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Hyperthermic therapy is being used for a variety of medical
treatments, such as tumor ablation and the enhancement of
radiation therapy. Research in this area requires a tool to record
the temperature distribution created by a heat source, similar to
the dosimetry gels used in radiation therapy to record dose
distribution. Poly(vinyl alcohol) cryogel (PVA-C) is presented as
a material capable of recording temperature distributions be-
tween 45 and 70°C, with less than a 1°C error. An approximately
linear, positive relationship between MR relaxation times and
applied temperature is demonstrated, with a maximum of
16.3 ms/°C change in T1 and 10.2 ms/°C in T2 for a typical PVA-C
gel. Applied heat reduces the amount of cross-linking in PVA-C,
which is responsible for a predictable change in T1 and T2 times.
Temperature distributions in PVA-C volumes may be determined
by matching MR relaxation times across the volumes to calibra-
tion values produced in samples subjected to known tempera-
tures. Factors such as thermotolerance, perfusion effects, and
thermal conductivity of PVA-C are addressed for potentially ex-
tending this method to modeling thermal doses in tissue. Magn
Reson Med 46:1006–1013, 2001. © 2001 Wiley-Liss, Inc.
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Advances in source-applied medical treatments have de-
manded more accurate planning and targeting techniques,
which has driven research in dosimetry test models. For
conformal radiotherapy, dosimetric gels have been preva-
lent in the literature as an appropriate tissue model for
radiation planning (1–5). Three-dimensional information
can be directly acquired from an irradiated gel through
optical tomographic scanning or MRI. This is an improve-
ment on the previous mode of planning, in which doses
were recorded with 2D films.

Applied heat, or hyperthermic therapy, is being used for
a variety of medical treatments, including the enhance-
ment of radiation treatment, direct tumor ablation, or for
the creation of therapeutic lesions in the treatment of
parkinsonian tremor and epilepsy (6,7). Currently, how-
ever, there is no means analogous to a radiation dosimetry
gel for recording the 3D temperature distribution gener-
ated by an applied heat source.

Tissue heating may be applied through RF probes, la-
sers, microwaves, or high-frequency ultrasound (6,8).
Low-temperature hyperthermia in the range of 43–45°C is
used in applications such as radiation therapy to kill can-
cer cells or to improve the tissue’s response to applied

radiation (7–9). High-temperature hyperthermia, where
temperatures range from 50–80°C, causes protein denatur-
ation and subsequent tissue necrosis (9). To cause perma-
nent damage, or cell death, for therapeutic lesioning, the
temperature must be above 45°C, while temperatures be-
tween 42–44°C will cause temporary, reversible cell dam-
age (6). Thus, to create therapeutic lesions the temperature
in the target tissue must be raised above 45°C, causing a
surrounding fall-off region of temporary damage. The two
goals of therapeutic lesioning are, first, to ensure that the
targeted volume of tissue has been adequately heated to
cause necrosis, while minimizing the amount of surround-
ing tissue exposed to critical temperatures and irreversible
damage (9).

Studies have been performed to monitor heating pro-
cesses in real time, including using thermocouples during
the heat treatment of wounds (9), and in vivo monitoring
in MRI of applied thermotherapy (9–20). MR thermomet-
ric methods, such as proton-resonance frequency (PRF)
shift (9,12,16,18–20), spin-lattice relaxation time (13–20),
and diffusion coefficient of water (13,15–16,18–20) are
real-time procedures that provide a minimally invasive
measurement of temperatures induced in tissue samples or
phantoms. PRF appears to be the most reliable method for
temperature estimation due to its linear behavior and ease
of measurement, and because its thermal coefficient (usu-
ally reported as the PRF change in ppm/°C) is similar for
many tissue types (9,16). Although there are concerns
about irreversible behavior between heating and cooling,
difficulty of measurement and interpretation, and a need
for a priori thermal calibrations for each of the MR ther-
mometry methods (9), the temperature sensitivities are
generally within 1°C, with an accuracy of 0.37°C being
reported by de Zwart et al. (21).

These thermometry methods are limited to real-time
imaging, but there are advantages to having a tool that
would maintain a permanent postheating thermal record
in three dimensions in order to study the heat distribution
mechanisms of surgical probes. Our objective in this work
was to develop a way to determine the shape of a heat-
affected region caused by an RF probe. This is particularly
important when developing RF probes that create lesions
with shapes other than the isotropic ellipsoid created by
standard probes.

Theoretical models have been proposed as predictive
tools for lesion planning and have been supported by
postoperative MR images of heat-created lesions (8,22).
However, comparison with a high-resolution experimental
model, which provides heat gradients in three dimensions,
would provide a more robust model that would also detail
the extent of reversible tissue damage. This experimental
model would be similar in function to radiation dosimetry
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gels and would record thermal dose, which would then be
quantified postheating.

We present poly(vinyl alcohol) cryogel (PVA-C) as a
suitable candidate for thermal dosimetry. Through previ-
ous work we have done in creating PVA-C phantoms for
medical imaging studies (23,24), it was apparent that this
material’s structure is sensitive to temperature applica-
tion, at least in its formation process. We believe that this
temperature sensitivity could be extended to the con-
trolled heating of the cryogel after gellation and it was
hypothesized that the MR imaging characteristics of
PVA-C could be related to the temperature distribution
caused by the hyperthermic therapy.

Poly(vinyl alcohol) cryogel is a nontoxic, elastic, me-
chanically strong gel, whose properties make it particu-
larly suitable for the construction of medical imaging
phantoms (23–25). PVA-C was first developed by Mano et
al. (26), who devised a method of repeatedly freezing and
thawing a uniform, highly hydrolyzed PVA solution into a
medium called Nambu Poly(vinyl alcohol) gel, which has
elastic properties similar to those of many human tissues.
This cryogel solidifies during the freeze-thaw process as
hydrogen bonds form between water and the hydroxyl
groups on the PVA molecules (27). A higher concentration
of the PVA molecule in water causes a higher degree of
hydrogen bonding, which contributes to an increased elas-
tic modulus of the cryogel. Likewise, as the number of
freeze–thaw cycles (FTCs) increases the degree of hydro-
gen bonding also increases and contributes to the elastic
modulus (27). Finally, the rate of thaw can also affect the
elastic modulus, as slow thaw rates have been shown to
increase the amount of PVA cross-linking (23).

PVA-C has been successfully used to mimic organs and
tissues in imaging phantom studies. This material exhibits
close to ideal imaging and mechanical properties and
these can be prescribed to some extent (23,24). The factors
that affect the material characteristics are PVA-C concen-
tration, number of FTCs, thawing rates, additives (echo-
genic particles and preservatives) (23), and, as discussed
below, exposure to a heat source.

MATERIALS AND METHODS

Sample Preparation

Two types of PVA solutions were prepared: 10% PVA by
weight in water and another 15% by weight. A syringe was
used to transfer 1 mL of PVA solution into 5 mL cuvettes
(1 3 1 3 5cm). The samples were placed in a freezer in
which the temperature was slowly decreased from ambi-
ent to 220°C in a 12 h freezing stage. The resulting char-
acteristics of the cryogel have been shown to be indepen-
dent of the freezing rate (28).

The effect of different concentrations, FTCs, and thaw-
rates were evaluated through different preparation proto-
cols for the PVA cuvette samples. Twenty cuvettes of 10%
solution were subjected to one freezing stage, then thawed
in room-temperature water. Another subset of 20 cuvettes
of 10% solution and a set of 15% PVA cuvettes were
subjected to one freezing stage, then thawed slowly in the
freezer from 220°C to 120°C within a 6 h period, at
approximately 7°C/h. This is a typical FTC. A third set of

20 cuvettes of 10% solution were subjected to a second
FTC.

Three sets of 60 PVA-C samples were prepared in this
manner, so that three heating trials could be conducted to
assess repeatability and stability.

Twenty-five additional cuvettes of 10% PVA-C, with
two FTCs, were prepared to explore the thermal behavior
of PVA-C.

Two circular cylinders, 5 cm in diameter and 12 cm
long, of 10% 2FTC PVA-C, were made for the gradient
mapping and thermal conductivity studies. These phan-
toms were formed with a central cylindrical void, made
from a plastic rod inserted into the PVA during the FTCs.

Sample Heating

A water bath was used to heat the samples. Nineteen
samples from each heating trial subgroup were heated in
intervals of 2°C for a temperature range of 36–72°C. The
twentieth samples from each series were kept as controls.
Each 5 min heating period was terminated by temporarily
immersing the samples in room-temperature water.

The samples of PVA-C were heated sufficiently to ensure
that a uniform temperature had been achieved. After 5 min
of heating at any temperature between 36–72°C, the sam-
ples were visibly uniform in their translucency. This
steady state was confirmed through uniformity in MR re-
laxation times across the cross-section of each sample.

To explore the effect of thermal history on PVA-C, the
other 25 prepared cuvettes were used. Five of these were
kept as controls and were not heated. The next set of five
cuvettes was heated to 60°C in the water bath and cooled
rapidly to 20°C in a cold bath. This heating pattern was
applied twice to a third set of five cuvettes. The fourth set
of five was heated to 60°C, cooled to 20°C, heated to a
different peak temperature of 50°C, and cooled to 20°C.
The final set of five cuvettes was heated first to 50°C,
cooled to 20°C, and then heated to 60°C before being
cooled back to 20°C.

MR Relaxation Times

After heating, the samples were bundled together and im-
aged in a GE Signa 1.5T MRI. Imaging was performed
within 10 h of heating to minimize any potential decay of
temperature memory with time. Local image signal-to-
noise was improved through the use of an extremity gra-
dient coil in the last two of the three heating series trials
and the thermal history trial. Image quality was also im-
proved by having the samples close together and in a water
bath. The close proximity of the samples allowed them to
fit inside a small gradient coil and the water served to
minimize susceptibility-induced edge effects. Two weeks
later, the samples from the third heating series trial were
reimaged to assess the longer-term stability of the heated
PVA-C in both T1 and T2.

The T1 relaxation times were acquired using a 2D-inver-
sion recovery (IR) sequence. The inversion time (TI) was
varied for seven acquisitions (Fig. 1) using the following
scanning parameters: variable bandwidth, extended dy-
namic range, 3 mm thick slice, single slice, 256 3
192 matrix, 1 NEX, 0.75 phase FOV, S/I frequency direc-
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tion, one echo, TR 5 5000 ms, TE 5 14.0 ms, and TI 5 50,
100, 200, 400, 800, 1600, and 3200 ms, in sequence.

The T2 relaxation times were obtained using a 2D-spin
echo sequence (Fig. 2) with the following parameters: vari-
able bandwidth, extended dynamic range, 3 mm thick
slice, single slice, 256 3 192 matrix, 1 NEX, 0.75 phase
FOV, S/I frequency direction, one echo, TR 5 5000 ms,
and TE 5 20, 40, 80, 160, 320, 640, and 1280 ms, in
sequence.

Analysis

The data acquired from the 2D-IR images were fitted to the
standard signal intensity equation (Eq. [1]) using custom-
written MATLAB scripts (MathWorks, Natick, MA). A
cross-sectional region of interest (ROI) was manually se-
lected in one of the seven IR series images for each of the
PVA-C samples. Using the average signal intensity values
calculated in each of the seven images for that ROI, a curve
was plotted against the range of TI values and T1 was
determined.

SI 5 So~1 2 2e2TI/T1 1 e2TR/T1! [1a]

Since TR @ T1, Eq. [1a] may be rewritten as:

SI 5 So~1 2 2e2TI/T1! [1b]

SI is the signal intensity of the selected ROI of the image
and So is equal to 2SI at a TI value of zero.

Likewise, the data acquired from the 2D-spin echo se-
quence images were fitted to Eq. [2]:

SI 5 So~1 2 e2TR/T1!e2TE/T2 . [2a]

Since TR @ T1, Eq. [2a] may be rewritten as:

SI 5 Soe2TE/T2 . [2b]

SI is the signal intensity of the selected ROI and So is SI
at a TE value of zero.

The T1 and T2 values were then plotted against the
temperatures corresponding to the heating series samples
for which they were calculated, and this set of data was
represented by a least-squares fit. T1 and T2 values were
also obtained for the PVA-C samples subjected to thermal
cycling.

Gradient Mapping

A preliminary study was conducted to look at the heat
distribution in a cylindrical sample of PVA-C. The gradi-
ent was created by submerging the 5 cm diameter sample
of 10% 2FTC PVA-C into a controlled 70°C water bath
until the PVA-C’s internal temperature reached 50°C (mea-
sured at approximately 1.5 cm from the cylinder’s edge). A
1.2 cm diameter aluminum rod inserted into the center of
the PVA-C cylinder served as a heat sink. Upon removal,

FIG. 1. An inversion recovery image of the PVA-C samples, from the
series of images obtained to find T1 values. From the left, each
series consists of two columns of cuvettes: A: 10% 1FTC quick-
thaw, B: 10% 1FTC, C: 10% 2FTC, D: 15% 1FTC. From bottom to
top, the samples were heated with increasing temperature, as indi-
cated. The final cuvette in each series, marked with an asterisk (*),
is the control sample.

FIG. 2. A spin echo image of the PVA-C samples, from the series of
images obtained to find T2 values. From the left, each series con-
sists of two columns of cuvettes: A: 10% 1FTC quick-thaw, B: 10%
1FTC, C: 10% 2FTC, D: 15% 1FTC. From bottom to top, the
samples were heated with increasing temperature, as indicated. The
final cuvette in each series, marked with an asterisk (*), is the control
sample.
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the cylinder was immersed in a cool water bath to halt
further heating. Images were acquired using the inversion
recovery sequence, with the same parameters as the initial
experiments, to obtain the 2D T1 relaxation map. A profile
of the relaxation gradient was obtained by averaging the
pixel values of the T1 map at each radial distance of the
cylinder cross-section.

Thermal Conductivity

To determine the thermal conductivity of 10% 2FTC
PVA-C using the methodology outlined by Touloukian et
al. (29) for radial heat flow, the heat flow through a 5 cm
diameter aluminum cylinder with known thermal conduc-
tivity was compared to the heat flow through an identical
cylinder of 10% 2FTC PVA-C. Thermocouples were in-
serted at radii of 5 mm and 15 mm from the outer edges of
the cylinders and the time-dependent temperatures were
recorded over a 150 sec time interval in a 70°C water bath.

RESULTS AND DISCUSSION

Temperature Prediction

There was an increase in relaxation time with temperature
in all cases. The curves showing the relationship between
temperature and T1 and T2 times are shown for 10% 2FTC
PVA-C in Figs. 3 and 4, respectively. The relaxation times
are approximately linear with temperature over the range
45–70°C and there is a noticeable leveling off of the values
outside this range. At the lower end, this may indicate that

the added heat was not yet sufficient to affect the PVA-C
and its corresponding relaxation times. At the upper end
of the temperature scale, an equilibrium point may have
been reached where the PVA-C was thoroughly melted and
thus all the relaxation times for temperatures above this
point would be the same. The positive linear relationships
in the temperature range of 45–70°C are also shown in
Figs. 3 and 4. This demonstrates the capacity for temper-
ature memory in 10% 2FTC PVA-C. We suggest that the
temperature memory can be attributed to the breaking of
the hydrogen bonds through the application of heat. By
this mechanism, changes in the structure of the PVA-C are
reflected in elevated T1 and T2 relaxation times as the
cryogel moves to a more liquid state. Since the melting
point of the PVA molecules is much greater than 70°C
(about 200°C), the changes are not attributable to bonding
disruptions in the PVA polymer itself.

The linear correlation between relaxation times and
temperature improved with increased concentration, in-
creased number of FTCs, and a prolonged thawing period
(Table 1). The 10% 2FTC samples possessed the largest
change in relaxation time with temperature, 16.3 ms/°C for
T1 and 10.2 ms/°C for T2. All PVA-C types produced
curves with an inexplicable, nonlinear ’bump’ at 52–56°C,
but this effect is minimal in the 10% 2FTC samples and
this is reflected in the R2 values. Without further investi-
gation of this characteristic, only 10% 2FTC PVA-C can be
recommended as the most linear curve and T1 as providing
a more reliably linear relationship than T2 (R2 values of
0.99 and 0.98 for T1 and T2 fits, respectively; see Table 1).

FIG. 3. Mean T1 values, plotted against temperature, for 10% 2FTC
PVA-C. The linear section between 45 and 70°C is indicated. In this
region a line of best fit is also plotted and the error range is shown
by dashed lines.

FIG. 4. Mean T2 values, plotted against temperature, for 10% 2FTC
PVA-C. The linear section between 45 and 70°C is indicated. In this
region a line of best fit is also plotted and the error range is shown
by dashed lines.

Table 1
Correlation Coefficients, Relaxation Time Ranges, and Temperature Errors for T1 and T2, Over a Temperature Range of 45–70°C

10% 1FTC
quick-thaw

10% 1FTC 15% 1FTC 10% 2FTC

T1 R2 0.8993 0.9655 0.9876 0.9905
T1 range (ms) 156 322 271 423
Temperature error (°C) 62.9 61.6 61.0 60.8

T2 R2 0.8116 0.9776 0.9757 0.9757
T2 range (ms) 197 263 175 265
Temperature error (°C) 64.1 61.3 61.4 61.4
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The standard error was calculated for each PVA-C type
to relate a given T1 or T2 value to a temperature lying
within its calculated error range. The error range was
reduced with an increase in concentration, number of
FTCs, and thawing time (Table 1). The 10% 2FTC samples
contained the least error, making it possible to match a
given T1 relaxation time to the temperature previously
applied to a sample of 10% 2FTC PVA-C accurate to
60.8°C, in the range of 45–70°C (Fig. 3). This standardized
temperature gradient scale could be used to determine an
unknown temperature applied to a sample of PVA-C by
matching the T1 and T2 values of an imaged sample to their
corresponding temperatures. Using Eq. [3], the tempera-
ture, t, of a pixel or region in the image can be found from
its T1 ([3a]) or T2 ([3b]) value:

t 5 0.555T1 2 16.10

R2 5 0.99 [3a]

t 5 0.085T2 1 32.73

R2 5 0.98. [3b]

To investigate this procedure, the T1 map of the cylindri-
cal PVA-C gradient sample was used. The T1 values were
averaged for 15 cylinder radii and were used in Eq. [3a] to
plot the temperature gradient (Fig. 5). The logarithmic
trend follows the form for a steady-state heat conduction
model for a cylinder (30):

t 5 to 2
q

2pkL
lnS r

ro
D . [4]

Here, q is the heat conduction rate in the radial direction
(in Js-1m-1); k is the thermal conductivity of the material
(in Wm-1K-1); L is the length of the cylinder (in m); r is the
relative radial position from the center of the cylinder (in
m); ro is the radius of the cylinder (in m); t is the temper-
ature at position r (in K); and to is the temperature at the
outer edge of the cylinder (in K) (30).

The curve of best fit to the data shown in Fig. 5 is:

t 5 27.11 ln~r! 1 72.90

R2 5 0.97. [5]

The analysis assumes a steady-state situation. This is a
simplification of the heat transfer mechanism, as it as-
sumes that there is a perfect heat sink in the center of the
cylinder. Without such a heat sink, a nonsteady-state anal-
ysis is more accurate. With only this single proof-of-con-
cept case, a full analysis was unwarranted and the good fit
(x0.05

2 ) to the form of the steady-state model provides
enough confirmation that this method is working suffi-
ciently well to predict temperature gradients in PVA-C.

The T1 and T2 imaging methods used above are known
to be approximate; a ’pure’ CPMG sequence was not avail-
able, so a single-echo spin echo sequence with incre-
mented echo times was used to find T2. Repeatability of
measurements is more important here than accuracy. With
a repeatable technique, uncontrolled heating patterns can
be analyzed using results from controlled heating studies,
as long as the preparation of the phantoms and the acqui-
sition of data is kept the same. The scales given here for
relaxation time to temperature are not meant to be abso-
lute, but instead are a demonstration of the capability to
make a reference scale for any given condition. The actual
relationship between relaxation time and temperature will
depend on the precise parameters used to manufacture the
PVA-C.

Statistical Analysis

T-tests were used to analyze the effects of concentration,
number of FTCs, and thawing rate on the T1 and T2

changes with increasing temperature.
Significant differences (P , 0.01) were found between

the relaxation times for the 10% PVA-C samples and the
15% PVA-C samples, as well as for PVA-C prepared by
quick thaw, 1FTC and 2FTC. These findings are consistent
with the descriptions of the mechanisms affecting hydro-
gen bonding given by Nagura et al. (27) and Mori et al. (28).

The results of the three independent heating trials dem-
onstrated the reproducibility of the T1 and T2 relaxation
times for the temperature range. Significant differences
were not found between the relaxation times of each series
type compared from one trial to the next, except in three
anomalous cases. These differences in T1 relaxation times
may be due to experimental error, since they were not
consistently found in a particular series-type when com-
paring the three trials.

After 2 weeks, the samples from the third trial were
imaged again to assess the longer-term stability of the
heated PVA-C’s MR characteristics. For the series with
equal variances, analysis with repeated-measures t-tests
(a 5 0.05) showed significant differences between the
initial values and the reimaged T2 values for the quick
thaw and the 10% 1FTC samples, but no significant dif-
ferences for the T2 values of the 10% 2FTCs series or the T1

of the 15% 1FTC series. For the series with unequal vari-
ances, a Wilcoxon Signed Rank Test for the Paired Differ-
ence Experiment (a 5 0.05) showed significant differences

FIG. 5. Temperature gradient in a cylinder of 10% 2FTC PVA-C,
derived from T1 values. The line of best fit is plotted and the error
range is shown.
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between the initial values and the reimaged T1 values for
the quick-thaw and the 10% 1FTC series, but no signifi-
cant differences for the T1 values of the 10% 2FTCs series
or the T2 values of the 15% 1FTC series. To summarize,
the relaxation characteristics of the 10% 2FTCs and the
15% 1FTC series were stable after a period of 2 weeks.

Thermal History

The PVA-C cuvettes which were subjected to two peak
temperatures (as described above) provided an indication
of peak temperatures when the samples were heated to
steady state. Using an ANOVA analysis, no hysteresis was
evident from cycling the system twice between its mini-
mum and maximum temperatures. That is, the relaxation
values for the highest peak temperatures were not signifi-
cantly different from those of the cuvettes subjected to
only one heating cycle (a 5 0.05), except when the order of
the peak temperatures was reversed. With maximum tem-
peratures of first 50°C and then 60°C, the T2 values indi-
cated no significant difference from the other samples
heated to 60°C, but the T1 values indicated a slightly lower
relaxation value (a 5 0.05). Further study is necessary to
examine the cause of the discrepancy.

Thermal Conductivity

It was demonstrated that the thermal conductivity may be
determined by comparison of the radial heat flow through
an aluminum cylinder with known thermal conductivity
and an identical cylinder of 10% 2FTC PVA-C. After
80 sec of heating the PVA-C cylinder, the inner thermo-
couple (at 15 mm) recorded a temperature increase and the
heating was stopped. The thermocouple readings for the
two points in each of the PVA-C and the aluminum cylin-
ders were used to estimate the thermal coefficient for this
sample of PVA-C. Using the temperature readings and the
thermal conductivity coefficient for aluminum (kAl 5
240 Wm-1K-1) (42) in Eq. [4], the heat conduction rate, q,
could be estimated and used again in Eq. [4] to further
estimate kPVA-C. This was found to be 6.5 Wm-1K-1. Liter-
ature values for brain tissue thermal conductivity range
from 0.4–0.6 Wm-1K-1 (43).

Applications

The initial motive for using PVA-C in thermal dosimetry
was to validate theoretical models of the temperature dis-
tribution from an RF probe. To avoid artifacts associated
with the metallic probes, we decided against using real-
time dynamic methods such as proton resonance fre-
quency shift MRI. Although PVA-C has been shown to
record thermal dose through predictable changes in its T1

and T2 values, the study up to this point has concentrated
solely on assessing the MRI characteristics of heated
PVA-C and has not yet been extended to using PVA-C as a
predictor of lesion size in tissue from an RF heat source.

Factors would need to be considered to extend this
technique to modeling the effect of heat deposition in
tissue, including the thermal conductivity of PVA-C in
relation to that of tissue, and the complex response of
tissue to hyperthermia, with respect to its thermotolerance
(16,31–35). Thermal ablation is influenced by intrinsic cell

or tissue susceptibility, spatial distribution of temperature,
duration of heating, rate of heating, pH levels (32), but
perhaps most importantly, the convective heat loss due to
local perfusion (36–38). As pointed out by Jain and Wolf
(37), the models of thermal ablation by Labonte (39), Sha-
hidi and Savard (40), and Panescu et al. (41) do not take
into account the electrical conductivity of tissue or blood.
However, Haines and Watson’s study (38) of the RF cath-
eter ablation in canine right ventricular free wall, the le-
sion depths, widths, and volumes were independent of
intramyocardial perfusion when a constant electrode tip
temperature was maintained. Likewise, the measured dif-
ference in the amount of energy maintaining the constant
tip temperature in the flow vs. nonflow states was negligi-
ble (38). According to Haines and Watson (38), this phe-
nomenon could be caused by coagulation of the microvas-
culature, heat-induced vasoconstriction causing a decrease
in local intramyocardial perfusion while maintaining the
total epicardial perfusion, or because the arteriolar and
venular blood are thermally coupled, minimizing net heat
loss from the lesion site. Jain and Wolf (37) found that
lesion size was best predicted by titrating the delivered
power to maintain a constant electrode tip temperature
and thus a constant temperature gradient and lesion size.
Cheng et al. (22) discarded the perfusion term from the
bio-heat equation in their study of RF thermal ablation on
the basis that the similarity between lesions induced in
saline-gel and perfused liver reflected the vascular homo-
geneity of the ablated portion of liver and its distance from
large vessels. The assumption is that the volume of tissue
ablated in certain clinical applications is small and con-
tained within the capillary network where the blood flow
is slow and has negligible effect during the few minutes of
hyperthermic application (22).

Thus, while PVA-C is only able to record peak temper-
ature and not a full thermal history, the extent of the
heat-affected region characterized by the isothermal sur-
faces at the equivalent model values of 43°C and 45°C may
be described by using PVA-C. This modeling could pro-
vide useful information about the shape of lesions pro-
duced in tissue by RF probes with constant tip tempera-
tures, since the research cited above has shown tip tem-
perature to be the best predictor of lesion size. In
particular, the shape of the lesion produced by a nonstand-
ard probe (e.g., designed to create a conformal lesion)
could be readily determined. Note that the critical temper-
atures of tissue may not be directly modeled in PVA-C due
to the differences in electrical and thermal conductivity
constants, but the extent of hyperthermic lesions produced
in PVA-C may be related to tissue or to theoretical models
through known relationships.

CONCLUSION

PVA-C exhibits a temperature memory when temporarily
heated from ambient to a temperature between 45–70°C.
This ability to record temperature is affected by the con-
centration, number of FTCs, and thaw rates of the PVA-C,
due to their effects on the degree of cross-linking that
initially occurs during cryogel formation. The temperature
memory is demonstrated by a positive, approximately lin-
ear, relationship between both the T1 and T2 relaxation

Temperature Dosimetry in MR Using PVA-C 1011



times and increasing temperature, with the most effective
temperature range being 45–70°C. We suggest that 10%
2FTC PVA-C is the best candidate, particularly when an-
alyzing with T1, because of its linearity of scale, its repeat-
ability, its accuracy and the slope of the relaxation time to
temperature curve.

The relationship between PVA-C and temperature is
used to create a dependence scale which relates T1 or T2

values to specific temperatures. A standardized scale may
be used to determine an unknown temperature or heat
distribution in a sample of 10% 2FTC PVA-C, with an
error of 0.8°C, by matching T1 values to corresponding
temperatures.

The possible extension of this temperature mapping
method to modeling the shape of lesions created by a heat
source in tissue requires consideration of the complex
response of tissue to a thermal history. Although results
indicate that PVA-C does not record thermal history, it
does record peak temperatures and may be a useful indi-
cator of lesions characterized by the isothermal surface of
45°C, created by standard or nonstandard RF probes with
constant tip temperatures. This may be particularly useful
in designing new probes that can produce conformal le-
sions in tissue. Differences in thermal and electrical con-
ductivities must be included in a tissue-mimicking model.
Future work will include applying the temperature scales
in 3D hyperthermic heating studies to analyze a volumet-
ric heating pattern produced by RF probes, focused ultra-
sound, or radio-diathermy.
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