











5.2. Experimental setup

Figure. 5.2. Photograph of the fabricated sensor chip (a) and the packaged chip mounted on PCB (b).

Figure 5.2 displays a sensing core prototype, using a standard 130 nm CMOS process in a
commercial foundry. The area occupied by the sensing core is 100 pm ™400 um, which makes
it an excellent candidate to be incorporated into an implantable sensor, and can be delivered into
the body by means of a hypodermic needle. In its normal operational mode, the circuit is entirely
self-biased, where the op-amp bias current is generated internally and is PTAT. The circuit can
also be operated in a test mode using an external current source to provide the op-amp bias
current, a case in which the bias current can be designed to have any desired dependency on
temperature. Since only the sensing core of the wireless, implantable, temperature sensing device
is under investigation in the current study, while wireless telemetry is the subject matter of a
parallel study, the sensing core was hosted in a standard IC package. A custom printed circuit
board (PCB) has been fabricated to characterize the chip. The sensor outputs, Vgp; and Vgpy,
were buffered with amplifiers external to the chip (on the same PCB), in order to drive the loads
of the measurement instruments. The sensor outputs were measured at a sampling rate of 0.2 Hz

using a high accuracy Keithley 2400 Source Measure Unit.
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5.3 Thermal design considerations of the experimental setup
Characterization of the sensor at cryogenic temperatures was performed in a controlled-rate
cooler (Kryo 10—16 chamber and Kryo 10-20 controller, Planer Ltd., UK), as illustrated in Fig.
5.3. Cooling in the Kryo 10—16 chamber is achieved by circulating a mixture of nitrogen vapors
and air at high velocity (up to 15 m/s).In order to protect the sensing core and the PCB board, a
cryogenic holding stage was designed and constructed, as illustrated in Fig. 5.3(b). The holding
stage is made of Plexiglas to avoid heat transfer from the stage to the sensing core. All side walls
have holes to allow the highly turbulent air to flow through the insides of both parts of the stage.
The packaged sensor shown in Fig. 5.2 is in direct contact with the circulating nitrogen vapors
mixture. Thus design of the holding stage along with the highly turbulent flow ensures thermal
equilibrium between nitrogen vapor stream and the sensing core. Once the system is packaged
and miniaturized, the need for the current setup for sensing unit characterization will change to
enable wireless communication with a transmitter/receiver strategically placed adjacent to the
sensing unit. The temperature sensor was benchmarked against temperature measurements
obtained with a T-type thermocouple, placed on the PCB next to the chip, in continuous data
logging mode (OMB DAQ-56, Omega Engineering, Inc.). Data acquisition for the thermocouple
and the new sensor was done concurrently and independently.
Custom

Testing Keithley 2400
R Sourcemelers
de jreesesell ;‘T‘l—"

Ribbon

Experimental  Packaged Sensor
Stage Fig. 5.2 (b)

Data Logger
Omega DAQ 56

\\

Controlled-Rate
Cooler Kryo 10-16

Experimental stage inside
the cooling chamber

Figure. 5.3. Experimental setup: (a) a schematic illustration of the system, and (b) a photograph of the

experimental stage.
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5.4 Results and discussion

Figure 5.4 displays results obtained with two specimens of the sensing core at a sampling rate
of 0.2 Hz; both specimens were fabricated on the same wafer. The thermal protocol included a
sequence of cooling ramps, separated apart by constant-temperature holding periods, which were
long enough to let the system reach steady state at each temperature level. Each temperature data
point in Fig. 5.4 represents an average and standard deviation of 30 consecutive readings at

steady state in order to reduce uncertainties in measurements.
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Figure. 5.4. Results obtained from three representative chips in a self-biased mode (#1and #2) and an
externally biased mode (#2): (a) temperature data as a function of voltage output, and (b) average
nonlinear offset, calculated as the temperature difference between the experimental data shown (a) and a

linear curve connecting the boundary temperature values for each dataset.

Experimental results demonstrate a very high linearity of the sensor output with temperature
in a range of —180°C and —20°C, with maximum observed nonlinearity of 2°C of full scale
(1.1%).While potential sources for nonlinearity in the proposed design have been discussed [69]
no nonlinearity mitigation techniques were deemed necessary for cryosurgery applications.
Reducing nonlinear effects would unnecessarily increase the power overhead associated with the
corresponding mitigation mechanisms. The uncertainty range, defined by twice the standard

deviation (20) at steady state, was found to vary with temperature, but to not exceeding 1.4°C in
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all studied cases. While this range is deemed adequate for cryosurgery application, it is higher
than that predicted, based on computerized design tools[69]. This difference can be partly
attributed to:
(1) Temperature variations inside the cooling chamber, where its temperature is controlled
by periodic ejection of liquid nitrogen into a highly turbulent airstream;
(2) Uncertainty in reference temperature, where the reference thermocouple is specified to
have an uncertainty range of 1.4°C at —100°C; and,
(3) Electronic noises in off-chip buffer, cables, and multi-meter, which may be eliminated in

a wireless implementation.

5.5 Summary

In this chapter, a remote sensing core of a proposed wireless miniature temperature sensor
was presented. The remote sensing core was characterized in BTTL using the cryo-chamber of a
commercially available controlled-rate cooler. A Plexiglas holding stage was designed and
fabricated in-house. The stage designed in such a way that temperature gradient across the board
were held to a minimum. This in conjunction with highly turbulent nitrogen vapor flow ensured
thermal equilibrium between the airflow and core.

The observed uncertainty range was higher than modeled because of the highly turbulent
airstream, reference temperature uncertainty and electronic noise. However, in the ultimate
application, the heat transfer problem will be dominated by heat conduction, while the highly
turbulent airflow and electronic noises will be absent. This means that the uncertainty in the

designed implementation will be lower than the data presented in this chapter.
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Chapter 6: Summary and Conclusions

The ultimate goal of cryosurgery is to maximize tissue destruction in the targeted region
while minimizing injury to the adjacent healthy tissue. To achieve this goal, clinicians and
cryosurgical device manufacturers have designed increasingly smaller cryoprobes. These small
cryoprobes enable a large number of cryoprobes to be used simultaneously, which can provide a
higher degree of control over the freezing process. However, due to the large number of
cryoprobes involved, the complexity of the procedure has increased accordingly. The outcome of
the cryoprocedure is thus highly dependent on the skills and experience of the clinician.

The work presented in this thesis is a part of ongoing research at the Biothermal Technology
Laboratory to develop hardware and computational tools to provide capabilities to monitor the
developing temperature field in real-time. While prostate cryosurgery is used as a developmental
model in the current project, the numerical methods developed in this work can be easily
extended to other forms of cryosurgery.

This study investigates the potential contribution of data from three different sources for
temperature-field reconstruction: implantable sensors, cryoprobe-embedded sensors, and
freezing front location extracted from medical imaging. This data is used as input when solving
the inverse heat transfer problem in prostate cryosurgery. A key modeling assumption for
temperature-field reconstruction is that the cryosurgical process can be treated as quasi-steady,
while the transient nature of the process comes about through transient boundary conditions.
These transient boundary conditions are measured temperatures at the tip of cryoprobes,
temperature measured by embedded sensors, and the moving freezing front extracted from
medical imaging. The justification for this assumption is that Stefan number is small in a typical
cryosurgery problem, which means that the cryosurgery heat transfer problem is dominated by
latent heat effects. The quasi-steady approximation approach transforms the ill-posed inverse
mathematical problem of bioheat transfer to a well-posed problem having a unique solution.

In chapter 2, quasi-steady approximation was used to develop a numerical method to
reconstruct the temperature field during cryosurgery (TFRM). TFRM was implemented using the
commercial code MATLAB in 2D. For benchmarking purposes, ANSYS was used to solve the
transient 2D bioheat transfer problem of during cryosurgery. The layout of the cryoprobes used
in the simulation was selected using a proprietary planning algorithm termed “bubble-packing

technique”. A typical execution of TFRM in 2D using MATLAB was in the range of 2 to 3 s on
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an Intel® Quad Core™ 17 machine with 9 GB RAM, running at 3.07 GHz, indicating the ability
to attain near-real time performance.

Emphasis in temperature-field analysis was given to the location of the so-called lethal
temperature (-45°C), which is of a clinical significance but typically not presented to the
cryosurgeon in real time. When compared the benchmark solution, results indicate that TFRM
can provide a good approximation for the location of the lethal temperature in many scenarios.
The average mismatch when full freezing front location is assumed to be known using a medical
imaging technique is less than 1 mm. This mismatch value for the lethal temperature isotherm
location is comparable with the uncertainty inherent to medical imaging. When only partial of
the freezing front location was assumed to be known, the average mismatch increased to 1.4 mm.
This analysis also address sensors placement along the organ contour and along the predicted
location of the isotherms: 0°C, -22°C, and -45°C. Further sensitivity analysis and strategies for
sensor placement were investigated. Combining image analysis in real time with data from
cryoprobe-embedded temperature sensors can provide an alternative approach to temperature-
field reconstruction in real time. Thus, TFRM provides the means for real-time monitoring of
developing temperature fields during cryosurgery.

Modern cryosurgery relies on Trans-Rectal Ultrasound Transducer (TRUST) to monitor the
developing freezing front. The primary challenge in ultrasound monitoring of cryosurgery is the
high absorption of the ultrasound energy by the frozen region, which leads to (i) opacity of the
frozen region on the ultrasound monitor, (i1) shadow effect behind the frozen region, and (ii1)
clear demarcation of the freezing front in areas close to the ultrasound transducer. In Chapter 3,
Potential Field Analogy Method (PFAM) was developed to approximate the location of the
freezing front in areas invisible to US imaging. The technique is based on US image analysis as
input, while it does not rely on the development of additional sensors or specialized
instrumentation making use of currently available hardware used in the process.

PFAM represents a complete alternative approach to the previous numerical method, TFRM.
The main advantage of TFRM is its ability to incorporate information from multiple sensing
modalities (temperature sensors, medical imaging) while the main advantage of PFAM is very
low computational cost and the lack of need for temperature sensors. TFRM was benchmarked
initially against full-scale numerical simulations and then against experimental data, while

PFAM was benchmarked alone only against experimental data. At an advanced stage, PFAM
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was further integrated with TFRM to estimate the temperature distribution within the frozen
region.

Results of the study indicate that PFAM is a viable and computationally inexpensive
technique for estimating the location of freezing front in the acoustic shadow. Comparison of
PFAM estimations and experimental data showed an average mismatch of less than 2 mm in
freezing-front location, which is comparable with the uncertainty in ultrasound imaging.
Comparison of the hybrid PFAM+TFRM method with full-scale finite elements analysis (FEA)
indicates an average mismatch of 0.9 mm for the freezing front location, 7=0°C, and 0.1 mm for
the lethal temperature isotherm, 7=-45°C. Comparison of the hybrid method with experimental
temperature measurements show a difference in the range of 2°C and 6°C for the selected points
of measurement. It can be concluded that the hybrid method is adequate to estimate the location
of the freezing front, the location of the lethal temperature isotherm, and the temperature
distribution in a clinical setup. Furthermore, given the associated computer runtime of 0.5 s for
PFAM and 3.5 s for the hybrid method, and given the lack of cost-effective alternatives, the
hybrid PFAM + TFRM approach suggests a very promising approach towards real-time
monitoring during cryosurgery.

In Chapter 4, PFAM, TFRM and the hybrid PFAM + TFRM were extended from 2D to 3D.
This represented a large increase in computational cost and complexity. ANSYS was again used
to solve a full 3D transient bioheat transfer simulation of a cryosurgical procedure and create a
benchmark for comparison. The layout of the cryoprobes was decided using 'bubble packing
technique'. The average mismatch for all the considered cases using TFRM and the hybrid
method was less than 2 mm. One such example is at t = 180 s, when the location of the freezing
front is known partially at a single cross section (z = 35 mm), the maximum mismatch is 5.6 mm
and the average mismatch is 1.4 mm. However, when PFAM is used in integrated with TFRM,
the maximum mismatch reduces to 5.3 mm and the average mismatch reduces to 1.2 mm. This
conclusively shows the ability of PFAM to improve the predicted temperature fields inside the
target region. Similar results are also observed for other considered cases. While this study
demonstrates a proof-of-concept only, the hybrid method appears to be a viable solution for the
problem of reconstructing the temperatures inside the tissue. While the above runtime results
were obtained using MATLAB and general-purpose subroutines, it is possible to dramatically

decrease the computation time by GPU-based computation in a C++ environment.
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In Chapter 5, a contribution to the development of miniature implantable sensors is
overviewed, which could potentially provide input data for the numerical methods proposed in
Chapters 2-4. The study presented in Chapter 5 focuses on an innovative temperature sensing
core, which one component of a three-components sensing unit, where the other two components
are related to powering the sensing unit and wireless communication with it. This experimental
project represents a collaborated effort between the labs of Professors Paramesh and Rabin,
where the unique contribution in the current study is in the development and operation of a
thermal testing stage for cryogenic temperatures. Experimental results on the temperature
sensing core demonstrated a linear relationship between the temperature and sensor output in the
range of -180°C and 0°C. The uncertainty in temperature measurement was found to be variable
but not exceeding 1.4°C. The causes of this uncertainty were found to be highly turbulent airflow
in the cryo-chamber, uncertainty in the reference temperature measurement and electronic noise.
However, the sensing core in its final implementation is meant to be embedded inside the tissue.
Thus, only mode of heat transfer is conduction inside the tissue. The major cause of noise is thus
absent which will lead to much lower uncertainties for the sensing core.

As cryosurgical devices and techniques continue to move forward, the complexity associated
with the procedure will increase. Managing this increase in complexity requires incorporation of
real-time monitoring tools if minimally invasive cryosurgery is to remain a preferred treatment
option. The work presented in thesis is a proof-of-concept in 2D and 3D, incorporating medical

imaging and temperature sensors and appears to be beneficial for clinical application.
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Chapter 7: Future Work

In this chapter, a few possible directions for future work are highlighted. The work presented
in this thesis demonstrated the feasibility of real-time temperature reconstruction during
cryosurgery. Real-time monitoring has a high potential to increase the quality of cryosurgical
outcomes. Thus, it is likely to be highly advantageous to further develop the unified numerical

framework and deploy it in a clinical setting.

7.1 Porting MATLAB code to C/C++

The numerical methods presented in this thesis are implemented in MATLAB. The decision
to develop the model in MATLAB was taken because it is an excellent tool for performing rapid
testing of models and algorithms. MATLAB is also mainly designed for help in solving linear
systems of equations. This ensured that the model development proceeded in a rapid fashion.
However, MATLAB is slow compared to other languages such as C, C++, Julia or RUST. Real
time temperature reconstruction using TFRM + PFAM in 2D using MATLAB takes only a few
seconds giving near real-time performance. However, when PFAM + TFRM is used in 3D case,
it takes around 2000 seconds. In order to make sure that real time temperature reconstruction is
feasible for 3D, it is imperative that the MATLAB code be ported to one of the higher
performance compiled languages.

C++ would be a good option considering its long history and wide support it enjoys in the
numerical computation community. C++ does not have a native linear algebra library. However,
third party linear algebra libraries such as Armadillo, Boost, Eigen, LAPACK++ etc. all provide
full support for wide range of linear algebra operations. Porting to C++ would also make it easy

for the mathematical model to be implemented on a Graphics Processing Unit (GPU) platform.

7.2 Ultrasound Imaging

The numerical method presented here makes use of ultrasound imaging as one of the inputs.
Ultrasound imaging is the most preferred imaging technique for minimally invasive cryosurgical
procedures, primarily due to low cost and high availability. As the freezing front develops, the
frozen tissue appears bright due to high reflectivity of sound waves. This also means that the

shadow region behind the freezing front is very dark. This fact clearly illustrate in Fig.7.1 below.
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Figure 7.1: The figure shows an ultrasound snapshot of tissue before and after onset of freezing [courtesy
of Prof. Yoed Rabin]

Ultrasound images generally use the Digital Imaging Communication in Medicine (DICOM)
standard for storing and exchanging of images and related information. The DICOM standard
can be thought of as having several levels of support, such as the support for image exchange for
both senders and receivers, the underlying information model and information management
services. Thus using the protocols specified in the DICOM standard, a sub-routine to parse the
US image in real time would have to be developed. The parsed image would be mapped to the

volume to tissue being treated and used as input for the established unified framework.

7.3 Optimization of Potential Field Analogy Method

As described in Chapter 3, one of the assumptions made about PFAM is that the cryoprobes
in the procedure being modeled are identical in behavior. This is a good first order
approximation as shown by the experimental verification performed on 2D sections. However, in
actual procedure, the cryoprobes may have behavior distinct from each other. This might impact
the performance PFAM especially when used in 3D cases. The effect of variable cryoprobe

behavior needs to be explored using numerical simulations.

7.4 Experimental Validation in 3D
In Chapter3, a 2D experimental validation of numerical methods (TFRM, PFAM and Hybrid

method) is presented. While the results of this validation are promising, a full-scale 3D
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validation of the framework would be far more applicable in the context of real-world clinical
practice. The 2D study presented in this thesis only validated planning on a single prostate cross-
section. Commercially available three-dimensional prostate phantom models are used for the

purpose of training cryosurgeons. Such a model could be used for validation purposes.

7.5 Sensor Placement Strategies

An initial study on sensor-placement strategies is presented in Chapter 2. Results of this
study indicate that reconstructed temperature field is sensitive to the location of the sensors. To
better formulate sensor placement strategies, the distribution of cancer tumors in the prostate
could serve as a guide. It has been observed that 68% of cancer tumors are found in the
peripheral zone of the prostate, which correlates with about 70% of prostate total volume [71].
Peripheral-zone cancer tumors typically tend to grow along the nerve branches [71]. Therefore,
emphasis in sensors placement can be paid to those areas of high likelihood of tumor growth, in
order to ensure that their temperatures are below the lethal temperature (-45°C). Furthermore, the
likelihood of cancer developing in the urethral wall is low, while the temperature distribution
between the urethral wall and its surrounding cryoprobes is fairly easy to predict [16]. Thus,
sensors in the area surrounding the urethra are of low priority.

Additional parameters which may affect the sensors placement are the contour of the target
region shape, and the expected location of strategically targeted isotherms, such as the lethal
isotherm and the freezing front. Denser sensors distribution may be chosen in areas of critical
significance to prevent cryoinjury. Finally, it was concluded in Chapter 2 that the mismatch
between the benchmark and the reconstructed temperature field is higher in areas with steep
temperature gradients. A strategy which analyzes the temperature gradient field and place higher
weight on areas of significant changes could decrease the overall number of sensors to be used

while preserving the quality of the solution.
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