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Abstract
We have acquired 2-D and 3-D microwave tomographic images of the calcaneus bones of two
patients to assess correlation of the microwave properties with X-ray density measures. The two
volunteers were selected because each had one leg immobilized for at least six weeks during
recovery from a lower leg injury. A soft-prior regularization technique was incorporated with the
microwave imaging to quantitatively assess the bulk dielectric properties within the bone region.
Good correlation was observed between both permittivity and conductivity and the computed
tomography-derived density measures. These results represent the first clinical examples of
microwave images of the calcaneus and some of the first 3-D tomographic images of any
anatomical site in the living human.
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I. Introduction
Bone disease is a major health problem in the U.S., which can lead to substantial changes in
quality of life for the elderly and is quickly becoming one of the more important drivers of
increasing national health care costs. Approximately, 50% of women and 25% of men in the
U.S. over 50 years old will have an osteoporosis-related bone fracture [1]. The most
vulnerable sites for fractures are in the hip, spine, wrist, and ribs. Injuries in the hip and
spine can require long-term chronic care at significant expense. In fact, the mortality rate for
complications stemming from hip fractures can be as high as 24% [1]. While current
methods such as dual-energy X-ray absorptiometry (DXA) provide an important level of
screening, clinical care based solely on bone density to determine overall fracture risk has
well documented limitations [2], [3]. For instance, in a study of postmenopausal women
with insufficiency fractures, almost 60% did not have DXA-confirmed osteoporosis [4].

Hip fractures are already among the most common injuries in postmenopausal women,
specifically women of western European descent living in urbanized areas [5]–[7]. As a
result, osteoporosis is a major contributor to the health care costs associated with this
population and as life expectancy increases so will the prevalence of the disease. The health
care cost for osteoporosis-related fractures is estimated to be $18 billion per year in 2002
dollars. As the world’s population ages, osteoporosis may become the single most
significant disease which results in a sudden and immediate change to lifestyle similarly to
that of a major cardiac event [5], [8]–[14]. The financial burden of osteoporosis is expected
to rise significantly given overall health care cost increases and general population aging.

Current methods to detect osteoporosis or assess bone fracture risk include bone mineral
density (BMD) exams—primarily DXA [15]. In clinical practice, these exams are performed
at the most critical anatomical sites, e.g., the hip, spine, wrist, and ribs. In general, the
trabecular bone at these locations has a eightfold higher turnover rate than cortical bone;
therefore, age and disease-related bone loss is more apparent at earlier stages in cancellous
bone [3], [16]. While this technique provides a measure of the bone mass, it does not offer
insight into bone structure or biology which are regarded as important components of bone
health [15]. In fact, BMD values overlap for high and low fracture risks [15], [17]. In
addition, and of particular concern, X-ray dose in critical locations such as the hip from
routine screenings can pose long-term health challenges [15]. Ultrasound has also been
investigated as an alternative for bone imaging largely because of its lower health risks
relative to X-rays [16], [18]. In these tests, the patient’s heel is placed in a portable bath and
illuminated with a low power ultrasound signal in a transmission configuration through the
calcaneus bone to recover measures of the speed of sound (SOS) and broadband attenuation
in the heel. These properties have been shown to correlate with overall patient fracture risk
[17], [19], [20]. While promising, the technique has not been widely accepted in clinical
practice. Despite efforts to improve public awareness of the device and the importance of
bone health, patients are referred for DXA exams for more definitive clinical assessments.

Active microwave imaging has been of interest in medical applications for some time [21]–
[24]. The largest and most sustained effort has probably been in breast cancer imaging
where both tomographic [25]–[32] and radar [33]–[35] methods have been applied.
Tomographic techniques have been able to reliably detect tumors as small as 1 cm in
diameter [36]. However, the sensitivity of microwave imaging to small lesions may not be
its primary strength. More recent efforts to monitor response to breast cancer chemotherapy
indicate that dielectric property changes occur before shrinkage of the tumor is evident
suggesting that they are sensitive to early physiological alterations resulting from therapy.
For these reasons, dielectric property monitoring may be well suited to applications in bone
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imaging [37], [38] because bone physiology changes dramatically during the aging process
and disease progression. Recently, Peyman et al. performed an in vitro study of porcine
cortical and cancellous bone and showed a definite correlation between bone dielectric
properties and age [39], [40]. While corresponding mineral density measurements were not
acquired during these experiments, the changes observed were likely associated with the
normal demineralization processes of aging [41]–[43]. We have recently performed studies
on ex vivo porcine bone samples and demonstrated significant correlation between dielectric
properties and bone volume fraction [44]. These investigations set the stage for applying
microwave imaging technologies to clinical bone imaging [45]–[47].

In this preliminary study, we used our microwave tomography system to image the heels of
two patients who had one leg injured and required reduced weight bearing for several weeks
during the healing process. Studies have shown that trabecular-rich bones such as those in
the ankle and calcaneus undergo dramatic changes in mineralization levels—decreases as
much as 35%— when patients reduce weight bearing for six weeks or more [48]–[50]. Other
studies evaluating the effects of gravitation on the human skeletal system have shown
average changes of 1–10% from bed rest for 60 days to 17 weeks [51], [52]. In these reports,
the highest levels of bone loss occurred in the hip and calcaneus compared to the whole
body where much lower values were noted. Because substantial bone density changes occur
in the calcaneus during injury recovery, it has become the target of numerous investigations
because of its potential to serve as a surrogate for systemic bone changes (it is both weight
bearing and contains primarily trabecular bone). The calcaneus is also distal to the central
organs, and is relatively easy to access for examinations relative to other vulnerable bone
sites. These attractive characteristics of the calcaneus as a bone density monitoring site also
hold true for microwave tomography with the additional advantage that the heel region is
comparable to the allotted breast size in our microwave imaging system and could easily be
examined with minor modifications to this scanner.

In these studies, we imaged both patient heels with computed tomography (CT) and
microwave tomography immediately after the patient had a cast (or alternative support)
removed to capture changes in the heel of the injured leg. The CT scans were used to
register the bone shape, size, and orientation in the microwave illumination tank. We applied
an imaging algorithm with softprior regularization which allows us to recover accurately the
bulk dielectric properties in selected zones such as the calcaneus [53]. The CT images were
also used to quantify density differences between the ipsilateral and contralateral calcanei. In
addition, we acquired ultrasound densitometry measures of the heels to compare with the
microwave images. Finally, we report both 2-D images of multiple planes along with full 3-
D volumetric images of the heels. A small subset of the results shown here (one 2-D
microwave image from one subject) were presented in Golnabi et al. [54] as an illustration
of microwave heel imaging. To the best of our knowledge, these results represent the first
microwave exams of the heel, and more importantly, some of the first clinical 3-D
microwave tomographic images of any living human anatomy.

II. Methods
A. Support Fixture and Coregistration

The soft-prior image reconstruction algorithm incorporates structural information about the
tissue being imaged. Ideally, we would image the heel simultaneously in both the
microwave tomography and CT systems; however, the logistical challenges of integrating
these scanners at this time are considerable. Fortunately, the anatomy of the heel is relatively
rigid and can be reasonably replicated from one exam to the next. To exploit its rigidity, we
designed a common imaging fixture to support the lower leg in the same position during
both the microwave tomography and CT imaging sessions. For the CT exam, the patient lies
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down with the knee bent and leg resting on the support. The heel extends through an
aperture in the mounting plate during the scanning process [see Fig. 1(a)]. The fixture is
supported by two Plexiglas rails which provide room for the heel to protrude below the
fixture plate surface [see Fig. 1(b)]. An additional Plexiglas annulus is attached to the
underside surface of the plate and fits directly into the top plate of the microwave imaging
system [see Fig. 1(c)]. This plate is visible in the CT scans and provides the main feature for
registration with the microwave exams.

B. CT Exams
As part of each patient visit, both heels were imaged in the GE Lightspeed 16 CT Scanner at
Dartmouth-Hitchcock Medical Center (DHMC). Subjects participated under informed
consent in a protocol approved by the Dartmouth IRB. Patients rested supine on the scanner
bed with each leg supported in the registration fixture. Full volumetric images were acquired
of the heel region with most of the tissue pendant below the aperture. A voxel size of 0.625
mm was used in each direction. Three-dimensional imaging zones were generated from the
outline of the heel and were transformed into 2-D finite element mesh reconstruction
regions. In addition to the external boundary, this data also included the delineation of
internal structures— primarily the boundaries between the bones and surrounding soft
tissue. The soft-prior meshes were subsequently defined from this information.

The CT data also provided estimates of bone density. Fig. 2 shows a semitransparent 3-D
representation of the heel and ankle region from the first patient with the bones clearly
visible within the soft tissue. The radiologist (DG) extracted representative 2-D slices
through the image volume to compute associated bone density measures based on the
scanner software estimates of the Hounsfield values for the regions identified. These values
were used to assess the level of correlation between the microwave metrics and bone density
for the ipsilateral and contralateral heels. The Hounsfield values are sensitive to the relative
amounts of fat and water in the interrogated zone which are relevant to the microwave image
comparison because we are interested in the properties of the composite osseous tissue.
Given the natural heterogeneity of the calcaneus, care was taken to utilize regions of interest
(ROI) of the same size (the corresponding locations were within 3 mm of each other).
Comparisons between patients may be qualitatively useful but cannot be considered
quantitative because common ROI locations and scanner settings could not be guaranteed
between patients. While variability in marrow and fat in the trabecular regions will reduce
the accuracy of these Hounsfield values as measures of bone density, the heel assessments
benefit from far less surrounding soft tissue which can substantially confound similar
evaluations at more internal locations such as the spine and hip [2].

C. Ultrasound Measures
At each patient visit, we acquired ultrasound densitometry measures of both patient heels
using a Hologic (Bedford, MA) Sahara Clinical Bone Sonometer (see Fig. 3). For this exam,
patients rest comfortably in a chair with their foot positioned in the opening. Two ultrasound
transducers slowly contact the heel region from the sides and record ultrasound transmission
data in under 30 s. Using this information, the system calculates the SOS and broadband
ultrasonic attenuation (BUA) from which it derives an ultrasound-based BMD measurement.
The system output consists of the BMD measure and a T-score reflecting how many
standard deviations the measure is from the mean. Clinical studies have shown that the BUA
and SOS measures correlate with BMD obtained from DXA techniques with coefficients of
R = 0.82 and R = 0.85, respectively [3].
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D. Microwave Imaging
An important component of our microwave hardware is the monopole antenna element used
in the imaging array. While its radiation pattern is not directional, the monopole design
offers advantages in terms of wide operating bandwidth, minimal mutual coupling between
elements, multipath signal suppression, and proximity to the target. Because of the resistive
loading of the coupling medium, the bandwidth of the antennas extends from 500 MHz to 3
GHz [55] (which facilitates phase unwrapping of the measurement data used in our log
transformed image reconstruction [56]). Techniques for mutual coupling compensation
between adjacent elements which is specific to this antenna design [57], [58] and analyses
demonstrating sufficient multipath suppression with the monopole [59], which can be
debilitating in many near-field applications, are available. Proximity to the imaging target
minimizes signal transmission loss, improves image quality [60], and more than
compensates for the lack of directivity; thus, the physical dimensions/shape of the antenna
enables packing fractions that are hard to achieve with other more directional radiators at
these frequencies.

Antennas are positioned on a circular array and mechanically moved (vertically) to provide
full volume coverage of the target in the installation used here. The hybrid electronic
switching/mechanical motion system represents a practical tradeoff between performance
and cost (each custom receive channel is moderately expensive because of its isolation and
dynamic range requirements, whereas the motion system is a relatively inexpensive means
of reusing these channels at different positions without adding substantially to overall data
acquisition time [61]). The dynamic range required for medical microwave imaging (from
−40 to −135 dBm) is not typically available from commercial network analyzers; hence, a
custom multichannel system was developed not only to measure the lower signal levels, but
also to maintain high channel-to-channel isolation at the −135 dBm threshold. The
cylindrical array geometry has been used extensively for medical imaging [25], [62], [63],
and also for examining external limbs [64].

The measurement data acquired are used in conjunction with a Gauss–Newton iterative
imaging algorithm which applies a variance-stabilizing logarithmic transformation [56], [65]
that offers advantages over conventional (nontransformed) formulations [65], such as
superior convergence behavior [66]–[68]. The phase unwrapping that is required under log
transformation is accomplished through spatial analyses of the computed field distributions
and spectral (frequency) analyses of measured values over the operating band of the antenna
array [56].

E. Soft-Prior Regularization
Soft-prior regularization was first developed in the near infrared imaging community [69]
and is designed to exploit prior spatial information to improve the property recovery of
specific regions within the imaging zone. It is distinct from other a priori techniques in that
it makes no assumptions about the target property distribution, and only encodes the
geometric features that are identified. By segmenting the internal target structures of
interest, it rewards property distributions within each zone that are relatively uniform but
allows sharp gradients across neighboring tissue boundaries—for instance, between bone
and soft tissues. In this case, we had access to the CT images of each heel for deriving its
internal structures and used the leg fixture described in Section II-A to achieve reasonable
image alignment between the microwave and CT exam sessions. To date, our regularization
approach has been developed and validated in 2-D through a series of simulation, phantom,
and breast exams [53], although the approach is equally applicable to 3-D imaging.
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F. Mesh Generation
For the 2-D finite-difference time domain (FDTD) computations without soft priors, we
formed an external perimeter for the parameter reconstruction mesh by defining a series of
closely spaced loci on a 13.5-cm diameter circle. We then created a uniform, triangle-based
mesh (except for the boundary) with the desired node spacing (559 nodes and 1044
elements). For the 2-D soft-prior mesh, we imported the desired CT image slice into the
Mimics software package (MaterializeNV, Leuven, Belgium) and generated a 3-D volume,
as shown in Fig. 2. This structure was then transferred to SolidWorks (SolidWorks
Corporation, Concord, MA) where the surfaces of the segmented zones were smoothed.
From this structure, representative planes were generated with the corresponding outlines of
the heel and calcaneus within the circular antenna array [see Fig. 4(a)]. We applied a custom
2-D mesh generator to this geometry to create a two-zone segmented mesh comprising just
the cross section of the heel [see Fig. 4(b)]. For the 3-D FDTD reconstruction mesh, we first
defined the cylinder height and diameter and the average nodal spacing. Our internal mesh
generation program computed a 3-D mesh comprised primarily of equilateral tetrahedrons
except for the less uniform ones along the outer surfaces and edges of the cylinder.

III. Results
In this section, we describe the results from imaging exams on two patients, each of whom
had one leg partially supported by an external device (in this case a walking boot) for at least
six weeks. Section III-A shows recovered 2-D and 3-D images for a representative exam.
Sections III-B and III-C describe the images for the two patient cases in more detail and
present their respective 2-D soft-prior results and their correlation with the CT-based
Hounsfield and ultrasound bone density measures.

To conduct these exams, we adapted the clinical microwave breast imaging system installed
at DHMC for data acquisition. The system parameters applied include 1) 16 monopole
antennas evenly spaced on a 15.2-cm diameter circle, 2) 240 pieces of measurement data
collected at each plane and each frequency (16 transmitters × 15 receivers per transmitter),
3) data recorded at four vertical planes separated by 1 cm, 4) 80:20 glycerin:water mixture
used as the coupling bath, and 5) measurements obtained for five operating frequencies from
900 to 1700 MHz in 200 MHz increments. Fig. 5 shows two views of the heel being imaged
in the microwave system. All images were reconstructed using a Gauss–Newton iterative
scheme with a variance stabilizing logarithm transformation [56], [65]. For the
reconstructions presented in the following sections, several computational techniques were
utilized: 1) 2-D FDTD, 2) 2-D FDTD with a soft-prior regularization [53], and 3) full 3-D
FDTD. In each case, the field solutions and the image recovery were computed on separate
meshes or grids by applying our dual-mesh strategy which is compatible with any type of
field equation solver [57], [58]. For the 2-D FDTD case, the field solutions were computed
on a square grid with 110 nodes on each side and a spacing of 1.6 mm with 12 perfectly
matched layers (PMLs) on each side. The circular reconstruction mesh representing the field
of view of the imaging array consisted of 559 nodes and 1044 triangular elements with a 14-
cm diameter. The soft-prior mesh was constructed by discretizing the corresponding plane in
the CT scans [see Fig. 4(a)] and automatically generating the segmented zones. For the case
shown in Section III-B, this mesh included 470 nodes and 821 elements [see Fig. 4(b)]. For
the 3-D FDTD images, the forward solutions were computed on a 200 cm × 200 cm × 11.9
cm cuboid grid. In this case, we used 92 nodes along the horizontal axes and 54 nodes along
the vertical one (five PML layers on each face). The images were reconstructed on a
separate and overlapping mesh comprised of tetrathedrons arranged in a cylindrical shape
which formed the imaging zone [70]. This mesh had a radius of 7 cm and a height of 7 cm
and was comprised of 4008 nodes and 17,168 tetrahedral elements.
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A. Typical 2-D and 3-D Images
Fig. 6(a) shows a representative set of 2-D FDTD permittivity and conductivity images of a
normal heel at 1300 MHz. The properties for the bath were εr = 23.3 and σ = 1.30 S/m. The
four image pairs correspond to the data acquired at four vertical heights starting closest to
the ankle and moving incrementally toward the heel apex. For the permittivity set, the
outline of the heel is essentially triangular with the thin section to the left corresponding to
the narrowing of tissue behind the heel. The broader section to the right represents the soft
tissue under the foot spreading out toward the toes. Interestingly, for the wider structure to
the right, a slight decrease exists between the two larger lobes of higher water content tissue
which may be due to the plantar fascia that runs directly from the calcaneus tuberosity to the
heads of the metatarsal bones and has lower dielectric properties than muscle (εr = 54.3 and
σ = 1.10 S/m) since it is primarily composed of tendons (εr = 45.1 and σ = 0.90 S/m) [71]–
[73]. The calcaneus is the lower property region in the center of the heel and is surrounded
by the higher property zone comprised of the higher water content soft tissue. As the images
progress toward the heel apex (P4), the exterior outline shrinks predictably until it
essentially disappears in the last plane. Relative to the anatomical view of the heel in Fig. 2,
a considerable amount of soft tissue exists below the end of the calcaneus which is
consistent with the soft tissue still visible in the microwave images (but the bone has
disappeared).

The conductivity images appear to show the calcaneus structure with the soft tissue only
being visible for the larger regions to the right in planes 2 and 3. While considerable
permittivity contrast exists with the surrounding bath, the conductivity difference between
the soft tissue and the bath is minimal; hence, the recovered properties of the bone are
visible but the surrounding muscle is much less evident. In this case, the calcaneus is visible
in the first three planes of the conductivity images and the first two planes of the permittivity
images. These images are informative on several levels: 1) they capture the 3-D character of
the heel structure, 2) the calcaneus is distinct and extends vertically, and 3) the recovered
microwave properties are representative of the expected values.

Fig. 6(b) shows the corresponding slices from the 3-D image reconstruction of the same heel
utilizing the same measurement data. The heel structures in this set of images appear less
distinct (more blurred) compared to those in the 2-D reconstructions primarily because the
planes shown transect the mesh at oblique angles (relative to the mesh elements) that do not
conform to the internal anatomy. The 3-D images are similar to their 2-D counterparts in
Fig. 6(a) especially with respect to feature shape, size, location, and overall property
distribution. In this case, the calcaneus is only visible in the first plane of the permittivity
and first two planes of the conductivity images, respectively. Twodimensional images often
show evidence of objects in planes that extend beyond their physical size [70]. Here, the 3-D
images seem to more accurately represent the extent of the calcaneus and its appearance in
the third plane in Fig. 6(a) results from limitations in the 2-D algorithm. These images
required 55 min to reconstruct on a 2.7-GHz AMD Opteron 2384 multiprocessor platform
with 32 nodes. To the best of our knowledge, they represent some of the first fully 3-D
clinical microwave property images.

Fig. 7 shows several views of the complete, semitransparent 3-D permittivity image with an
isosurface threshold of εr = 26 which captures the interface between the bone and soft tissue
and the heel and coupling liquid, respectively. The extent of the cylindrical imaging zone is
discernible from the surrounding light blue shading. Important image features are visible: 1)
the large high-water-content zones to the right, 2) the centrally located, vertical calcaneus
bone, and 3) the narrowing of the heel toward the posterior of the foot. The underside of the
surface exterior also appears to conform nicely to the overall heel geometry with the heel
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apex visible between the narrower and wider ends of the structure at the left and right,
respectively.

B. First Patient
The first patient was a 44 year old female with a body mass index (BMI) of 26.6. She had a
left talar dome fracture and two complete ligament tears in her foot and wore a supporting
boot for 105 days between the initial injury and surgery and then for another 31 days after
surgery. We performed the bone imaging exams on the day the boot was finally removed.
Fig. 8(a) and (b) shows sagittal CT views through the left and right calcanei where the
radiologist assessed the associated Hounsfield measures (radiologist ROI visible). It is not
possible to distinguish the density differences from simple visual inspection, but they are
quite apparent from the following quantitative analysis. Fig. 9 shows the 1300 MHz soft-
prior permittivity and conductivity images for the affected heel and the normal one (right),
respectively. All 2-D soft-prior images were reconstructed in 3 min (20 iterations) on an
Intel X5560 single processor with 24 GB of RAM. The soft-prior images are largely
homogeneous within the segmented zones (bone and soft tissue) as expected. In this case,
the permittivity and conductivity values for the affected heel are 8.8% and 58% higher than
for the normal control (left: εr = 13.6, σ = 0.84 S/m; right: εr = 12.5, σ = 0.53 S/m),
respectively. In general, these permittivity and conductivity properties are low and high,
respectively, but reasonable for cancellous bone relative to nominal published values of εr =
20.1 and σ = 0.44 S/m [73]. Given the alterations to the bone during the recovery period, the
associated bone loss would be accompanied by increased hydration. In this situation, the
Maxwell-Fricke mixture laws would predict increases in both permittivity and conductivity
[74].

In comparison to the other modalities, the left and right CT Hounsfield measures were 216
and 248, respectively, while the related ultrasound-based BMDs were 0.699 and 0.773,
respectively. The percent changes in each are 13% and 10%, respectively, which are fairly
substantial but consistent with the routine clinical observations. The recovered microwave
values appear to be representative of these changes.

C. Second Patient
The second patient was a 36 year old male with a BMI of 19.1. He fractured left metatarsals
2, 3, and 4 and was in a cast for 37 days immediately after surgery and in a supporting boot
for an additional 14 days. We performed the bone imaging exams on the day the boot was
finally removed. Fig. 10(a) and (b) shows sagittal CT views through the left and right
calcanei. Fig. 11 shows the 1300 MHz soft-prior permittivity and conductivity images for
the affected heel and the normal one (right), respectively. In this case, the permittivity and
conductivity values for the affected heel are 24% and 15% higher than for the normal
control (left: εr = 16.7, σ = 0.92 S/m; right: εr = 13.5, σ = 0.80 S/m), respectively. Similarly
to the first patient, we observed consistent property increases for the affected versus normal
heel. The left and right CT Hounsfield measures were 36.5 and 49.2, respectively, while the
associated ultrasound-based BMD values were 0.354 and 0.311, respectively. The percent
decrease in the CT measures was 34.8%, while the BMD values increased by 13.8%. For
this case, the Hounsfield units correlated with the microwave properties but the ultrasound
values did not. Interestingly, the microwave values are higher in this patient relative to the
first subject while those from the conventional modalities are lower which is consistent with
the fact that the second patient had noticeably lower BMI compared to the first patient (BMI
~ 19 versus BMI ~ 27). Table I summarizes the results for both patients.

Meaney et al. Page 8

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2013 September 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



IV. Discussion and Conclusion
Both the 2-D and 3-D images shown in Section III-A are encouraging for several reasons.
First, they recover the overall shape of the heel and the associated calcaneus bone. These
images were reconstructed without any prior information (i.e., we only applied an initial
estimate equivalent to the background liquid) in under 20 iterations. While the 3-D images
appear to represent the portion of the calcaneus bone nearest the heel apex more faithfully,
the 2-D images capture expected details, although the bone features extend vertically further
than anticipated—an outcome that is consistent with our experience in clinical breast
imaging where the 2-D results contain diagnostic information but exaggerate the 3-D extent
of certain features. Given that 2-D image reconstruction is much faster (orders of magnitude
fewer computations) than its 3-D counterpart, it may have a clinically useful role as an
initial indicator. The images in Fig. 7 provide a rendering of the heel exterior and the
calcaneus. They not only recover the overall structure of the important anatomical features
within the heel, but they also represent them as having reasonable microwave property
values. The heel is a challenging structure to image with microwave methods because of the
relatively high property contrast between its tissue constituents— e.g., bone, muscle, skin—
which are in close physical proximity.

Although the results were produced from only two patients in this study, they demonstrate
encouraging trends. We successfully applied soft-prior regularization to recover accurate
property values in the segmented zones identified in the associated CT scans. The bone
dielectric values tracked the CT Hounsfield units and were consistent when comparing the
calcanei of the injured leg to its normal control in each patient. We only performed 2-D soft-
prior reconstructions in this study because it currently provides the most accurate recovery
of the dielectric properties within structurally predefined regions. We are currently
incorporating soft-prior regularization into our 3-D reconstruction algorithm as the next
logical step in the progression of developments and anticipate further improvements from
this advance once completed. Clearly, the microwave imaging technique will require further
refinement as we explore the possibility of assessing more subtle bone changes over longer
periods of time which are expected in various bone diseases.

Interestingly, the microwave measures tracked the CT values in both patients, whereas the
ultrasound values were only consistent for the first patient. The ultrasound bone
densitometry technique is most effective for a normal range of bone densities, but is less so
when the values are far from the norm. In the second patient, the BMDs were 2 standard
deviations below normal levels. This observation will need to be tested in a larger group of
patients to assess whether the result is significant.
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Fig. 1.
Photographs of the heel imaging fixture: (a) isolated side view, (b) patient’s heel being
imaged in the GE Lightspeed 16 CT Scanner with the side support rails visible, and (c)
coupling annulus on the underside of the platform.
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Fig. 2.
Semitransparent CT view of the first patient’s heel and ankle region with horizontal line
overlays indicating the associated microwave imaging planes.
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Fig. 3.
Photograph of the first patient’s heel being measured in the Sahara Clinical Bone
Sonometer.
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Fig. 4.
Photographs of the second patient being imaged in the microwave tomography system: (a)
patient’s leg resting in the fixture with the heel protruding through the aperture into the
imaging tank below, and (b) close-up of the heel in the illumination zone and surrounded by
the monopole antenna array.
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Fig. 5.
(a) Resulting cross-sectional geometry of the heel (outline of the heel and calcaneus shown)
along with the surrounding circle comprising the monopole antenna locations, and (b) the
associated mesh used with the soft-prior regularization scheme.
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Fig. 6.
(a) 1300 MHz, 2-D permittivity (top) and conductivity (bottom) images at four horizontal
planes vertically separated by 1 cm, respectively. (b) 1300-MHz crosscuts of the 3-D
permittivity and conductivity images. The crosscuts were selected at the positions
corresponding to the corresponding 2-D images in (a). Note that plane 4 (P4) for each set is
below the heel apex.

Meaney et al. Page 19

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2013 September 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Semitransparent views of the 3-D permittivity image for the same case as Fig. 6. The
isosurface threshold was set to εr = 26 to illustrate the tissue/coupling bath and calcaneus/
tissue interfaces, respectively.
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Fig. 8.
Sagittal views of the calcaneus bones for the first patient: (a) left and (b) right legs,
respectively. The radiologist’s ROIs are visible from the Hounsfield value calculation
process.
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Fig. 9.
1300-MHz permittivity (top) and conductivity (bottom) soft-prior images for the first plane
of the left and right heels of patient 1, respectively.
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Fig. 10.
Sagittal views of the calcaneus bones for the second patient: (a) left and (b) right legs,
respectively.
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Fig. 11.
1300-MHz permittivity (top) and conductivity (bottom) soft-prior images for the first plane
of the left and right heels of patient 2, respectively.
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