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Abstract
Background—There are numerous clinical applications for non-invasive monitoring of deep
tissue temperature. We present the design and experimental performance of a miniature
radiometric thermometry system for measuring volume average temperature of tissue regions
located up to 5cm deep in the body.

Methods—We constructed a miniature sensor consisting of EMI-shielded log spiral microstrip
antenna with high gain on-axis and integrated high-sensitivity 1.35GHz total power radiometer
with 500 MHz bandwidth. We tested performance of the radiometry system in both simulated and
experimental multilayer phantom models of several intended clinical measurement sites: i) brown
adipose tissue (BAT) depots within 2cm of the skin surface, ii) 3–5cm deep kidney, and iii) human
brain underlying intact scalp and skull. The physical models included layers of circulating tissue-
mimicking liquids controlled at different temperatures to characterize our ability to quantify small
changes in target temperature at depth under normothermic surface tissues.

Results—We report SAR patterns that characterize the sense region of a 2.6cm diameter receive
antenna, and radiometric power measurements as a function of deep tissue temperature that
quantify radiometer sensitivity. The data demonstrate: i) our ability to accurately track temperature
rise in realistic tissue targets such as urine refluxed from prewarmed bladder into kidney, and
10°C drop in brain temperature underlying normothermic scalp and skull, and ii) long term
accuracy and stability of ∓0.4°C over 4.5 hours as needed for monitoring core body temperature
over extended surgery or monitoring effects of brown fat metabolism over an extended sleep/wake
cycle.

Conclusions—A non-invasive sensor consisting of 2.6cm diameter receive antenna and integral
1.35GHz total power radiometer has demonstrated sufficient sensitivity to track clinically
significant changes in temperature of deep tissue targets underlying normothermic surface tissues
for clinical applications like the detection of vesicoureteral reflux, and long term monitoring of
brown fat metabolism or brain core temperature during extended surgery.
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1. INTRODUCTION
There are numerous devices and techniques available to measure temperature deep in the
body. Temperature may be recorded most accurately with invasive probes such as
thermistors, thermocouples, or fiberoptic sensors that are placed interstitially into the target
tissue or into natural body cavities such as the rectum, urethra, esophagus, ear or mouth 1, 2.
For many applications, invasive placement of probes directly into the desired tissue target is
not clinically acceptable and there is no natural body cavity close enough for accurate
estimates of target temperature. This is generally the case for temperature measurements of
body organs and long term monitoring of subsurface tissue targets. For this purpose, there
are a number of non-invasive thermometry approaches available including ultrasound
backscatter, microwave radiometry, electrical impedance tomography (EIT), and magnetic
resonance thermal imaging (MRTI)3, 4. Development continues on each of these approaches,
with each showing clear advantages for specific clinical applications. To date, MRTI has
demonstrated the best 3D spatial imaging of large tissue volumes with quite usable
resolution and accuracy of better than 1°C in 1ml of tissue5–8, but is suitable only for short
term (<2 hours) monitoring due to cost and patient tolerance. For applications requiring long
term monitoring of deep tissue temperature, a non-invasive method is desired that is
tolerable and non-toxic to the patient,compact, portable, accurate to better than 1°C, and
stable over long time periods that may last many hours, or in some applications, days.

This report describes one such approach, the use of passive microwave radiometry with a
miniature microwave antenna sensor to be held securely in place on the skin under an elastic
strap, or eventually an adhesive patch. The following sections briefly describe the
radiometer sensor and readout electronics, phantom models used to evaluate the system, and
radiometer performance in terms of accuracy and long term stability of deep tissue sensing.

2. METHODS
2.1 Radiometer

The basic components of our 500 MHz bandwidth 1.35 GH microwave radiometry system
are shown in Figure 1. Several configurations of the radiometer front end electronics
included inside the miniature radiometric sensor have evolved and specifics will be
published elsewhere. Design considerations for one configuration have been described
previously.9 The radiometer consists of three basic components: i) a miniature skin
contacting sensor with receive antenna and printed circuit with temperature references, RF
switches, and initial application stage (+10–15db) of the extremely low level signal received
from tissue, ii) an electronics chassis with additional amplification (+40db), filtering, and
conversion to a digital signal proportional to received power in the selected passband of the
filter, and iii) an analysis/processing software and computer display linked to the radiometer
chassis by USB cable. The developed software provides critical signal processing with
temporal averaging, compensation of drift in amplifier gain by cyclic comparison to known
temperature references near the antenna, and calibration of the received power to equivalent
tissue temperature conversion algorithm.
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2.2 Antenna Sensor
Antennas were designed to maximize received energy from the desired deep tissue target
(i.e. kidney, BAT depot, brain) and minimize power received from superficial tissues
overlying the target. Thus sidelobes of the antenna radiation patterns were minimized in
favor of more deeply penetrating central axis beam profile. Antenna designs were optimized
with HFSS™ (Ansys Corp, Canonsburg PA) using target-specific tissue models with correct
dielectric and thermal properties. The goals of optimization were: maximum energy
collection from the deep target and minimum energy reflected at the antenna/skin interface.
The diameter and height of antenna were constrained due to clinical practicality. Parameters
available for adjustment in the optimization were: number of turns, substrate thickness,
matching layer thickness, and dielectric properties. Thick substrate log spiral antennas were
used as this geometry has been shown to offer higher directivity (more pronounced on axis
beam profile).10–12 Due to reciprocity, the pattern of energy collection from a receive
antenna is identical to the power deposition pattern of that same antenna in transmit mode.
Thus the distribution of received energy from antennas may be modeled as power deposition
patterns and measured with Specific Absorption Rate (SAR) probes for validation of both
antenna design and SAR simulation.

Optimum antenna size varies considerably for the range of intended clinical application. For
sensing small temperature changes in kidney located 3–5cm below the skin for applications
like detection of Vesicoureteral Reflux (VUR), 5 and 7 cm diameter log spirals have proven
most appropriate.10–12 For use in monitoring temperature of small targets like 1–2 cm dia
depots of brown adipose tissue (BAT) within 2 cm of the skin surface, a smaller diameter
antenna is required. Recent electromagnetic design efforts have optimized the radiation
patterns of a miniature 2.6 cm diameter tapered log spiral antenna for use in sensing the
temperature of brain tissue inside the cranium and also for sensing the high metabolic output
of BAT deposits within 2cm of the tissue surface.13 Figure 2A shows the design of a 5cm
dia tapered log spiral for thick high dielectric constant ceramic substrate, and prototype
radiometric sensor with combined 5cm antenna and printed circuit radiometer front end
inside a copper shielding case. Figure 2B shows a 2.6cm dia tapered log spiral design and
two functional prototypes, with an internal view of the radiometer printed circuit.

2.3 Evaluation Models
For this effort, we describe experimental models for testing radiometer performance in
measuring the temperature of brain tissue inside the cranium, the temperature of urine inside
a kidney or bladder, and the temperature of a small region of BAT located between layers of
white fat and muscle tissues. From analysis of a de-identified patient head CT, we
determined realistic values for the thickness of scalp, bone, and brain tissues for our physical
model. Measurements showed that scalp thickness varies from 4.2mm (forehead) to 8mm
(temporal lobe), and the skull bone was 6.7mm thick in both regions. Based on these
dimensions, an experimental model of the human head was constructed around an artificial
human skull (Life Size Skull, www.anatomywarehouse.com) with known geometry and
dielectric properties similar to skull bone, and liquid phantom materials that mimic the
properties of scalp and brain tissues. To model the thermodynamics of scalp which is a
mixture of skin, muscle and fat tissues, an adjustable thickness (6–16mm) compartment was
sealed against the outer surface of the skull and filled with circulating temperature-
controlled distilled water (εr = 74.2, σ = 0.28 at 1.35 GHz). To simulate brain, a mixture of
propylene glycol (46%) and deionized water (54%) was used to approximate the electrical
properties of mixed grey and white matter (εr = 52.43, σ=1.45 S/m at 1.35 GHz). Dielectric
properties of the tissue components were characterized using a coaxial dielectric probe
(E85070C, Agilent Technologies, Santa Rosa CA) connected to a network analyzer
(E5071C, Agilent Technologies) and adjusted to conform with Cole-Cole data for the
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respective biological tissues.14 The liquid brain phantom was circulated vigorously with a
peristaltic pump through a latex balloon that filled the interior of the skull and temperature
controlled with a heat exchanger to mimic changes in deep brain temperature resulting from
anesthesia and subsequent thermoregulatory responses. Temperatures of the scalp and brain
compartments were controlled independently to provide a range of different surface/deep
temperature gradients for calibration of the temperature conversion algorithm, in order to
distinguish volume averaged brain temperature from cooler and warmer scalp. The
circulation velocity was a vigorous 1.7 liter/min in both liquid tissue phantoms to ensure
homogeneous “brain” and “scalp” temperatures. A photograph of the experimental model is
shown in Figure 3.

Similarly, a phantom model was constructed for evaluation of non-invasive sensing of urine
temperature inside a kidney located at variable depth below layered fat and muscle tissues.
The thermal and electrical properties of this radiometric monitoring situation are
incorporated into the kidney model shown in Figure 4. In this model, the kidney target
consists of a 10–50ml variable volume latex balloon sealed over the distal end of a Foley
catheter. To create a differential temperature target, normal saline is circulated through the
balloon and an external temperature-controlled heat exchanger. The kidney is positioned at
variable distance (1–5cm) from a 0.010” thick Mylar film which replaces one side wall of a
25×25×15 cm Plexiglas box filled with vigorously circulated and temperature-controlled
muscle tissue-equivalent material. The liquid muscle consists of a mixture of diethylene
glycol (50%), deionized water (50%) and NaCl (<1%) to approximate the electrical
properties of muscle (εr=52.4, σ=1.5 S/m at 1.35 GHz). This mixture was determined
empirically as the best match to the Cole-Cole dispersion of muscle over the desired
radiometric band (1.1–1.6 GHz) and has been reported previously.11, 12 The liquid muscle
was circulated vigorously with a peristaltic pump through the Plexiglas box and
temperature-controlled heat exchanger to maintain constant temperature (e.g. 37°C).
Temperatures of the kidney target and muscle environment were controlled independently to
produce a range of surface/deep temperature gradients for determination of radiometer
sensitivity as a function of target volume and temperature difference to surrounding muscle.
The radiometric sensor was placed either in direct contact with the Mylar window at the left
side of the Plexiglas box in Figure 4, or in contact with a 5mm thick layer of solid fat
equivalent material located on the Mylar window. The mixture and properties for our fat
tissue phantom have been reported previously.11, 15

Figure 4 also shows a diagram of the tissue model used for studies of brown adipose tissue.
Physical realization of a BAT tissue model is similar in geometry to the kidney model just
described. For measurements of a BAT tissue target at depth, the saline used to model urine
is replaced with a BAT-equivalent liquid circulating in the same Foley balloon “target”. The
liquid BAT-equivalent phantom consists of a mixture of 40% diacetin (glycerol diacetate),
59% deionized water and 1% NaCl to approximate the electrical properties of brown adipose
tissue (εr=8.7, σ=2.6 S/m at 1.85 GHz). To model a small depot of BAT underlying white
adipose tissue, the radiometric sensor was placed directly against the Mylar window and a
layer of solid fat-equivalent phantom secured against the inside of the Mylar just above the
BAT balloon target. As in the kidney model, the temperature of circulating muscle and BAT
liquid materials was controlled separately to generate a differential target temperature.

3. RESULTS
3.1 Simulated Antenna Performance

Simulations of antenna radiation patterns were performed in realistic patient heterogeneous
tissue models segmented from CT or MR scans, as well as in computer models of the
experimental multilayer tissue phantom models. These simulations were used in the initial
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antenna design stage to optimize received power from the tissue target for each clinical
application. Simulations were also used to enable calibration of the algorithm that converts
received power to equivalent target temperature, which is based on simulation of expected
percentage of signal from the target, expected temperature distribution in subsurface tissue,
and known (measured) antenna/skin interface temperature. Exemplary simulations of
expected receive patterns are shown for monitoring: i) brain core temperature in an adult
human patient, ii) “30ml kidney” target at 3 cm depth in muscle phantom from Figure 4A,
and iii) a 6ml region of BAT located at depth between layers of white fat and muscle tissue
in the model of Figure 4B.

Brain Core Temperature Monitoring—Figure 5 shows the SAR pattern of the 2.6cm
dia tapered log spiral antenna as optimized for use in sensing brain temperature through
scalp and skull, as simulated with HFSS at the center frequency of the radiometric band
(1.35 GHz). While it is clear that the highest power is deposited superficially in the scalp,
the simulations demonstrate significant power deposition (or received energy) from deep in
brain. As expected there is little power deposited in the bone due to its low electrical
conductivity. The simulations shown in Figure 6 further define the sensitivity of brain
radiometry by stating the percentage of total energy received by the 2.6cm antenna that
emanates from brain tissue inside the cranium. This efficiency of brain tissue monitoring is
listed for three typical radiometric sense frequencies. It may be noted that the lower end of
our current system receive band is actually less efficient at sensing brain temperature than
the upper end of the band where 41% of the energy collected by the antenna comes from the
brain. There is a tradeoff between increased loss from attenuation in tissue at higher
frequencies and lower received power due to directivity as the antenna becomes smaller
compared to the wavelength at lower frequencies. In practice, our radiometer system will
collect a signal from deep brain that is a weighted average over all frequencies within the
sensing bandwidth (1.1–1.6 GHZ).

Kidney Monitoring – VUR Detection Application—For sensing temperature rise
deeper in the torso, a larger diameter spiral antenna may be used to collect more energy from
depth. Figure 7 shows the SAR pattern of a 5cm dia tapered log spiral antenna looking into
the kidney phantom model, as simulated with HFSS at the center frequency of the
radiometric band (1.35 GHz). Again it is clear that the highest contribution to total received
power is from superficial muscle tissue, but the simulations show significant received signal
from the deep kidney target.

The Figure 8 chart displays the dependence of energy received by a 7cm dia log spiral
antenna on both volume and depth of a kidney target in muscle, as simulated with HFSS at a
center band frequency of 1.35GHz. The simulations show that up to 20% of the total energy
collected by the surface antenna may be received from a large 60ml kidney volume if
centered only 2.5cm below the skin surface. Conversely, only 2% of the total signal is
derived from a smaller 20ml kidney target when centered 4cm deep beneath the surface.

Brown Adipose Tissue Monitoring—Figure 9 gives the HFSS simulated SAR pattern
at 1.85 GHz for the 2.6cm dia spiral antenna directed into the BAT tissue model of Figure
4B. Because the dielectric loss characteristic of BAT is higher than overlying white fat, the
SAR in the 6ml ellipsoidal BAT volume is significant even when located beneath 1 cm of
white fat. The optimized operating frequency for this new antenna is 1.5–2.2 GHz: When
compared to kidney, the optimum sense frequencies are higher since BAT depots are closer
to the surface than kidney. See additional details of this simulated case by Rodriques et al.13
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3.2 Measured Radiometer Performance
To demonstrate the sensitivity and long term stability of our miniature radiometer sensor, we
studied the output of the radiometer into a known test load - the human scalp/skull/brain
model of Figure 3 with separately controlled scalp and brain phantom temperatures. Figure
10 displays the result of radiometric monitoring of the life size head model for >4.5 hours.
Over this time, the radiometric signal (black curve) did not exhibit any significant drift,
correctly following the brain phantom temperature within ±0.4°C as it was reduced by 10°C
for one hour and then returned back to initial temperature. The radiometer sensor was in
direct contact with the scalp which was controlled at 32°C for the duration of the test.
Although the radiometer is sensitive to scalp temperature which is constant for the entire 4.5
hours, the radiometer correlates very closely with the changing intracranial “brain”
temperature. This is because the equivalent radiometric brain temperature is calculated
based on the simulated ratio of radiometric power deriving from tissue inside the skull
relative to total radiometric signal collected by the sensor, and known surface temperature of
the scalp. The software algorithm accounts for the known distribution of received energy
from scalp and brain tissues, and correctly calculates the change in brain temperature that
must result given the constant scalp temperature. The difference between the temperature of
circulating brain phantom as measured by fiberoptic sensors in the inlet and outlet ports of
the circulating brain balloon and the calculated equivalent radiometric brain temperature
remained less than ±0.4°C over the 4.5 hour experiment.

4. DISCUSSION AND CONCLUSIONS
This report gives an overview of recent developments in the miniaturization of microwave
antennas and circuitry for constructing small lightweight radiometric sensors that can be
used either for short or long term monitoring of temperature at moderate depths up to several
cm in the body. Figures 3–4 summarize the construction of computational and experimental
tissue models for three practical applications of microwave radiometry. Figures 5–9 present
examples of electromagnetic simulations of power deposition in three deep tissue targets,
which all demonstrate that a significant amount of energy can be received from small tissue
volumes at depth using sensitive radiometers in the 1–2 GHz region. Finally, experimental
measurements shown in Figure 10 confirm our ability to determine temperature of tissue
targets buried below variable temperature layered tissues using a single frequency band
compact radiometer, and to remove the effects of amplifier drift and instability that have
plagued radiometric thermometry systems in the past. The ability to accurately read
temperature at depth below tissues at other temperatures will be enhanced by use of multiple
frequency bands, as discussed by a number of previous investigators.16–24 But the promising
current results encourage continued effort on software algorithms that calibrate radiometric
sensor output to specific tissue loads and test conditions, and produce effective prediction of
temperature at depth even from single frequency band radiometry.

This paper summarizes recent work to build and test a 1.1–1.6 GHz single band radiometry
system for measuring volume average temperature of tissue targets at moderate depth in the
body. Computer models and experimental phantom models are described for several clinical
applications for this technology. Electromagnetic and thermal simulations demonstrate the
feasibility of sensing thermal radiation from tissue sufficient to detect >1–2°C temperature
rise at depths up to 5cm in just a few ml volume of living tissue. Current software with
temporal averaging and drift correction provides a stable radiometric signal for accurate
long term (≥5 hrs) monitoring of deep tissue temperature. These results demonstrate that
passive microwave radiometry is now poised to emerge as an accurate and affordable
noninvasive thermometry approach for short and long term monitoring of subsurface tissue
temperature.
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Figure 1.
Block diagram of basic components of 1.35 GHz single band radiometry system.
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Figure 2.
Thick substrate deep penetrating tapered log spiral antenna designs and fabricated
radiometric sensors with integrated antenna and radiometric first stage amplification. A)
5cm dia antenna sensor for monitoring bladder and kidney temperature, B) 2.6 cm dia
antenna and sensor showing radiometer PCB with low noise amplifier, RF switches, and
filters, and first clinical prototype for sensing brain temperature non-invasively via
placement on the temple.
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Figure 3.
Human head model with variable temperature brain tissue-equivalent liquid phantom
circulating through a balloon that fills the inside of skull, and temperature controlled scalp
tissue-equivalent liquid circulating through an adjustable thickness “scalp” under the skull.
The black coax cable connects the external power detector and readout electronics to the
radiometer sensor positioned under the model aiming up through the scalp and skull into
brain.
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Figure 4.
A) Photo of experimental phantom model for determining radiometer sensitivity in a
temperature-controlled variable volume “kidney” or “BAT” region located at variable depth
in circulating muscle tissue-equivalent phantom at a separately controlled temperature. B)
Diagram of associated computer model of variable size (2–6 ml) BAT region located
beneath 1.5mm of skin and 1cm white fat tissue. The computer model was used during
optimization of the antenna design to maximize received energy from a small sub-surface
BAT depot. The experimental model was used to validate the computer simulation results
and to quantify sensitivity of the radiometric sensors.
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Figure 5.
HFSS simulated SAR pattern of a 2.6cm diameter log spiral microwave antenna on human
head at the central radiometric frequency (1.35 GHz), demonstrating that although the
radiometer is sensitive to scalp temperature, a significant portion of the microwave energy is
received from brain tissue deep inside the cranium.
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Figure 6.
shows the HFSS-simulated receive pattern for the 2.6cm directional beam log spiral antenna
when placed on the heterogeneous multilayer human head model. The receive pattern is
shown for three specific radiometric sensing frequencies from 1–2GHz. The radiometer
tested in this work is sensitive primarily from 1.1 to 1.6 GHz. Note the low signal from
skull, which is characterized by low dielectric constant and loss at microwave frequencies,
and deep penetration of the field inside the skull.
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Figure 7.
HFSS simulation of receive pattern of 5 cm log spiral looking through Mylar window into
the muscle and kidney phantom load, showing significant received energy from within the
kidney (red) even when the center of kidney is 3 cm deep in muscle.
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Figure 8.
HFSS simulated percentage of total SAR received by a 7cm dia surface antenna that
originates from a urine target inside the kidney as a function of depth of the kidney isocenter
and volume of urine in kidney
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Figure 9.
HFSS simulation of SAR pattern of 2.6cm tapered log spiral directed into the layered tissue
model of Figure 4B, demonstrating the ability to collect a significant portion of received
signal from an elliptically shaped 6 ml depot of BAT embedded between white fat and
muscle tissues.
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Figure 10.
Effective brain temperature derived from total power measurements of the non-invasive
radiometric sensor (black curve) closely mirrors the actual temperature of circulating
variable temperature brain phantom (red curve) as measured through constant temperature
scalp (blue), with no significant measurement drift error over 4.5 hours of monitoring.
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