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Abstract
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Microwave (MW) radiometry is proposed for passive monitoring of kidney temperature to detect
vesicoureteral reflux (VUR) of urine that is externally heated by a MW hyperthermia device and
thereafter reflows from the bladder to kidneys during reflux. Here we characterize in tissuemimicking phantoms the performance of a 1.375 GHz radiometry system connected to an
electromagnetically (EM) shielded microstrip log spiral antenna optimized for VUR detection.
Phantom EM properties are characterized using a coaxial dielectric probe and network analyzer
(NA). Power reflection and receive patterns of the antenna are measured in layered tissue
phantom. Receiver spectral measurements are used to assess EM shielding provided by a metal
cup surrounding the antenna. Radiometer and fiberoptic temperature data are recorded for varying
volumes (10–30 mL) and temperatures (40–46°C) of the urine phantom at 35 mm depth
surrounded by 36.5°C muscle phantom. Directional receive pattern with about 5% power spectral
density at 35 mm target depth and better than −10dB return loss from tissue load are measured for
the antenna. Antenna measurements demonstrate no deterioration in power reception and effective
EM shielding in the presence of the metal cup. Radiometry power measurements are in excellent
agreement with the temperature of the kidney phantom. Laboratory testing of the radiometry
system in temperature controlled phantoms supports the feasibility of passive kidney thermometry
for VUR detection.
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I. INTRODUCTION
VUR is the abnormal flow of urine from the bladder to both or either kidneys. VUR is
prevalent in 30% of the children diagnosed with urinary tract infection (UTI) [1]. Imaging
studies currently recommended to detect reflux in children diagnosed with UTI involve
bladder catheterization, sedation and ionizing radiation [2,3]. The unpleasant procedure and
long term effect of ionizing radiation in infants and children [4,5] have motivated the
development of alternative noninvasive imaging modalities for VUR detection [6]. The MW
device proposed in [6] combines a 915 MHz hyperthermia applicator for external bladder
warming to moderate temperatures (40–45°C) and MW radiometry to passively monitor the
kidneys to detect the warm reflux. This alternative approach is noninvasive, non-ionizing
and low cost, and does not require bladder catheterization or sedation. The total power
radiometer connected to a tapered log spiral antenna inside a cylindrical metal cup reported
in [6,7] is systematically characterized here in tissue equivalent phantoms.
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The use of MW radiometry for passive temperature monitoring of deep tissues has been
proposed in the literature for varied applications [8-11]. Among the most widely
investigated applications are breast cancer detection [12-14], brain temperature monitoring
in new born infants after hypoxia ischemia [15,16], tissue temperature monitoring for
feedback power control of superficial hyperthermia [17-19] and interstitial MW applicators
[20,21], and noninvasive thermometry for intracranial focused deep brain hyperthermia
[22,23]. MW radiometry involves collecting thermal noise power emitted by the body in the
EM spectrum (typically 1–4 GHz) using an antenna. The noise power received by the
antenna over the band width Δfi centered at frequency fi is related to tissue temperature by
[10],
(1)

where k is Boltzmann’s constant and
(2)
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is the radiometric brightness temperature. In (2), ρi is antenna power reflection coefficient,
W is the antenna weighting function inside the sensing volume V, TEMI is EM interference
(EMI) noise collected by the antenna from the surroundings, and Tsys is receiver noise
, is the power spectral
temperature. The radiometric weighting function
density received by the antenna from the sensing volume normalized to the total collected
power. In this work, we characterize the performance of a total power MW radiometer
system with an EM shielded microstrip log spiral antenna in a phantom model that mimics
the pediatric anatomy with kidney located below the layered fat and muscle tissues at 35 mm
from the skin.
The organization of the paper is as follows. Section II describes the experimental setup,
phantom formulations and spectral measurements of the radiometer and antenna.
Radiometry experiments conducted for the urine target in tissue equivalent phantoms at
varying depths, volumes and temperatures are also presented in section II. The results of EM
characterization of tissue phantoms, antenna spectral power density, EM shielding provided
by the metal cup and radiometer system response during kidney temperature monitoring are
provided in section III. Finally, experimental results are discussed in section IV.
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II. METHODS
A. Tissue Equivalent Phantoms
Several phantom formulations are available for biological models with tissue equivalent
electromagnetic properties [24–26]. Clear and low viscous liquid phantoms that can be
circulated through external temperature controlled water baths were formulated for the high
water content muscle and kidney tissues over 0.9–2 GHz. Diethylene glycol monobutyl
ether (DGBE) mixed with deionized water, 50% each by weight was used for the muscle
tissue. A mixture of 33.5% Diacetin (glycerol diacetate), 65.5% deionized water and 1% salt
(NaCl) by weight was formulated for the kidney tissue. A solid gelatin based fat phantom
with 85% oil and 15% deionized water by weight was constructed for the fat tissue based on
the recipe in [26]. The urine surrogate has 1.25% salt (NaCl) by weight in deionized water.
The phantom materials were purchased from Fischer Scientific, Waltham, MA USA. EM
properties of the tissue phantoms were characterized using a coaxial dielectric probe
(E85070C, Agilent Technologies) connected to a network analyzer (E5071C, Agilent
IEEE Trans Biomed Eng. Author manuscript; available in PMC 2012 June 1.
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Technologies). Phantom measurements were compared with Cole-Cole data for biological
tissues [27] and the urine phantom was validated against human urine sample and literature
data [20].
B. Experimental Setup
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Due to similar dielectric properties of muscle and kidney tissues over the radiometer
frequency band (1.1–1.65 GHz), the phantom model was constructed using liquid muscle
inside 200×200×200 mm acrylic chamber with overlying 5 mm layer of solid fat. A 20
French, 3-way continuous irrigation Foley catheter (D in Fig 1) with two staggered drainage
ports (Bard Medical Division, Covington, GA, USA) was modified to circulate variable
volume of temperature controlled urine phantom inside the liquid muscle chamber. The
urine phantom (C in Fig 1) was placed at various depths for temperature monitoring. An 18
French/2-way straight tip Foley catheter with 30 mL inflatable balloon (Bard Medical
Division) was used for kidney reflux experiments to simulate varying volume warm urine
reflow at depth using a syringe (J and K in Fig 1). The Foley catheter with urine phantom
was rigidly fixed in position using a perforated hollow plastic post. Temperatures of the
muscle and urine phantoms were separately controlled by circulating the phantoms through
temperature controlled water baths using peristaltic pumps (Cole Parmer, Vernon Hills, IL
USA). The muscle phantom was maintained at body core temperature of 36.5°C.
Polystyrene slabs (Styrofoam®, Dow Chemicals, Midland, MA USA) were used to insulate
the phantom container on all sides except the Mylar window. Fig 1 shows the experimental
setup and accessories used for radiometric temperature monitoring of the tissue phantom.
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A tapered microstrip log spiral antenna was used for passive temperature monitoring (E in
Fig 1). Thin low loss dielectric matching disks of varying relative permittivity (F in Fig 1,
Eccostock® HiK, Emmersons & Cuming Microwave Products, Randolph, MA USA) were
used to decrease power reflection (ρi) at the interface between the antenna and tissue load. A
cylindrical aluminum cup surrounding the antenna and matching layer shown in Fig 1 (G)
was used to minimize EMI. The thermal noise power gathered by the EM shielded antenna
was processed by a total power radiometer centered at 1.375 GHz with 550 MHz bandwidth
and 0.03°C sensitivity. The radiometer consists of a single band very low noise receiver
centered at 1.375 GHz connected to a commercial power meter (E4419B, Agilent
Technologies, Santa Clara CA, USA) through a low power sensor (E4412A, Agilent
Technologies) with dynamic range of −70 dBm to +20 dBm. Power received by the
radiometer antenna is acquired in real time using GPIB interface. Phantom and antenna
surface temperatures were continuously acquired during the experiments using fiberoptic
temperature sensors (Luxtron 3100, LumaSense Technologies, Santa Clara, CA USA).
Theoretical analysis of the design of log spiral antenna, radiometer frequency selection, and
the use of matching layer and EM shield cup for VUR detection was reported in [7].
C. Antenna Measurements
1) EM Matching to Tissue load—Power reflection at the interface between the antenna
and layered tissue phantom was measured for the microstrip log spiral antenna through the
Mylar window. Reflection measurements were acquired using a network analyzer for 1 mm
thick Eccostock® dielectric disks of varying permittivity (ε′=5–30) between the antenna and
phantom to assess the amount of power coupled to the antenna from the tissue load. Antenna
reflection measurements were used to select the appropriate dielectric matching layer
between the antenna and tissue load for enhanced power reception.
2) EM Shielding of Metal cup—A cylindrical aluminum cup was placed around the
antenna to minimize the effect of EMI on the low power radiometric signal received from
the tissue phantom. The use of a metal cup surrounding the microstrip log spiral antenna for
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EM shielding was originally proposed in [7]. The metal cup was in continuous contact with
the antenna ground plane and the phantom surface as shown in Fig 1 (G). EM shielding
provided by the metal cup was evaluated by measuring the radiometer spectral content in the
presence and absence of metal cup with the antenna listening to the tissue load. Radiometer
spectral measurements were obtained using a commercial spectrum analyzer (N9912A
FieldFox, Agilent Technologies).
3) Antenna Receive Pattern—The 80 mm diameter microstrip log spiral antenna used in
the radiometry experiments was fabricated on 1.524 mm thick dielectric substrate
(RO4350B, Rogers Corporation Chandler, AZ USA) based on the design presented in [7].
The antenna receive pattern was characterized inside an acrylic tank (350×350×350 mm3)
filled with liquid muscle phantom and 100×100 mm Mylar window of 0.25 mm thickness
for antenna placement. Antenna power spectral density was measured over 100×100×100
mm scan volume at 5 mm spatial interval in the muscle phantom using a scanning specific
absorption rate (SAR) field probe (ALS-E010 Aprel Laboratories, Ottawa Canada). Antenna
receive patterns were measured at 1.1, 1.3 and 1.6 GHz inside the radiometer frequency
band. Measurements were also recorded for antenna inside the metal cup. Power delivered
and reflected by the antenna was measured for all scan configurations using a network
analyzer. Scan tank measurements were used to assess antenna power spectral density in
muscle phantom and the effect of EM shield cup on power reception.
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D. Radiometry Experiments
Information extracted from X-ray radiographs and computed tomography images of 4–8
year old were used to design the phantom experimental setup. The average thickness of fat
layer was measured as 5 mm and the depth of urine reflux varied from 20–35 mm from skin
surface with 10–30 mL reflux volume depending on the reflux grade. The distance between
the front wall of the inflated Foley catheter with urine phantom and the antenna surface
denoted as d1 was varied. The distance between the isocenter of the inflated Foley catheter
and antenna surface d2 was fixed at 35 mm.

NIH-PA Author Manuscript

1) Steady State Temperature Monitoring—Simulated passive kidney temperature
monitoring was performed by circulating 30 mL urine phantom (V1 = 30 mL, d1 = 18 mm,
d2 = 35mm) inside the modified 20 Fr Foley catheter with continuous irrigation ports. The
depth, volume and temperature of the urine studied in this experiment are typical of high
grade warm reflux (stages 3–5) in children ages 4–8 years with UTI. The muscle phantom
surrounding the urine target was maintained at 36.5°C while the temperature of the urine
phantom mimicking warm reflux at depth was changed by switching the heat exchange coil
to a water bath 3–9°C above 36.5°C. The temperature of the circulating urine phantom was
measured by inserting fiberoptic temperature sensors inside the irrigation ports of the Foley
catheter. Invasive fiberoptic temperatures and passive radiometric signal gathered by the EM
shielded microstrip antenna on the phantom Mylar window were continually recorded to
assess the steady state system response.
2) Kidney Reflux Monitoring—The ability to detect sudden reflux of warm urine inside
the kidneys was assessed by injecting a known volume of urine phantom ( V1) at initial
temperature ( T0) inside the 18 Fr 2-way straight tip Foley catheter with 30 mL inflatable
balloon rigidly held 35 mm (d2) from the antenna surface. The average time required to
inject and completely drain a known volume of urine phantom was 60 seconds. The
temperature of the muscle phantom surrounding the Foley catheter was maintained at body
core temperature of 36.5°C. Table 1 lists the experiments conducted for varying reflux
volumes (V1) and temperatures (T0) of the urine phantom measured prior to injection. In
Table 1, d1 increases with decreasing reflux volume while d2 remains at 35 mm.
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III. RESULTS
A. Phantom Characterization
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Fig 2 shows the relative permittivity and electrical conductivity of fat, muscle, kidney and
urine phantoms in the radiometer frequency band measured at room temperature (23°C)
using a coaxial probe connected to network analyzer. Cole-Cole dispersion data of
biological tissues [27] are overlaid in Fig 2 at the radiometer center frequency (1.375 GHz).
Phantom dielectric measurements are in good agreement with literature data for kidney and
muscle phantoms with less than 6% error over the radiometer frequency band (1.1–1.65
GHz). The larger deviation observed for the solid fat phantom is due to the 15% water
content used in the phantom formulation. Dielectric measurements of the urine phantom
exhibit excellent agreement with human urine sample and literature data [20].
B. Antenna Measurements
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1) EM Matching to Tissue Load—Fig 3 shows the antenna power reflection
measurements (|S11|2) obtained with 1 mm thick Eccostock® dielectric disks of varying
relative permittivity (ε′=5–30) placed between the antenna and tissue load through the Mylar
window. Antenna reflection measurements indicate better than −10 dB over 1.1–1.9 GHz
for most dielectric disks. A relatively smaller variation in |S11|2 and better than −10 dB
response were observed across the entire radiometric band for the antenna coupled to the
tissue phantom through the thin Mylar. Thus, the 0.25 mm thick Mylar window of relative
permittivity ε′=3.2 was used as the matching layer for the phantom model although we
expect the disks to accommodate the matching of the diverse anatomical scenarios in
children.
2) Antenna EM Shielding—Fig 4 shows the radiometer power spectrum with the
microstrip log spiral antenna listening to the layered phantom. Spectral measurements of Fig
4 were acquired in the presence and absence of the cylindrical aluminum cup surrounding
the antenna. The metal cup was in continuous contact with the phantom surface and antenna
ground plane. The radiometer power spectrum in the absence of the metal cup shows the
potential in-band EMI noise. Comparison of the power spectrums demonstrates good EM
shielding in the radiometer frequency band (1.1–1.65 GHz) in the presence of metal cup.
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3) Antenna Receive Pattern—Fig 5a shows the power density distribution of the log
spiral antenna at 1.3 GHz measured in the liquid muscle phantom. The electric field probe
measurements were normalized with respect to the maximum value recorded in z=5 mm
plane (z=0 corresponds to antenna surface). 3D isosurfaces of Fig 5a indicate directional
receive pattern with less than 10% antenna power density at the target location (30–50 mm
depth). Fig 5b shows the 5% isosurfaces measured at 1.1, 1.3 and 1.6 GHz in the radiometer
frequency band. Comparison of the isosurfaces indicates a broader pattern at the lowest
frequency (1.1 GHz) and a narrow pattern at the highest frequency (1.6 GHz), with no
deterioration of the antenna receive pattern in the radiometric band.
Fig 6 shows the normalized antenna power density distributions in the orthogonal planes
measured at 1.3 GHz in the presence and absence of metal cup surrounding the antenna.
Power density distribution is normalized with respect to the maximum value in z=5 mm
plane. Comparison of the power density depth profiles indicates no significant change in
antenna receive pattern in the presence of the metal cup intended to minimize EMI. Table 2
lists the power reflection measurements for the different antenna scan configurations.
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C. Radiometry Experiments
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1) Steady State Temperature Monitoring—Fig 7(a)–(d) shows the radiometer power
measured for 30 mL (V 1) urine phantom as the temperature of the urine circulating through
the inflated 20 Fr Foley catheter located 35 mm from antenna surface (d1 = 18 mm, d2 = 35
mm) was increased from 36.5 to as high as 45°C. Fig 7(e)–(h) shows the corresponding
fiberoptic temperature measurements recorded inside the urine and tissue phantoms. The
form of radiometer response in Fig 7(a)–(d) is in excellent agreement with the corresponding
invasive fiberoptic temperature measurements of the phantoms in Fig 7(e)–(h). Relatively
constant temperatures recorded on antenna surface and fat-muscle interface in Fig 7(e)–(h)
indicate very good thermal control of the circulating liquid muscle phantom surrounding the
urine phantom. Fig 7 demonstrates stable system response and the ability to detect localized
temperature change at depth inside well perfused kidney/muscle typically at 36.5°C using
radiometry.
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2) Monitoring Warm Reflux—Fig 8 shows the results of simulated kidney reflux
experiments to assess the ability to detect transient reflux as the warm urine enters the highly
perfused kidneys receiving 20–25% of the cardiac output at 36.5–37°C. The radiometer
output shown in Fig 8 correlates very well with the seven reflux events listed in Table 1
which lasted about 50–70 seconds each. There are several interesting observations in Fig 8
and Table 1. Firstly, it should be noted that the receiver did not detect the 30 mL urine
injection at the same temperature as the surrounding muscle phantom (R0). This indicates
that the change in radiometer brightness temperature is predominantly associated with
temperature change inside the antenna sensing volume than the change in dielectric property
of the lossy tissue load at depth. Comparison of the radiometer response for 30 mL urine
reflux events R1 (To=43°C) and R2 (To=45°C) suggests that the power received is directly
proportional to temperature change inside the antenna sensing volume (V) for a given target
volume at fixed depth. Similar observation was made for the 20 mL urine reflux events R3–
R5, located at the same depth as the 30 mL refluxes. Unlike the 30 mL reflux events,
relatively lower power was received for 20 mL reflux events due to the smaller target
volume (R3-R5). As the urine volume was reduced to 15 and 10 mL, detectability of the
reflux required higher urine temperatures (R6, R7). The highest power was recorded for the
30 mL urine reflux at 45°C (R2) and the lowest response was measured for the 10 mL reflux
at 46°C (R7). Fig 8 clearly demonstrates the ability to detect transient temperature change at
depth inside the kidneys using MW radiometry. However, the visibility of low reflux
volumes at depth (R6, R7) requires higher temperature gradients.

IV. DISCUSSION
NIH-PA Author Manuscript

External bladder warming of urine to moderate hyperthermic temperatures (40–45°C) using
MW hyperthermia and passive radiometric temperature monitoring of the kidneys to detect
warm reflux was recently proposed for safe and noninvasive VUR detection [6,7]. The
proposed radiometry diagnostic system is noninvasive and uses non-ionizing microwave
radiation for gentle warming of the urine. In [7], we presented the modeling efforts for
radiometer frequency selection and design of the microstrip log spiral antenna with
matching layer and shield cup to acquire thermal noise radiation from the warm urine at
depth. Here we evaluated the performance of the 1.375 GHz radiometer and EM shielded
microstrip log spiral antenna to detect warm reflux in temperature controlled tissue
mimicking phantoms.
Low viscous liquid phantoms made of ethylene glycol proposed for the bulk EM property of
head and body tissues [24] and Diacetin are well suited to measure antenna receive patterns
and maintain homogeneous temperature load for radiometry experiments. Phantom
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formulations presented here differ in their composition and closely match the individual EM
property of muscle and kidney tissues. Dielectric measurements of tissue equivalent
phantoms in Fig 2 indicated good correspondence with literature data [20,27] and the human
urine sample. The non-toxic liquid and solid fat phantoms were stable with long shelf life, if
appropriate storing using plastic wrap (Saran®, SC Johnson, Racine, WI USA) was used.
Deterioration in the dielectric property of liquid phantoms due to dehydration was easily
compensated with rehydration.
Antenna return loss from the tissue load in Fig 3 indicated better than −10 dB for the 1 mm
dielectric disks. However, |S11|2 less than −10 dB with relatively flat response was observed
over the radiometer frequency band for the 0.25 mm Mylar film alone. It can be concluded
that the Mylar window with permittivity close to the antenna substrate (ε′=3.66) improved
antenna input matching and power reception. The use of a low loss dielectric matching layer
to enhance the signal to noise ratio of the radiometric signal was also studied in [22]. The
signal to ambient EMI ratio was further enhanced using a metal cup surrounding the antenna
to minimize EMI (TEMI) picked up by the antenna from the environment. Radiometer power
spectral measurements of Fig 4 clearly demonstrated the potential EMI inside the radiometer
frequency band and the shielding provided by the metal cup in continuous contact with the
phantom surface and antenna ground plane. This result is of fundamental importance to
translate in the clinic this EMI ultrasensitive technology.
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It should be noted that the normalized volume average power density is the antenna
radiometric weighting function (W) in Equation 2. of the normalized antenna power spectral
density distributions of Fig 5 showed directional receive pattern with about 5% of the power
density from the deep target location (30–40 mm from tissue surface). Fig 6 indicated
comparable depth profiles in the power density distributions of the spiral antenna measured
in the presence and absence of the metal cup. Radiometer spectral data of Fig 4 and power
density distributions of Fig 6 together demonstrated that the metal cup surrounding the
antenna provided effective EM shielding without deteriorating antenna power reception. EM
return loss from the tissue phantom inside the scan tank was better than −10 dB for all scan
configurations (Table 2).
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The severity of VUR is graded I–V by the International Reflux Grading system based on the
radiographic images. Grades III and above exhibit significant dilation of the ureter, renal
pelvis and calyces and the degree of dilation increases for higher grade VUR. Radiometer
measurements of Fig 7 clearly indicated the ability to detect temperature change of a large
reflux volume (30 mL) inside the kidney, which corresponds to higher reflux grades that
lasts for few minutes. Stable temperatures recorded in Fig 7 on the antenna surface and
inside phantoms confirm that the radiometer response was due to localized temperature
change at depth and not due to heat diffusion inside the layered phantom. Stable radiometer
measurements also indicate good thermal stability of the total power radiometer. System
response in Fig 7 indicates linear relation between the radiometer signal change (ΔP) and
temperature differential (ΔT) of the 30 mL urine at depth.
The warm urine refluxing from the bladder comes in contact with the highly perfused kidney
which receives arterial blood supply at 36.5–37°C. This could potentially accelerate heat
loss into the kidney parenchyma which might degrade the ability to detect transient
temperature change with MW radiometry. Thus, experiments were conducted to assess the
transient response of the radiometry system to sudden temperature changes at depth. The
system response of Fig 8 measured for warm urine injections followed by complete drainage
clearly demonstrated the ability to detect VUR using radiometry however. The lack of
change in radiometer power for the reflux event R0 in Fig 8 indicated that the signal
detected during warm reflux is associated with change in temperature and not volume. Fig 8
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also indicated smaller signal changes for lower reflux volumes (R2 vs. R7) and lower urine
temperatures (R1 vs. R2). This is because the brightness temperature (TB, i) given in Eqn (2)
is related to phantom temperature and the ratio of power received from the refluxed urine
volume at depth to the power received from the total sensing volume as discussed in [38].
Furthermore, the power gathered by the antenna reduces with increase in target depth (d1)
and, decrease in target volume (V1) and urine temperature (T0). Radiometer response of Fig
8 clearly demonstrated that warm reflux on the order of 20–30 mL can be detected using
MW radiometry (R1–R5) and the visibility of smaller and deeper refluxes could be
challenging (R6, R7). Efforts to improve system sensitivity to detect lower grade reflux are
underway. System design is also being improved to address the influence of internal organ
motion, reliable antenna positioning for kidney temperature monitoring and, miniaturization
of the antenna and receiver for clinical implementation. Following successful system
characterization in tissue phantoms, efforts are being focused on conducting animal
experiments to evaluate the clinical potential of the proposed technique for non-invasive
detection of VUR.

V. CONCLUSION
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MW radiometry for passive temperature monitoring of the kidney region to detect the reflux
of warm urine from the bladder to kidneys during external bladder warming is evaluated in
temperature controlled phantoms with tissue equivalent EM properties. Thin dielectric
matching layers are investigated to enhance power reception from the target and a metal cup
is used to improve receiver signal to ambient EMI ratio. An EM shielded log spiral antenna
is shown to provide a directional receive pattern in the radiometer frequency band.
Radiometer system response in tissue phantoms indicate the ability to reliably detect warm
VUR at depth using the 1.375 GHz total power radiometer connected to an EM shielded
microstrip log spiral antenna. Experimental characterization of the radiometry system in
tissue phantoms evaluated for the conditions of this study clearly demonstrates the promise
of this non-invasive safe and cost-effective diagnostic test for VUR detection.
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Fig. 1.
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Experimental setup for radiometric temperature monitoring of kidney model. Liquid muscle
phantom inside the insulated acrylic container (A) with 5 mm overlying fat phantom (B) was
circulated through temperature-controlled water bath using peristaltic pump (loop A).
Temperature controlled urine phantom was circulated through the Foley catheter rigidly
suspended inside the muscle phantom (loop B). Thermal noise radiation from the layered
phantom gathered by the radiometric antenna (E) inside metal cup (G) positioned on a Mylar
window of the muscle filled chamber (A) is measured by a total power radiometer connected
to the antenna via semi rigid coaxial cable (H). A: acrylic container; B: 5 mm layer of solid
fat phantom ; C: inflated latex pouch around the 20 French 3-way Foley catheter (D); E:
microstrip log spiral antenna; F: 80 mm dia and 1 mm thick Eccostock® dielectric matching
layer; G: metal cup; H: low loss semi rigid coaxial cable; I: Fiberoptic temperature sensors;
J: Syringe; K: 18 French/2-way straight tip Foley catheter with 30 mL balloon; M:
perforated plastic support.
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Fig. 2.

Dielectric measurements of fat, muscle (DGBE), kidney (Diacetin) and urine phantoms at
room temperature (23°C). Symbols indicate Cole-Cole [27] values at the radiometer center
frequency and urine data from [20].
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Fig. 3.

Antenna return loss for 1 mm Eccostock dielectric disk of varying permittivity between the
antenna and tissue load through the Mylar window. Relatively flat response (better than −10
dB) was observed for the 0.25 mm Mylar film.
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Fig. 4.

Radiometer power spectrum with the antenna in continuous contact with the layered tissue
phantom. The metal cup surrounding the antenna significantly reduced EMI peaks in the
radiometer frequency band (1.1–1.6 GHz).
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Fig. 5.

Power spectral density of log spiral measured inside the liquid muscle phantom. (a)
Isosurfaces measured at 1.3 GHz (b) Comparison of the 5% isosurfaces in the radiometer
frequency band (1.1–1.65 GHz). Measurements were normalized with respect to the
maximum value recorded at z=5 mm plane. Note that power density at the target depth (30–
50 mm) is about 5%.
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Fig. 6.
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Comparison of normalized power density measured in the orthogonal planes at 1.3 GHz
with (c–d) and without (a–b) metal cup surrounding the antenna. Power density is
normalized with respect to the maximum value in z=5 mm plane in the scant tank with
muscle phantom. The antenna receive patterns are not significantly affected in the presence
of metal cup.
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Fig. 7.

Radiometer and phantom temperature measurements acquired during steady state
temperature monitoring experiments. The temperature of the 30 mL circulating urine
phantom was increased 3–8°C above the surrounding muscle phantom maintained at 36.5°C.
Radiometer output correlates very well with the temperature of the urine phantom, with its
center located 35 mm (d2) from the antenna surface.
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Fig. 8.
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Radiometer measurements through the layered tissue load for warm urine injections of
varying volume (10–30 mL) and temperature (39.5–46°C) at 35 mm depth inside the highly
perfused 36.5°C lossy muscle/kidney phantom (Table 1). Note that the highest radiometer
power level is recorded for the largest reflux volume at the highest urine temperature (R2).
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TABLE I
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Kidney reflux experiments for warm urine injections. Antenna-to-Foley center distance d2=35 mm; antenna
surface temperature = 33.9°C; muscle phantom = 36.5°C.
Reflux
Event

Reflux
volume (V1)
[mL]

Antenna to
Foley front
surface (d1)
[mm]

Urine temperature
before injection
(T0) [°C]

R0

30

17

36.2

R1

"

"

43.0

R2

"

"

45.0

R3

20

20

39.5

R4

"

"

41.5

R5

"

"

44.0

R6

15

22

46.0

R7

10

23

46.0
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TABLE II
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Power delivered and reflected by the antenna from the scan tank filled with liquid muscle phantom for
different antenna scan configurations.
Frequency
[GHz]

Antenna
forward power
[W]

Antenna |S11|2
[dB]

Scan setup

1.1

4.78

−10.86

no metal cup

1.3

4.70

−12.45

"

"

"

−17.25

metal cup

1.6

4.20

−12.06

no metal cup
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