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ABSTRACT The objective of this study was to devise an interactive tool to assist in cryoablation
therapy through computer modeling, simulation, and visualization. CryoSim, a software package,
accepts a set of acquired and processed three-dimensional ultrasound images, then models heat
diffusion (formation of the iceball) based on numerical approximation of the heat equation and
knowledge of the thermal properties of the underlying tissues. Results of cryoexperiments were
found to be significantly similar to those generated by CryoSim. Therefore, CryoSim provides a
viable technique for predicting the outcome of cryosurgery, and establishes a platform for future
automation of cryosurgery. Comp Aid Surg 4:193-199 (1999). ©1999 Wiley-Liss, Inc.
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OBJECTIVE

Prostate cancer is the second leading cause of canrates, cooling temperatures, and activation times.
cer death in American men. In 1997, approximately Although cryoablation has been used for some
209,900 new cases of prostate cancer were diag-time, the efficacy of the cryoprobe system has not
nosed, and the disease resulted in more than 41,80een extensively studied. Cryosurgery of the pros-
deaths’.18 Traditional treatments for prostate can- tate is performed under ultrasound monitoring. Un-
cer include surgical removal or radiation therapy. fortunately, the iceball of frozen tissue obstructs the
Recently, however, cryosurgery has been acceptedpropagation of sound waves, and only the front of
as a treatment option in localized carcinoma of the this ball is visible. In addition, whereas the temper-
prostate, in part because of new technological ad- ature of the leading front of the iceball in the
vances and a refinement of the technique by Onik et prostate is—8°C, the temperature needed to kill the
al819 Prostate cryosurgery has certain advantagestissue has been reported to be betweefD° and
over other procedures, including lower morbidity, —50°C16 At present, it is difficult to monitor the
short hospital stay, minimal blood loss, and the temperature of the prostate as it is being frozen.
ability to retreat patients when necessapy Two- and three-dimensional (2D and 3D) modeling
Cryoablation therapy is a method of mini- of cryosurgery has been described in numerous
mally invasive cancer treatment that uses liquid papers, but there have been no studies of cryosimu-
nitrogen or supercooled argon to freeze and thus lation of the prostate in 3D modelg13-15We
destroy tumors. Liquid nitrogen cools the tumor via have therefore developed a computer program to
a set of cryoprobes which have adjustable flow model cryosurgery mathematically. This tool mon-
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itors the boundary of destroyed tissue and neigh- ments. As the probe rotates, a frame-grabber con-
boring organs in 3D based on ultrasound images. verts the stream of data produced by the ultrasound
The Cryoablation Simulator (or CryoSim) provides machine into a digital image which is stored on a
a modeling, training, and automation platform for disk for later analysis.

cryoablation therapy. Provided with the physical

characteristics of the surrounding tissue, a 3D ul- Fan-to-Rectangular Conversion

trasound of the affected region, and the positions As the ultrasound probe sweeps across the prostatic
and settings of the cryoprobes, CryoSim calculates yolume, a fan-shaped swept volume is produced. In
the isotherms of the frozen tissues or killing region.  this configuration, the acquired images are arranged
These isotherms are depicted visually with refer- as a fan of (typically) 100 2D images, radiating
ence to the surrounding tissue. Within the simula- outward from the ultrasound transducer, and evenly
tor, the user may move the cryoprobes, change theirspaced over an arc of (typically) 80°. The recon-
settings, and adjust the viewpoint. CryoSim was struction algorithm of the existing 3D visualization
developed using €+ and Direct3D, a graphical  software produces a 3D image in which the relative
library for Windows 95 and Windows NT. Al-  orientation of the acquired images is uniformly
though the initial effort concentrated on the appli- preserved. Conversion of the data from a fan-shape
cations of this program in cryosurgery of the pros- geometry to a uniform rectangular-grid geometry
tate, the program could also be used in cryoablation ysing polar-to-Cartesian coordinate mapping is
of different organs if their thermal properties are needed for proper 3D reconstruction. We use bilin-
known. ear interpolation as a conversion algorithm to con-

i 17
MATERIALS AND METHODS vert a set of 2D images to 3B*

3D Model of the Prostate Theoretical Basis of Cryoablation Modeling

The ultrasound data were obtained using an Aloka
7.5-MHz linear array transducer and 5-MHz curved
array sector transducer (UST-664-5/7.5; Aloka Co
Wallingford, CT) and a prostate phantom (Model
84-353; Nuclear Associates, Carle Place, NY) or a7

chicken breast. This was followed by reconstruc- o

tion of 3D models as described below. The ultra- VKVT) = cp ot q 1
sound data, composed of successive 8-bit unsigned

integers, specifies the intensity of the imaged voxel. whereT represents the temperature and is a func-
No header is provided, so the user must specify the tion of space and time (in three dimensiorsy,
voxel size. In addition, the width, height, and depth and z), k is the thermal conductivity of the sub-
of the ultrasound picture must also be specified by stance (W/m K)g is the specific heat (J/kg Kp,is
providing dimensions for the individual voxel (in  the density (kg/m3), and-dot is the heat flux per
inches or centimeters). The picture size determines unit volume (J/s). In our derivation, we will assume
the size of the file: The voxel size scales the data thatk andg-dot are constant in the separate regions
file to the image dimensions (inches or centime- of interest, i.e., the frozen and solid areas of a
ters). The size of the scanned ultrasound object wastissue, and averaged for the “slush” intermediate
verified by producing images of objects with region, so the spatial derivatives only apply to the
known spatial dimensions and comparing them temperature.

with their scale on the computer screen. The first The solution to this PDE involves numerical
2D image of the object sets up the angular orien- approximation to the derivatives and knowledge of
tation of the object, e.g., the zero coordinate on the the boundary conditions. In our case, we have
z axis in Cartesian coordinates, with each succeed-boundaries at the cryoprobes and an initial temper-
ing layer being on top of the previous one, whereas ature distribution. We used a backward difference
the thickness of each layer is defined by the method since it is unconditionally stable when

The CryoSim program uses a partial differential
equation (PDE) to describe the growth of the freez-
ing front in the tissue. The PDE used is the classic
' heat equatio¥:

dimension of each voxel. compared to Robin’s forward methédl.
. This parabolic PDE is analyzed in two parts:
Image Acquisition the spatial (double) derivative and the derivative in

In the first step, 3D transrectal ultrasound data of time. All numerical approximations to derivatives
the prostate are acquired by rotating the ultrasound are based on Taylor approximations: The method
probe in the lateral direction by fixed angle incre- (forward, central, or backward) describes whether



Jankun et al.: Mathematical Model for Cryosurgery of Prostate 195

the delta in the approximated dimension is positive, Table 1. Thermal Properties of Poultry and
negative, or, in the case of central, averaged be- Prostate!®

tween the two. A central technique is used for the p K Cp AHSE
second derivative, whereas a backward difference Material (kg/m®)  (W/mK) (Jkg K)  (JI/kg)
method is used for the single derivative. For a Chicken
spatial derivative, the approximation is: Unfrozen 1050 0.50 3310 246,556
Frozen 910 1.68 1550
Prostate
9°T  T(x— Ax) — 2T(x) + T(x + AX) Unfrozen 1086 0.45 3520 268,000
Fyvin N 2) Frozen 1034 2.0 1840
X X Beef (25°C) 2174 0.47 2956 206,819
Banana
For the time derivative, the approximation is: Unfrozen 2801 3347 309,184
Frozen 1470 1757

aT  T(t) — T(t — At)
ot At (3)

creases the memory and time needed for computa-

. L . tion.
With these two approximations, we can derive the In this approximation, we are interested in

\?v%pg?;(rl'[nviittlr? qggrg}?l?ngls%dsg our algorithm. First, knowing the temperature at all points at a specific
9 time t. Thus, we solve for this time step in our
approximation. We could rewrite Equation (3) by

KV2T = cp aT - @) solving forT, ;, but it is more co_nvenien_t to put_it in
ot a form that can be solved using matrix manipula-
tion, such as
Now, we apply the approximations to obtain
AT, =T, +K (6)
T(Xx—h) — 2T(x) + T(x + h) i . )
k( 2 where A is our coefficient matrix, thel vectors
represent the current and previous temperature val-
T(y—h) —2T(y) + T(y + h) ues, respectively, and th€ vector is a constant
+ h2 vector encapsulating heat sources and sinks. This

matrix is determined by the following equation:

N T(z—h) —2T(z) + T(z+ h))

h? . AtkETj,t—T”_T +At -
T -T-Ay ot T T
The preferred form of this equation is
or, more simply,

h2

T't _ T'[ T'[ _ T't N (1 + 6)\)Ti,t - /\ E Tj,l = Ti,t—l + A ? qi,'( (8)
Js Iy _ i -1 . i
k ]2 h2 Cp At ql,t (5)

which hasT;, isolated by itself and representing

whereh is the spatial step size of the grid (uniform

in all directions),i indexes the temperature value at ﬂ E

the current mesh point of interegt,indexes the cp h?

temperature value ats six nearest neighbors, and

t andt—1 are the current and previous time steps, This will produce a sparse matrix that is diagonally
respectively. Also, to perform this approximation, dominant.

the continuous 3D space must be broken into sev-

eral finite elements that share the average of all the Computer Model of Cryosurgery

thermal properties in that element. Thus, the finer All computer simulations were done using the ther-
the spacing is, the more information is retained. mal properties shown in Table 1. Also, calculations
However, smaller spacing also dramatically in- were performed on the assumption that thermal
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Fig. 1. Three-dimensional model of prostate phantom (light white), urethra (white), colon wall (yellow), and three
cryoprobes (light blue).

properties are uniform throughout the prostate or tions and a degree of imprecision that could even-
any simulated organ. This is an obvious compro- tually be introduced into this model.
mise between the time needed to do the calcula- A time step of 0.7 min and spatial step of 0.6
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Fig. 2. Setup of cryoapparatus. The apparatus consists of the cryoprobe with the test object inserted on the tip, aligned to

one side. The ultrasound probe and cryoprobe with test object were submerged in water. The adjustable scale was used to move
the cryoprobe longitudinally to produce contiguous slices of the test object.
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Fig. 3. A 3D plot of a prostate phantom produced by CryoSim showing the propagation of the freezing front or the iceball
(blue) around the prostate volume after the insertion of two cryoprobes. Notice how the prostate is not fully enclosed by the
iceball boundaries; simulation parameters should be adjusted accordingly.

cm were used. For cryoexperiment validation, we model. Progress of iceball formation was measured
used one cryoprobe and stopped the calculationfrom ultrasound images and was also calculated at
every 2 min from 4 to 16 min to measure the 5-, 10-, and 15-min intervals for three cryoprobes.

progress of iceball formation in the computer In addition, for visualization of iceball formation,
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Fig. 4. Comparison of nonlinear regression of the measured radii (freezing distance) and computer-predicted leading front

of the iceball. The solid line represents the best fit of measured distance; the dotted line represents the best fit of predicted
distances.
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Fig. 5. Isotherms of frozen prostate. For simplicity, only
isotherms between-8° and —60°C are shown. The white
area represents temperatures between 37°-%C; black
represents temperatures betweed”® and —180°C.

the 3T3 Transform data visualization program
(Fortner Sterling, VA), using the Interpolated Im-
age function and Rainbow color table.

Cryoexperiment

To validate predictions of the computer model with
cryosurgery, we performed the cryo-experiment. In
this experiment, the apparatus shown in Figure 2
was used. The basic setup consists of adjustable
knobs that can move the ultrasound probe in a
longitudinal and latitudinal direction. By moving
the ultrasound probe in the longitudinal direction,
we receive slice images of the object. The object
was suspended using the cryoprobe inserted into it,
then mounted securely to the apparatus. The sus-
pended test object and cryoprobe were set in water
beside the ultrasound probe. We used an Aloka
7.5-MHz linear array transducer and 5-MHz
curved-array sector transducer (UST-664-5/7.5;
Aloka). Chicken breasts were used because their
thermal properties are very similar to those of the
prostate gland (Table 1). The initial temperature of
the water bath was 12°C.

Freezing was initiated by X 4 X 18-mm
blunt cryoprobes (AccuproBe450; Cryomedical
Sciences, Rockville, MD), using liquid nitrogen as
a freezing medium. After freezing was initiated,
images of the test object were taken at regular time
intervals.

RESULTS AND DISCUSSION

The 2D ultrasound images of chicken breasts were
collected, 3D models were reconstructed by manual
segmentation, and the cryoprobes were reproduced
and positioned at relative coordinates correspond-
ing to those of the real cryoprobes as shown in
Figure 1. The cryoexperiment was initiated and
data were collected as described in Materials and
Methods. The size of the formed iceball was com-
pared with that produced by CryoSym. Flow pa-
rameters and dimensions of the probe were at the
same settings as on the cryomachine. Figure 3
shows a 3D plot of a prostate phantom with the
iceball surface generated by CryoSim with one
cryoprobe inserted. Figure 4 shows the nonlinear
regression lines depicting cryoexperiment data and
computer-generated radii of the iceball in the mid-
dle section of the prostate. The results show signif-
icant similarities between the data generated by
CryoSim and the measurements of the iceljah(
.05). The second-degree polynomial best fitting
trend lines of measurements and model prediction

we collected data on temperature distribution. For are practically the same.

this, a time step of 0.8 min and spatial step of 0.7

CryoSim provides for the possibility of mod-

cm were used. The isotherms were visualized by eling not only iceball formation, but also the tem-
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perature distribution in 3D with up to eight cryo- 3.
probes. Our simulation used three cryoprobes and
took readings at three time intervals (5, 10, and 15 4
min). The model revealed that the time needed to
freeze the prostate is 10 min. This will be the time 5
required if cryosurgery is monitored according to
the expansion of the iceball under ultrasound. How-
ever, analysis of temperature distribution shows
that the temperature gradient is very steep in the
initial stages of cyrosurgery, when40° to —50°C
isotherms are in proximity to the front of the ice-
ball. As the freezing time progresses, the iceball
becomes larger and the temperature gradient be- g
comes much less steep (Fig. 5). The isotherm that
has been reported to be therapeutic delimitates only
approximately 50% of the iceball. Comparison of o
temperature isotherms shows that it is much more
desirable to use multiple cryoprobes, e.g., five or

more, for a short period of time. In such a config- 10.

uration, the therapeutic isotherm is in proximity to

the formed iceball front, thereby securing destruc- 11.

tion of the gland.
The need for temperature monitoring and mod-

eling of cryosurgery has been frequently emphasized, 12-

but studies have met with only limited success so far.
CryoSim provides a new way to model the cryosur-
gery, display the leading front of frozen tissue in 3D,
and display temperature distribution within the pros-
tate. In this way, the simulator would present all data,
such as the flow rate of each cryoprobe, its position,
and the number of probes and cooling time needed for
successful cryosurgery. CryoSim will also provide a

platform for future automation of cryosurgery usinga 15

robotic arm to position the cryoprobes in a place that
is predetermined as optimal by a computer program.
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