of images for each step
of the analysis are shown in the flowchart of Fig. 2. Microstructural
parameters, e.g., BV/TV , were calculated automatically based on the
3D-mode of CTAn. The average values of BV/TV for each region
have been summarized in Table II. Note that all regions showed a
significant distinction (p < 0.01) for different components (water and
fat) and BV/TV .

C. Relative permittivity and conductivity
Samples were thawed at room temperature just prior to

impedance analysis. Extraneous liquid on the surfaces of sam-
ples was removed by wiping them clean with paper towels, espe-
cially to reduce electrode polarization (EP). The impedance prop-
erties were first determined from 100 Hz to 5 MHz using a high-
precision impedance analyzer (Agilent 4294A, Agilent Technologies
Japan Ltd., Murotani, Kobeshinishiku, Japan) in a parallel capaci-
tor configuration (Agilent 16451B, Keysight Technologies, Japan).
The three-electrode design of the parallel capacitor is able to account
for stray capacitance and, therefore, can reduce measurement errors.
In addition, calibrations, including open- and short-circuit com-
pensation, were performed for the Agilent analyzer and the elec-
trode configuration according to operational instructions.23 An AC-
excitation signal of 200 mV was applied in all experiments. To ensure
the reproducibility and accuracy of results, each sample was reposi-
tioned and measured four times. Afterward, the dielectric properties,
e.g., relative permittivity, of the samples were determined by consid-
ering their geometry, i.e., size, together with the obtained complex
impedance values.

Dielectric parameters for the individual main components, i.e.,
hydroxyapatite, fat, and water, of the investigated osseous tissue
were evaluated with respect to different frequencies. For HA, a rela-
tive permittivity of 50 was derived experimentally for a frequency of
1 MHz, in good agreement with the literature.16,24 A relative per-
mittivity of 43 was assumed for fat at higher frequencies (above
3 MHz).25 For air and water, relative permittivities could be consid-
ered static at room temperature and for the investigated frequency
range, with values of 1 and 80, respectively.26

AIP Advances 11, 105316 (2021); doi: 10.1063/5.0070182 11, 105316-3

© Author(s) 2021

D
ow

nloaded from
 http://pubs.aip.org/aip/adv/article-pdf/doi/10.1063/5.0070182/13090345/105316_1_online.pdf

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 2. Steps for the determination of microstructural parameters, i.e., BV/TV, from the analysis of μCT-images.

D. Unified mixing (UM) model
An effective medium approximation (EMA), or effective

medium theory, is generally a homogenization model to describe,
i.e., approximate, inhomogeneous and anisotropic composite mate-
rials. Rather than simply averaging the values of individual con-
stituents, EMAs can, for example, derive bulk dielectric properties,
i.e., relative permittivity, of a composite based on specific character-
istics and distributions of components, i.e., inclusions in a specific
environment, and the corresponding relative volume fractions for
each inclusion. As a simple homogenization principle, it has been
applied to predict the macro-properties of different complex mate-
rials27 and biological tissues,28 including bones.16,29 So far, for this
purpose, EMA-models, including the Maxwell Garnett model and
Bruggeman model, were used, which would yield predictions that
differed considerably from the actual system-properties if there was
a high contrast of the permittivities of the environment and inclu-
sions.18 In this study, the issue could be addressed by an EMA, which
was based on the Unified Mixing (UM) formula, hence the unified
mixing model, for the different components of the system,19

εe f f − εe

εe f f + 2εe + v(εe f f − εe)
=

n

∑
i=1

f i
εi − εe

εi + 2εe + v(εe f f − εe)
. (3)

Here, εeff denotes the bulk effective permittivity of bone tissue, εe and
εi describe the permittivity of HA, designated as the environment,
and the ith inclusion, respectively, with the corresponding relative
volume fraction, f i. The significant inclusions were water, fat, and
air. As literally indicated by “unified” and “mixing,” the model con-
siders, on the one hand, the contribution from each component and
their corresponding relative volume fraction to the bulk properties.
On the other hand, the dimensionless parameter v accounts for the
polarization of inclusions,19 which are specifically correlated also
with respective interfaces.

E. Statistical analysis
To exclude the contribution of EP to the analysis of dielec-

tric parameters at lower frequencies, the bulk relative permittivity,
εeff , for each sample was deduced from impedance measurements
at higher frequencies, i.e., 1, 2, 3, 4, and 5 MHz. Appropriate val-
ues for v (>0) had to be determined for these frequencies to derive
BV/TV or dielectric properties for each sample from the UM-model.
The parameter v can be estimated by a cost function according to
Eq. (4) with respect to the experimentally determined BV/TV from

μCT-images, i.e., f μCT, and corresponding model data, i.e., f HA,

min
5

∑
j=1

cost = min
⎛
⎝

1
5

5

∑
j=1
∣ f μCT − f HA∣

⎞
⎠

. (4)

Here, j refers to the five distinct frequencies from 1 to 5 MHz that
were the basis of the impedance analysis. The minimize-function
that is included in the Python library Scipy was used to find the
most suitable values for v that resulted in minimum errors. After
the determination of v, BV/TV or relative permittivity can be esti-
mated for each sample. Notably, the derived values for v were not
necessarily integers.

Impedance measurements were conducted four times for each
sample (see above), and relative permittivity was calculated by
considering their thickness. Mean values (mean) and standard
deviations (SDs) were calculated by built-in libraries of Python. A
Pearson correlation was applied to determine the correlation coeffi-
cients between BV/TV and the parameters of the UM-model, i.e., v.
Statistical significances were evaluated with a t-test.

III. RESULTS
A. Electrical impedance of porcine trabecular bone

Bode plots, including impedance and the phase angle, are
shown in Fig. 3 for dry samples [Figs. 3(a) and 3(b)], fat-retained
samples without water but still containing fat [Figs. 3(c) and
3(d)], and samples of the originally extracted bone, i.e., wet sam-
ples [Figs. 3(e) and 3(f)], for different sites, i.e., PFGT, PFH, and
PFN. As expected, the impedance spectra were strongly frequency-
dependent, and impedance decreased with frequency, where a larger
standard deviation was observed for measurements at lower fre-
quencies than at higher frequencies. The decrease was particularly
significant for dry and fat-retained samples where the impedance
exceeded 108 Ω at low frequencies, which then fell off for all
the regions to less than 105 Ω at frequencies higher than 3 MHz
[Figs. 3(a) and 3(c)]. The phase angle was found between 38○–46○

at 100 Hz and increased to 87○ at 5 MHz for all regions [Figs. 3(b)
and 3(d)]. No obvious differences were observed for impedances and
phase angles between dry and fat-retained samples for the differ-
ent regions. Only a slight but insignificant difference at frequencies
lower than 104 Hz could be distinguished [Figs. 3(c) and 3(d)].

Unsurprisingly, impedances were significantly lower for wet
samples [Fig. 3(e)] than for dry and fat-retained samples. Standard
deviations were more pronounced for the investigated frequencies
but still smaller than those for dry and fat-retained samples in terms
of magnitude. Mean values dropped for impedances from about
4 kΩ at 100 Hz to 1.6 kΩ at 5 MHz with a slight difference between
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FIG. 3. Mean values and standard deviations of impedance and phase angle for dry samples (a) and (b); for fat-retained samples, i.e., devoid of water but still including fat
(c) and (d); and for wet samples, including fat (e) and (f) for different sites of porcine trabecular bone, i.e., PFGH, PFH, and PFN.

PFH and other regions (PFN and PFGT). No significant difference
could be observed between PFN and PFGT. Similarly, the associated
phases showed obvious difference between PFH and other regions,
where the values were higher at frequencies lower than 100 kHz, in
comparison with higher frequencies. Phase angles for all the regions
were found to be between 36○–40○ and 8○–12○at 100 Hz and 5 MHz,
respectively. It is worth noting that the values for phase angles were
close to 0○ for all regions at a frequency of 100 kHz.

B. Dielectric properties
The dielectric properties that were derived from the

impedances at higher frequencies—from 1 to 5 MHz—are
shown in Fig. 4. The permittivity of dry samples [Fig. 4(a)] slightly

decreased with increasing frequency. The different regions could be
generally distinguished from each other for the dry and fat-retained
samples depending on their individual relative permittivities.
All values (and the corresponding standard deviations) for dry
samples decreased continuously with increasing frequency for PFH,
PFN, and PFGT with mean values in the range from 3.2 to 5.0.
Permittivity for fat-retained samples showed a generally similar
characteristic but with larger values than those obtained for dry
samples, with mean values from 4.0 to 6.0. Despite the overlapping
standard deviations, it was possible to also assign wet samples to
different regions based on the derived relative permittivities. In
this case, greater variations for permittivity were found with mean
values from 48–64 at a frequency of 1 MHz and from 28–38 at
5 MHz. The differences were more pronounced for wet than for
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FIG. 4. Relative permittivity and conductivity of dry samples (a) and (b); fat-retained samples, i.e., devoid of water but still including fat (c) and (d); and wet samples, including
fat (e) and (f) for different sites of porcine trabecular bone, i.e., PFGH, PFH, and PFN, together with error bars (standard deviations).

dry and fat-retained samples. Similar to the dry and fat-retained
samples, PFH had the largest permittivity, followed by PFN and
PFGT.

Conductivity of dry bones [Fig. 4(b)] was rather small together
with small standard deviations. The mean values for the three
regions gradually increased from about 2.5 × 10−5 S/m at 1 MHz to
over 6× 10−5 S/m at 5 MHz. The values for fat-retained samples were
much larger than those for dry samples and increased from 0.002
to 0.018 S/m with increasing frequency [Fig. 4(d)], which could be
due to the presence of the more conductive fat. With and without
fat distinct differences could be established for the different regions,

with the largest mean values obtained for PFH, followed by PFN and
PFGT. Conductivities were obviously larger and afflicted with larger
standard deviations for wet samples than for dry and fat-retained
samples. In comparison with that of dry and fat-retained samples,
the conductivity of wet samples [Fig. 4(f)] showed an insignificant
increase between 1 and 5 MHz. Mean values for PFN, PFGT, and
PFH generally did not deviate much from 0.06, 0.05, and 0.048 S/m,
respectively. In particular, the conductivities of PFGT and PFH were
rather similar, but both could be clearly distinguished from val-
ues for PFN-samples. This supports that conductivity was domi-
nantly determined by even small differences in water content.30 The
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corresponding results are shown in Table II, where water contents of
PFGT (0.14 ± 0.02) and PFH (0.13 ± 0.02) were close to each other
but distinct from that of PFN (0.18 ± 0.07).

C. Microstructural characterization by the UM-model
The bone volume fraction, BV/TV , was determined with the

UM-model for assumed distributions of different constituents (HA,
water, fat, and porosity). Given a suitable value of v, the resulting val-
ues for BV/TV were compared with experimental values that were
determined from μCT-images to establish the best fitting underly-
ing assumptions for the respective sample. The quality of the fit was
expressed by relative errors of the values derived by the UM-model
with respect to the experimental μCT-assessment.

To reduce the adverse effect of EP at low frequency,31 the bone
volume fraction, BV/TV , was estimated between 1 and 5 MHz, at
which the dielectric properties were predominantly influenced by its
intrinsic microstructure and components, i.e., water, fat, porosity,
and HA. A very consistent and stable estimation for the under-
lying distribution was observed for dry samples [Fig. 5(a)] for all
regions when HA and porosity were considered as the main com-
ponents. Corresponding to the results from μCT-images, the esti-
mated BV/TV was the largest for PFH, followed by slightly lower
values for PFN and PFGT, which was also the case for fat-retained
and wet samples. Results showed that BV/TV estimated by the UM-
model for PFH was almost frequency-independent, with values not
deviating much from about 0.405 and similar to values of 0.40 ± 0.06

FIG. 5. Bone volume fraction (BV /TV) of dry samples (a), fat-retained samples, i.e., devoid of water but still including fat (c), and wet samples (e) and the corresponding
relative error of dry (b), fat-retained (d), and wet samples, including fat (f), with respect to the experimental data determined by μCT.
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derived from μCT-images. Only a slight drop in BV/TV from 0.36 at
1 MHz to 0.355 at 5 MHz was predicted by the model for PFN, which
was again in good agreement with experimental results for BV/TV ,
i.e., 0.36 ± 0.05. A small decrease of about 1% was also found for
BV/TV for PFGT, still well within the range of the image analysis of
0.29 ± 0.03 with an obviously smaller deviation when compared to
PFH and PFN. The agreement between results for BV/TV from the
model and from the analysis of μCT-images can be described by the
relative errors shown in Fig. 5(b). The relative error was highest for
PFGT and smallest for PFN. Values, in general, showed only a small
decline of 2% for frequencies increasing from 1 to 5 MHz. Notable
was, in particular, the almost absent error between model-results
and experimental evaluation for 3 MHz, which suggests, in partic-
ular, this frequency as most promising for the assessment of bone
microstructure from an impedance analysis. Estimation of BV/TV
for fat-retained samples showed an opposite trend in comparison to
dry samples, i.e., with the predicted values going up with increas-
ing frequency [Fig. 5(c)] for all regions. Relative errors for PFH and
PFN were similar to each other but distinctly smaller for PFGT. Sim-
ilar to the dry samples, the best estimation of BV/TV for fat-retained
samples could be obtained at 3 MHz.

Predictions of the UM-model for values of BV/TV for wet sam-
ples were at least for PFN and PFH higher than those for the dry and
fat-retained samples, mainly for the lower frequencies [Fig. 5(e)].
Predicted values for BV/TV were decreasing with increasing fre-
quency, especially for PFH, with values dropping from 0.73 at 1 MHz
to about 0.46 at 5 MHz, and for PFN changing from 0.56 to ∼0.43 for
the same frequency range. For both regions, the change was becom-
ing smaller with increasing frequencies and did not change for PFN
any more significantly for frequencies of 3 MHz and higher. Interest-
ingly, values were also decreasing first for PFGT from 0.39 at 1 MHz
to 0.28 at 3 MHz but then increasing again to 0.35 at 5 MHz. The
higher values that were derived for wet samples in comparison to
dry samples from the UM-model and, therefore, the discrepancy
with the reference values from the analysis of μCT-images were also
reflected by relative errors that were an order of magnitude larger
[Fig. 5(f)], especially at frequencies of 1 and 2 MHz. At 1 MHz, the
relative error was as high as 0.8 for PFH and 0.55 and 0.30 for PFN
and PFGT, respectively. Notable small errors were again achieved
for higher frequencies, especially about 0.4 for PFGT at 3 MHz and
generally on the order of 0.1 for all regions at 4 MHz. This again
points out this frequency range as most suitable for derivation of
microstructure from impedance analysis by the UM-model. This is
particularly important with respect to the evaluation of wet sam-
ples, which has been considered here as a first step of the approach
for future in vivo applications where bodily fluids that are repre-
sented here by water will have a major effect on measurements and
analysis.

IV. DISCUSSION
A. Bone analysis from impedance measurements

Bone quality is correlated with composition, including water
and fat content, and microstructure. The microstructure is foremost
determined by the main mineral constituent of bone, i.e., hydrox-
yapatite (HA). Especially, fat (and other soft tissue) could rival the
share of HA to bone composition, while water (representing bod-
ily fluids) plays a smaller but important role (Table II), which is

reflected in particular in the dielectric properties of bone. The bone
status can be characterized by BV/TV , i.e., the ratio of the miner-
alized bone volume, BV , to the entire (tissue) volume, TV , which
indicates bone mass and, indirectly, bone stability. Patients suffer-
ing from bone diseases (e.g., osteoporosis or fractures) often exhibit
lower BV/TV . Previous studies have already demonstrated that bone
composition and BV/TV are reflected in the dielectric parameters of
bone tissue, generally assuming linear correlations.2,30

Accordingly, the bone microstructure could be successfully
predicted from dielectric properties of bone by using different ana-
lytical methods. All these methods have limitations and are based on
certain assumptions or a priori information. Previous studies could
show that BV/TV can be derived from impedimetric measurements
if the dielectric properties of the constituents are known. However,
an instructive comprehensive assessment generally suffered from
contradicting linear relationships of BV/TV with dielectric para-
meters that have been identified in different studies.2,13,32 Moreover,
different compositions and microstructures cannot be necessarily
described by a linear correlation at all. Nonetheless, the inherent
benefit of these approaches is that a physical meaning is associated
with the evaluation, where a distinction by other more general sta-
tistical methods, e.g., multivariate analysis such as PCA and LDA,
is lacking. Therefore, another standard approach is an interpreta-
tion of bulk dielectric properties by individual contributions of their
representation in an equivalent circuit model (ECM). An inherent
disadvantage of this method is that distributions and interactions of
components cannot be easily accounted for. Our own previous work
indicated that ECM elements, e.g., Cole parameters, can be used to
predict BV/TV , which was associated with water content,20 but nei-
ther microstructure nor distribution of different components could
be revealed. In addition, unavoidable fitting errors often limit a clear
distinction of the specimen from different anatomical sites. A com-
prehensive and physically meaningful interpretation of impedance
data, hence, requires models that provide a realistic description of
anatomical conditions, e.g., bone microstructure and composition,
together with an unambiguous correlation with physical parameters,
e.g., dielectric properties.

Recently, effective medium approximations (EMAs) have
shown that the contributions of bone microstructure and composi-
tions can be described simultaneously and BV/TV can be derived
from the dielectric properties of bone.16,29 However, the assess-
ment was either purely theoretical, e.g., based on simulations,29 or a
meaningful comparison with experimental data, and the distinction
of different anatomical sites was missing sufficient sample num-
bers.16 To establish a convincing association of BV/TV with com-
position and dielectric properties, EMA-models had to be explored
further. The unified mixing (UM) model developed here showed
diagnostic potential for impedimetric measurements by consider-
ing the weighted contribution of different compositions. Inclusions
and the environment were considered isotropic and spherical mat-
ter. In addition, possible interactions between components could be
included.

B. Impedance and dielectric characteristics
of trabecular bones

The impedance properties of bone tissues are crucial for the
interpretation of its microstructure as the former is affected by the
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latter. Previous studies suggested impedance at frequencies in the
MHz-range as particularly interesting for clinical applications.12,33,34

This is primarily due to the dominant role of microstructure and
bone constituents for the bulk properties as a significant association
was especially observed for higher frequencies (≥1 MHz). Conse-
quently, several previous studies were already dedicated to uncover
possible correlations between the microstructure and composition
with impedance properties.12,13,30,33–35 Therefore, impedance char-
acteristics were also meticulously studied here for frequencies from
100 Hz to 5 MHz.

Accurate impedance measurements with small errors were a
perquisite for the interpretation by the UM-model. Not surprisingly,
the impedance of dry [Fig. 3(a)] and fat-retained samples [Fig. 3(c)]
was much higher than that for wet samples [Fig. 3(e)]. At frequen-
cies in the kHz-range, wet samples tend to be affected by EP due
to the electrical double layer at the interfaces of the measurement-
electrodes and samples.31 The effect is known to complicate the
interpretation of the intrinsic impedance characteristics of bone tis-
sues. This was not an issue for dry and fat-retained samples since
most of the free water could be removed. It should be mentioned
that bound water that cannot be easily removed might still have
persisted in the ultra-, nano-, and even molecular structure.36 In
addition, the properties at low frequency could be affected by the
piezoelectric effects from mechanical stress imposed by the elec-
trodes.37 Dry samples [Fig. 3(b)] were conceivably more resistive
than wet samples [Fig. 3(f)]. This confirmed that HA was the deci-
sive contribution. In contrast, the impedance of wet bone at high
frequencies (≥1 MHz) was dominated by the interfacial polariza-
tion on interfaces of the microstructure, i.e., between water and HA
or fat. Accordingly, the impedance expressed the characteristics of
bone better at these higher frequencies than at lower frequencies
(<1 MHz).

The dielectric properties, e.g., relative permittivity and con-
ductivity, which were derived from impedance measurements, were
more indicative for differences between samples of different sta-
tuses (Fig. 4) than the actual recorded impedance values. These
material attributes were, in particular, independent of geometrical
constraints. In addition, results especially obtained for higher fre-
quencies (≥1 MHz) were characteristic of differences of osseous
tissues. A previous study has suggested that water content is the pri-
mary determinant of conductivity of trabecular bone.30 Differences
in conductivity were observed for the different regions for both dry
[Fig. 4(c)] and wet samples [Fig. 4(d)] and were determined by the
respective differences of either water content (p ≤ 0.01) or BV/TV
(p ≤ 0.01). At lower frequencies, the permittivity of wet samples
was significantly affected by contributions from electrode polariza-
tion and piezoelectric effects (data not shown). Water and fat con-
tet determine the dielectric properties also at higher frequencies9,30

However, respective parameters were determined by relaxation pro-
cesses for specific distributions of the constitutents. This becomes
obvious for the much larger values of permittivity and conductiv-
ity of wet samples than fat-retained samples and completely dry
samples. Devoid of water, the relative permittivities of dry samples
were also more stable, i.e., with smaller variations. The even larger
values of dielectric parameters for fat-retained samples, than dry
samples, demonstrated the important contribution from fat content.
Accordingly, an obvious distinction of different anatomical sites was
possible for dry, fat-retained, and wet samples, which was reflected

in the non-overlapping mean values of permittivities. This dis-
crimination was again more prominent for dry samples [Fig. 4(a)]
than for wet samples [Fig. 4(b)] at higher frequencies and empha-
sized the role of the main constituent of the bone matrix, i.e.,
HA. This also recommended the permittivity at higher frequen-
cies for an indicative correlation with the bone microstructure as
expressed by BV/TV . Permittivity and conductivity changed con-
sistently with increasing BV/TV for all the investigated anatomical
regions. Higher values of BV/TV were reflected by likewise higher
values of dielectric parameters, which were more significant for per-
mittivity than for conductivity. This suggested permittivity rather
than conductivity for use by a UM-model, which was usually also
the case for other EMA-models. Accordingly, microstructural infor-
mation, specifically BV/TV , was derived from the UM-model by
considering different components and their respective permittiv-
ity. Moreover, contributions could be weighted with respect to the
observed bulk permittivity. It should be noted that differences in
composition and microstructure cannot be described in a similar
fashion simultaneously by an ECM or a statistical analysis.

C. Prediction of microstructure (BV /TV )
based on the UM-model

Attention to the actual contribution of different constituents,
i.e., water, fat, or porosity, considered as inclusions in an environ-
ment, i.e., hydroxyapatite, is the inherent advantage of the model
with respect to the description of the bone status. This is notably
different from other approaches, such as ECM or multivariate anal-
ysis, which are in addition either prone to fitting errors or devoid
of physical meaning. Based on the underlying assumptions for the
composition, bone can be treated as a homogeneous system, and
information on the microstructure (BV/TV) can be determined. The
comparison with experimental data from impedance measurements
confirms the quality of assumptions and conclusions.

Predictions of BV/TV from the dielectric properties of bone
based on a UM-model depend, in particular, on the dimensionless
factor ν, which rates polarization processes for different inclusions,
i.e., components, in a specific environment.19 Other more specific
models implied a priori fixed values, e.g., the MG-model (v = 1), the
Bruggeman model (v = 2), and coherent potential approximation (v
= 3). However, better approximations can be achieved based on less
restrictive values in a more general approach. Accordingly, by deter-
mining an appropriate value of v, BV/TV could be derived more
accurately from the dielectric properties of the significant individual
components of bone tissue, i.e., HA, water, and fat. Other content,
such as collagen, was not yet considered. The estimated BV/TV was
comparable with the experimental values determined by μCT.

The model was, in particular, successful for permittivities that
were determined at higher frequencies, e.g., 4 MHz for wet sam-
ples and 3 MHz for both dry and fat-retained samples. Larger errors
for wet samples indicated, once more, the impact of inclusions filled
with water with a much higher relative permittivity. The polarization
of macromolecules, such as proteins and collagen,9 can be described
in the UM-model by the parameter v only to some extent, other
than the polarization of water and other components. However, with
increasing heterogeneity, i.e., more components, such as fat and
air, polarization and interaction mechanisms between inclusions
of variable size and with different volume fractions are becoming
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more complex. Consequently, a less clear correlation was observed
between v and BV/TV for wet bone samples. In this case, estima-
tions of BV/TV were prone to larger errors [Fig. 5(e)]. Conversely,
prediction for BV/TV was more precise for samples without water
[dry and fat-retained samples, Figs. 5(a) and 5(c)]. Compared with
wet samples, fewer components had to be considered, and respec-
tive polarization processes became less pronounced. This is most
obvious for the simplest system (dry samples) that included only
air (reflecting porosity) and HA, where a rather stable estimation
of BV/TV [Fig. 5(a)] was obtained with the corresponding highest
precision [Fig. 5(b)]. This was demonstrated by the stable estima-
tion of BV/TV at different frequencies and an associated distinct
linear correlation with v (p < 0.01) for all investigated anatomical
regions, see the example in th eSupplementary Material (Fig. S1). In
the absence of water, interfacial polarization became negligible, and
only non-conductive HA contributed to the dielectric properties.
This permitted an accurate distinction of dry samples from differ-
ent anatomical regions and resulted in a strong correlation between
v and BV/TV , as further described in the supplementary material
(Fig. S1). Notably, BV/TV [Figs. 5(a), 5(c), and 5(e)] and permittiv-
ity [Figs. 4(a), 4(c), and 4(e)] estimated by the model agreed with the
experimental results and followed the same gradation: largest values
for PFH, followed by PFN and eventually PFGT. Correspondingly, a
higher HA-content was directly expressed in larger permittivity and
could be accurately predicted from this parameter. A similar dis-
tinction of different regions was also shown by our previous study
for the correlation between water content and the Cole parame-
ter R∞ (resistance at high frequency).20 The study already pointed
indirectly toward the impedimetric influence of voids for the bone
microstructure in relation to BV/TV . However, these voids in the
previous study were only filled with a conductive component, i.e.,
water, while other components, such as fat or HA, had not been con-
sidered; porosity has not been explicitly calculated. Since the bone is
a highly inhomogeneous and anisotropic material, these characteris-
tics, including the respective effect of interactions between different
components on the derivation by the UM-model, should be con-
sidered in more detail with respect to the derivation of BV/TV . It
is possible that relaxation processes are more involved especially at
higher frequencies.

While the UM-model requires information on the relative per-
mittivity (or the conductivity) of the individual components, e.g.,
80 for water and 43 for fat, global values, for example, for the bulk
permittivity of a composite material, could also be derived from the
UM-model at the frequency where BV/TV was predicted with the
highest precision, provided an appropriate assumption for v. Figure
S2 illustrates this approach for the determination of the permittiv-
ity for dry samples at the “best” frequency of 3 MHz. Small relative
errors, close to zero, can also be obtained with this optimal v of 2.184
± 0.027 for fat-retained samples. Conversely, relative errors for wet
samples were on the order of about 10% of values that were derived
for the permittivity (data not shown).

To investigate how different water and fat content would con-
tribute to the permittivity of wet bones (εeff ), an ideal model that
was limited to only water or fat as an additional component [Eqs.
(S1) and (S2)] was considered. In this case, values for v were adopted
from PFH-samples for 4 MHz where the relative error between esti-
mated and experimental BV/TV was the smallest [Fig. 5(f)]. Results
showed that the change in εeff (Δεeff ), which was caused by water,

was always much greater than that by fat-content (Fig. S3). This
shows that despite the generally smaller fraction (Table II), water
affected the analysis more strongly than a larger fat-component. This
is similarly known for β-dispersions in general, where water also
contributes significantly to the dielectric response.38

The UM-model facilitates the understanding and determina-
tion of the microstructural information of osseous tissue. Together
with EIS, the model enables, in particular, to interpret the contribu-
tion of individual components to the bulk dielectric properties. In
the present study, these were dominated by water content. Admit-
tedly, no other components than either water or fat were included.
Therefore, some factors might have been overlooked despite the
good agreement with the μCT-image analysis. A possible way to
improve the model would be the introduction of additional param-
eters to “correct” the effect of interactions, which should be a focus
of further studies.

V. CONCLUSION
Microstructure and individual components of osseous tissue

could be adequately described by the UM-model. Possible interac-
tions between components (hydroxyapatite, water, fat, and porosity)
were addressed by the parameter v, which can be obtained with high
accuracy at specific frequencies, i.e., 3 MHz for dry samples and
4 MHz for wet samples. To improve the analysis for wet tissue, con-
tributions of other components and their interactions as well as the
effects of dispersions should be included in further developments of
the model.

With respect to electrical impedance spectroscopy, the
UM-model has been proven as an effective approach to provide
meaningful predictive information about the “quality” of bone tis-
sue from dielectric parameters. Impedance properties could be
related to bone microstructures that allowed distinguishing even
otherwise rather similar samples. This could provide new possi-
bilities for clinical applications. The advantages of the diagnosis
of bone quality by real-time, non-radiative, and potentially mini-
mal or non-invasive EIS-measurements are eminent. The approach
offers respective advantages for the diagnosis and detection of dif-
ferent osteopathic diseases and even their treatment. Since the
dielectric properties inherently determine the distribution of cur-
rent pathways and local electric fields, the respective evaluation
could guide, in particular, the bone remodeling process via electrical
stimulation.33

SUPPLEMENTARY MATERIAL

See the supplementary material for the comprehensive charac-
terization and understanding of osseous tissues by the UM-model
and EIS.
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