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Purpose: Minimally invasive thermal ablative therapies as alternatives to conventional surgical
management of solid tumors and other pathologies is increasing owing to the potential benefits of
performing these procedures in an outpatient setting with reduced complications and comorbidity.
Magnetic resonance temperature imaging �MRTI� measurement allows existing thermal dose mod-
els to use the spatiotemporal temperature history to estimate the thermal damage to tissue. How-
ever, the various thermal dose models presented in the literature employ different parameters and
thresholds, affecting the reliability of thermal dosimetry. In this study, the authors quantitatively
compared three thermal dose models �Arrhenius rate process, CEM43, and threshold temperature�
using the dice similarity coefficient �DSC�.
Methods: The DSC was used to compare the spatial overlap between the region of thermal damage
as predicted by the models for in vivo normal canine brain during thermal therapy to the region of
thermal damage as revealed by contrast-enhanced T1-weighted images acquired immediately after
therapy ��20 min�. The outer edge of the hyperintense rim of the ablation region was used as the
surrogate marker for the limits of thermal coagulation. The DSC was also used to investigate the
impact of varying the thresholds on each models’ ability to predict the zone of thermal necrosis.
Results: At previously reported thresholds, the authors found that all three models showed good
agreement �defined as DSC�0.7� with post-treatment imaging. All three models examined across
the range of commonly applied thresholds consistently showed highly accurate spatial overlap, low
variability, and little dependence on temperature uncertainty. DSC values corresponding to cited
thresholds were not significantly different from peak DSC values.
Conclusions: Thus, the authors conclude that the all three thermal dose models can be used as a
reliable surrogate for postcontrast tissue damage verification imaging in rapid ablation procedures
and can also be used to enhance the capability of MRTI to control thermal therapy in real
time. © 2010 American Association of Physicists in Medicine. �DOI: 10.1118/1.3490085�
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I. INTRODUCTION

Minimally invasive thermal ablative therapy as an alternative
to conventional surgery in the treatment of solid tumors and
other pathologies is increasing in use because of the potential
benefits of performing these procedures in an outpatient set-
ting with reduced complications and comorbidity. Using real-
time magnetic resonance �MR� imaging to guide these mini-

mally invasive ablative procedures is desirable because of
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the multiple contrast mechanisms currently available for
treatment planning, targeting, monitoring, and verification. In
particular, the use of MR temperature imaging �MRTI� to
monitor energy delivery in real time has facilitated a safer
and more effective therapy delivery for modalities and tumor
locations which previously would have been too difficult to
attempt.1,2
Recently, a FDA-cleared MR-guided laser-induced ther-
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mal therapy was used to treat intracerebral lesions in a clini-
cal trial.2 This system uses MRTI based on the proton reso-
nance frequency shift to guide the delivery of therapy in real
time with a temperature uncertainty generally less than
2 °C.3,4 The cumulative spatiotemporal temperature history
is then used to estimate the thermal damage to tissue.5,6 This
modeling of thermal damage can potentially be used as a
surrogate for post-treatment damage verification imaging and
can also be used to control therapy delivery in real time.

Studies have shown that precontrast and postcontrast im-
aging of brain ablations/thermal lesions in the brain reveals
regions of thermal necrosis correlating with those identified
by post-treatment histopathologic analysis.7,8 However,
contrast-enhanced imaging is not amenable to real-time pro-
cedure monitoring as irreversible damage may have already
occurred. Multiple contrast injections would also require
time for washout prior to each injection and risk toxicity
issues. With accurate MR thermometry and thermal dose pre-
diction, one should be able to monitor treatments in real time
and terminate them immediately before any adjoining
healthy tissue was damaged. This ability would enhance the
safety and efficiency of these minimally invasive thermal
ablative procedures. Additionally, accurate dosimetry, when
coupled with accurate simulation of heating during treat-
ment, would enable better prospective planning of thermal
ablative procedures.

Various models of tissue damage have been evaluated in
brain tissue for rapid thermal therapy delivery applications,
such as laser or focused-ultrasound technology.5,9,10 The ir-
reversible denaturation of proteins is assumed to be the rate-
limiting step in heating-induced tissue coagulation and also
has been shown to be directly correlated with cell death.11–13

Tissue damage can be modeled as a change in state based on
an Arrhenius rate process.14,15 Henriques15 successfully used
the Arrhenius model to predict coagulation in human and pig
skin; more recently, this model has been applied to brain
tissue.9,16,17 Sapareto and Dewey16 developed the CEM43

model as a simplification of the Arrhenius model via ap-
proximation and normalization to hyperthermia results and
used it to predict the isoeffects that would be produced if the
tissue had been exposed to a cumulative equivalent number
of minutes at 43 °C �CEM43�. The CEM43 model was then
later extended to high-temperature ablations by Damianou et
al.18 Lastly, the simplest thermal dose model to apply is a
simple temperature threshold, which assumes that tissue is
damaged nearly instantaneously once it reaches a certain
temperature.19 This model is different from the others in that
it assumes that the tissue response is independent of the tem-
perature history, which may be a reasonable approximation
in cases of rapid ablation.

Although these models have all been used to predict dam-
age in brain tissue during thermal ablative treatment, even
within the same model, widely varying parameters or thresh-
olds have been used as an indication of thermal damage de-
fined by their respective end points. For instance, studies
using the CEM43 model to predict damage to brain tissue

resulted in different values including 28 min, with a standard
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deviation of 41 min �Ref. 20� over seven lesions, when com-
pared to post-treatment T2-weighted imaging 4 h after
therapy and 50 min �Ref. 8� has been used for comparison to
post-treatment contrast-enhanced T1-weighted imaging 20
min after therapy. Likewise, in studies using the Arrhenius
model, different parameters and thresholds have been used to
predict cell death: Thermal damage threshold, �=1,9,16 and
�=6.9.10 Temperature thresholds have been reported in the
range of 48 to 53 °C.5,20,21

In this work, we evaluated how accurately the three ther-
mal dose models �Arrhenius rate process, CEM43, and
threshold temperature� could function as a surrogate to
contrast-enhanced �i.e., “perfusion weighted”� imaging of the
region of damage of normal canine brain tissue after laser
ablative therapy by comparing the predictions to postcontrast
T1-weighted images acquired immediately after treatment
��20 min�. To quantitatively evaluate the performance of
each thermal dose model, we used a statistical validation
metric, the dice similarity coefficient �DSC�, to measure the
spatial overlap of regions.22 The DSC has previously been
used to measure image segmentation accuracy in brain tissue
with MR images.23–25 Post-treatment contrast-enhanced
T1-weighted imaging was used as the gold standard in order
to validate the use of MR-derived thermal dosimetry as a
surrogate for postcontrast thermal damage verification imag-
ing of brain tissue. After the administration of a contrast
agent, the peripheral region of enhancement surrounding the
nonperfused zone has been shown to be in good agreement
with histologic findings as a marker for thermal
coagulation.8,26,27 One such study by Breen et al.7 showed
that the tissue within the hyperintense and central regions
closely corresponded to the region of dead or irreversibly
damaged cells in histology. Their experiment consisted of
carefully acquiring MR and tissue images in the same plane,
which were later aligned for comparison and cell-viability
staining techniques.

In this study, we used the DSC to quantitatively compare
the spatial overlap of the region of thermal damage as pre-
dicted by the Arrhenius, CEM43, and temperature threshold
models for in vivo normal canine brain during thermal
therapy to the region of thermal damage, as revealed by
contrast-enhanced T1-weighted images acquired immedi-
ately after therapy ��20 min�. We also used the DSC to
investigate the effect that varying the parameters and thresh-
olds had on each model.

II. MATERIALS AND METHODS

II.A. MR-guided laser-induced thermal therapy

All experimental procedures were performed at The Uni-
versity of Texas M. D. Anderson Cancer Center in accor-
dance with protocols approved by the Institutional Animal
Care and Use Committee. Four clinically normal mongrel
hound dogs �weighing 20–25 kg each� were used. To image
and treat the dogs, we induced anesthesia with intramuscular
medetomidine �10 mg/kg� and maintained it with 2% isoflu-
rane. Before laser treatment, a burr hole was created in the

right parietal bone of each anesthetized dog. Briefly, a 1 cm
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light-diffusing tip fiber encased in an actively cooled sheath
was inserted into the frontal lobe. Laser fiber placement was
planned and verified by using a 3D fast, spoiled gradient-
echo imaging sequence. All imaging was performed on a 1.5
T whole-body MR scanner �Excite HD, GE Healthcare,
Waukesha, WI�, with an eight-channel phased array, receive-
only head coil �MRI Devices Corp., Gainesville, FL�. Using
a temperature-sensitive echo-planar sequence combined with
parallel imaging, we obtained real-time monitoring of the
temperature changes during exposure of normal brain tissue
to the laser �980 nm; 6–10 W� in five planes every 6 s �num-
ber of shots=8; echo time �TE�=20 ms; repetition time
�TR�=544 ms; field of view �FOV�=20 cm�20 cm;
frequency�phase=256�128; bandwidth �BW�
= �250 kHz�.28,29 A water-selective spatial-spectral excita-
tion was used in order to minimize errors due to the lipid
signal contamination. Coil sensitivities from a calibration
scan were combined to produce the phase maps. Voxel di-
mensions were 0.78 mm�0.78 mm with a slice thickness
of 3–4 mm. Three to five planes were acquired parallel to
one another and acquired parallel to the laser fiber with the
center plane positioned overlapping the fiber. The accelera-
tion factor was 1–2 for all subjects. Subsequent post-
treatment MR imaging consisted of postcontrast T1-weighted
fast-spin echo imaging �TE=9.2 ms; TR=800 ms;
FOV=20 cm�20 cm; frequency�phase=256�192;
BW= �25 kHz� with no acceleration factor applied. The
spatial resolution and slice location of the post-treatment im-
aging matched the MR temperature images. After therapy,
the burr hole was sealed with bone wax, the muscle was
closed with 3.0 vicryl sutures, and the skin was closed with
3.0 nylon sutures.

II.B. Postprocessing of real-time MRTI and thermal
dose

MRTI was performed using the temperature-dependent
proton resonance frequency method.3 An in-house software
written in MATLAB �The Mathworks Inc., Natick, MA� was
used to process the temperature images and to apply the ther-
mal dose models. Temperature changes were calculated from
complex phase subtraction images and added to the baseline
temperature of the dogs to obtain absolute temperature maps.
The relationship between the phase difference ���� and the
measured temperature change ��T� can be expressed as

�� =
��

2	 · 
 · �B0 · TE
, �1�

where 
 is the temperature sensitivity coefficient �assumed
to be −0.0097 ppm / °C�,30 � is the gyromagnetic ratio
�42.58�106 Hz /T�, B0 is the strength of the main magnet
�1.5 T�, and TE is the echo time for the MR pulse sequence
�20 ms�.

By defining a region of interest �ROI� in the first three
temperature images before treatment delivery, we were able
to estimate the uncertainty �noise� in the temperature images
as the average of the standard deviations from the ROI. The

ROI was placed as close as possible to the active area of the
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laser fiber in order to measure the uncertainty of the ablation
region. Figure 1 shows the ROI for dog 1. The area to the
right of the ROI, where temperature artifacts due to the laser
fiber can be observed, was avoided to prevent the water-
cooled sheath from affecting the temperature measurement.

Magnetic field drift was accounted for by creating an ad-
ditional ROI in the contralateral side of the brain away from
the area of heating and the mean temperature at each time
point was subtracted from its respective time point’s tem-
perature measurements.

Post-treatment MR images were registered to the same
anatomical location as the images acquired during MRTI;
they were then manually segmented at the same slice loca-
tion as the center plane of the MRTI. The outer edge of the
hyperintense rim of the ablation region was used as the sur-
rogate marker of the isoeffect for thermal coagulation.
Manual segmentation was performed in MATLAB without
prior knowledge of the estimated dose and included the sig-
nal void left by the laser applicator. The window and level
settings for each MR image were modified to provide suffi-
cient contrast between the hyperintense rim and the adjacent
tissue without increasing the identifiable lesion size or shape.
Voxels along and within the segmentation border were given
a value of 1 and assumed to be damaged beyond repair,
while voxels outside of the segmentation border were given a
value of 0 and considered to be viable. Several segmenta-
tions were performed for each dog in order to accommodate
the variance in this procedure. The average measurement
was used for comparison with the MRTI-derived dosimetry.

Important preprocessing and postprocessing steps for the
temperature maps that improved comparison with the post-
treatment images included eliminating temperature images
obtained prior to heating, filtering, correcting empty pixels in
the damage estimate interior, and obtaining accurate image
registration. In one dog, a wiener filter was applied to the

FIG. 1. Map of the temperature rise in °C obtained prior to heating showing
the ROI �square� used to determine temperature uncertainty in the MRTI.
The laser fiber �arrows� was avoided to prevent the water-cooled sheath
from affecting the temperature measurement.
post-treatment images prior to segmentation. The first image
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of the echo-planar sequence was skipped as a reference im-
age for the complex phase subtraction as the signal had not
reached steady state yet.

Absolute temperature maps were input into the thermal
dose models to obtain a predicted region of damage. Each
model was applied on a pixel-by-pixel basis. Voxels that
reached the threshold for thermal damage or thermal dose
were assumed to be damaged beyond repair. The temporal
temperature histories at each pixel were used in the Arrhen-
ius rate process model14

��t� = �
0

t

Ae−EA/RT���d� . �2�

In this model, the frequency factor A and the activation
energy EA are kinetic parameters experimentally determined
a priori. In this study, the values for A and EA were
3.1�1098 /s and 6.28�105 J /mol, respectively. These val-
ues are the same as those derived by Henriques from his
experimental data with the basal epidermis layer and have
been used in previous studies.2,9,10,16 T��� is the tissue tem-
perature over time and R is the universal gas constant. The
threshold ��t� was varied from 0.01 to 10.2 with � equal to
1.0 being used as the norm from previous reports.2,9 The
CEM43 model, which is based on the Arrhenius model, quan-
tifies the damage in a nonlinear fashion using the temporal
temperature history and relates it to a constant temperature of
43 °C �Ref. 31�

CEM43 = �
t=0

t=final

R43−T̄�t , �3�

where CEM43 is the cumulative equivalent time at the refer-
ence temperature of 43 °C, T is the average temperature dur-
ing period �t, and R is a constant. At temperatures at or
above 43 °C, R was set equal to 0.5; at temperatures below
43 °C, R was set equal to 0.25, which agrees with previous
implementations.32 For this model, Sapareto and Dewey31

chose a break temperature of 43 °C as the best estimate from
the available data. The thermal dose at which tissue was
considered to be dead was varied from 10 CEM43 to 1200
CEM43. In the present study, 240 CEM43 was taken to be the
norm, based on previous studies.33–35 In this model, disre-
garding the temperature history of the subject, lethal thermal
damage was assumed to occur above a critical temperature,
with nonlethal thermal damage occurring below the thresh-
old temperature. We varied the threshold temperature from
51 to 71 °C; 57 °C is the threshold temperature reported in
previous studies.36

II.C. Quantitative comparison of dose models

To quantitatively compare the region of damage predicted
by each model as a function of threshold value, we used the
DSC to calculate the spatial overlap between the binary im-
ages of the model output and the manually segmented post-
treatment images. The DSC has been recommended as a
good validation metric for spatial overlap.37 The DSC is de-

fined as
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DSC�A,B� = 2�A � B�/�A + B� . �4�

The possible values of DSC range from 0 �no overlap� to 1
�complete overlap�. For the purposes of this study, a DSC
value greater than 0.7 was assumed to be a “good”
agreement.23

III. RESULTS

III.A. MR-guided laser-induced thermal therapy

According to the MRTI feedback on the MR-guided laser-
induced thermal therapy system, the intracranial laser treat-
ment created elliptical lesions between 1.5 and 2 cm along
the fiber and 1.0–1.5 cm transverse to the fiber. Applied pow-
ers were manually modulated and varied from 6 to 15 W,
with pulses lasting between 19 and 189 s. The water-cooled
sheath prevented tissue charring adjacent to the laser fiber.

III.B. Postprocessing of real-time MRTI and thermal
dose

We examined the slice locations of the post-treatment im-
ages that were closest to the center plane of the MRTI.
Manual segmentation was performed on the postcontrast T1-
weighted images acquired immediately following the treat-
ment ��20 min�. Using the laser fiber as an internal marker,
the post-treatment images were well registered with the im-
ages acquired during treatment. The damaged tissue and hy-
perintense rim were measured from the postcontrast
T1-weighted images. The areas of the damaged regions for
the four dogs were 75.07, 117.18, 140.99, and 99.08 mm2.

III.C. Comparison of dose models

Using the DSC to quantitatively evaluate the change in
spatial overlap, we implemented various thresholds. Figure 2
shows the estimates of tissue damage generated by each
model overlaid onto the postcontrast T1-weighted image for
dog 4. There was good agreement between the thermally
damaged region identified by the different damage models
and the thermally damaged region as identified by the post-
contrast image and similar results were obtained for all other
dogs.

For the Arrhenius model, the standard threshold of �=1
gave DSC values of 0.92, 0.88, 0.92, and 0.92 for the four
dogs, with a mean DSC � standard deviation of 0.91�0.02.

FIG. 2. Damage revealed on the postcontrast T1-weighted image and the
damage estimates produced by the models in dog 4 �left, Arrhenius; middle,
CEM43; right, temperature threshold�. The outline of the damage estimate is
overlaid onto the outline of the thermally damaged region identified by the
postcontrast image.
The maximum DSC �DSC=0.91�0.03� obtained averaging
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over the four subjects occurred at �=0.65 �Fig. 3�. For the
CEM43 model, at the assumed threshold of 240 CEM43, DSC
values for the four dogs were 0.87, 0.84, 0.92, and 0.91, with
a mean of 0.89�0.04. The DSC value reached a maximum
�DSC=0.91�0.04� for the threshold tested at a thermal
threshold of 690 CEM43 averaged over the four dogs. For the
temperature threshold model, a threshold of 57 °C resulted
in DSC values of 0.86, 0.79, 0.91, and 0.88 for the four dogs
and a mean of 0.86�0.05. The maximum DSC �DSC
=0.91�0.04� averaged over the four dogs occurred at a
threshold temperature of 61 °C. The threshold intervals that
resulted in DSC values within one standard deviation of

FIG. 3. DSC values averaged from the four dogs using the �a� Arrhenius, �b�
CEM43, and �c� threshold temperature models. Error bars represent the stan-
dard deviation of each threshold that was examined. A temperature uncer-
tainty was added and subtracted from the measured baseline temperature
and the resulting DSC values were consistently within the standard
deviation.
maximum DSC acquired in this study were 0.10–3.0,

Medical Physics, Vol. 37, No. 10, October 2010
160 min, and 58–65 °C for the Arrhenius, CEM43, and
temperature threshold models, respectively. DSC values cor-
responding to cited thresholds were not significantly differ-
ent from maximum DSCs for all three models.

Previously cited thresholds resulted in DSC values rang-
ing from 0.88 to 0.92, 0.84 to 0.92, and 0.79 to 0.91 for the
Arrhenius, CEM43, and temperature threshold models, re-
spectively. For all models applied to all of the dogs, the DSC
values were well over 0.7, the threshold commonly thought
to correspond to a “good” spatial overlap between images.23

At least 90% spatial overlap was obtained for all four dogs
when using thresholds of �=0.2–1.45, CEM43390 min,
and T=60 °C–62 °C, for the Arrhenius, CEM43, and tem-
perature threshold model, respectively. The upper bound of
the range for the CEM43 model was beyond the thresholds
tested in this study. Table I summarizes the thresholds for
each model and corresponding DSC values.

The average of the ROI standard deviations from the first
three temperature maps prior to treatment delivery resulted
in different temperature uncertainties for each dog. The un-
certainty of the temperature measurements for the four dogs
were 0.32, 0.76, 0.47, and 0.31 °C, which, when added and
subtracted from the dogs’ measured baseline temperature, re-
sulted in new baselines �Table II� that were used to convert
the relative temperature maps to new absolute temperature
maps. Each new temperature map for each dog allowed for
an additional DSC plot to be generated. Tables III and IV
summarize the thresholds for each model and corresponding
DSC values after applying these temperature uncertainties to
the temperature maps. All three models at their respective
peaks in DSC values had little dependence on the small
variations within the temperature maps. The Arrhenius and
CEM43 models showed a large range in thresholds that re-
sulted in a spatial overlap which was not statistically differ-
ent from the maximum DSC values found in the range of
thresholds tested. With the inclusion of the temperature un-
certainties, the Arrhenius and threshold temperature models’
DSC values greater than 0.9 converged on a range of thresh-
old values that continued to include values previously re-
ported in the literature.

IV. DISCUSSION

In this study, the previously reported parameters for each
model ��=1, CEM43=240 min, and T=57 °C� resulted in
high DSC values when compared to the thermal tissue dam-
age as identified by the contrast-enhanced images acquired
immediately post therapy. This corresponded to a high de-
gree of accuracy in the damage predictions for rapid ablation
procedures. Utilization of parameters different from these
previously cited thresholds did not result in statistically dif-
ferent DSC values. It is important to note that the impact of
threshold values investigated is relevant to the experimental
parameters used in this study. Differences in the experimen-
tal setup and measurement methodology may produce alter-
native thresholds.

Thresholds near peak DSC values had little dependence

on temperature uncertainty. The use of a cooled-catheter 980



5318 Yung et al.: Quantitative comparison of thermal dose models in brain 5318
nm laser running at higher powers in this study may have
caused the temperature gradient near the edge of the lesion to
be sharper than previous investigations using slower heating
with Nd:YAG or 810 nm lasers.20,27 The sensitivity of the
thermal damage model on the chosen threshold is likely to be
reduced due to the sharper temperature gradients across the
narrow spatial boundary between damaged and undamaged
tissue, which would allow for a larger range of thresholds to
still accurately predict the damage.

The simple threshold temperature model, which, unlike
the other two models does not account for the temperature
history during treatment, also predicted areas of damage
agreeing with postcontrast images with a fair degree of ac-
curacy. The short duration and high temperature of the treat-
ment may have diminished the importance of the tempera-
ture history.

For the CEM43 model, DSC values slightly increased for
the higher thresholds applied in this study, which were higher
than thresholds used in other published studies. This can be
explained in part by the steep spatial gradients for damage
that would cause large thermal dose values from the expo-
nential behavior of the model while making minimal differ-
ence to our spatial overlap metric.20,21,38 Besides obtaining
an accurate prediction of the damaged region, this model
also had repeatability and small deviations among the sub-
jects. One difference in our experimental process compared
to other studies which may have helped was that we per-
formed post-treatment imaging immediately after therapy
��20 min�. Other studies, such as in Chen et al.,20 acquired
post-treatment imaging 4 h after therapy. The shorter time
period may have prevented tissue swelling effects from being
introduced into our analysis; the effects of swelling may ac-
count for the lower damage thresholds in the study by Chen
et al. and other previous studies. In longitudinal studies per-
formed by Kangasniemi et al.,8 the lesion was periodically

TABLE I. Threshold and DSC values for cited and m
within 1� of DSCmax and for all four dogs to have D

Model Cited

Arrhenius ��� �=1.0
DSC 0.91�0.02
CEM43 �min� 240
DSC 0.89�0.04
Threshold temperature �°C� 57
DSC 0.86�0.05

TABLE II. Measured baseline temperatures and temperature uncertainties.

Dog Baseline�uncertainty

1 34.3° �0.32
2 35.9° �0.76
3 33.9° �0.47
4 34.3° �0.31
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measured and shown to increase in size for several days after
treatment and to return to its original size within 14 days; the
14-day size was also shown to correlate well with that mea-
sured from post-treatment imaging obtained immediately af-
ter therapy. Other studies have also reported the occurrence
of post-treatment acute inflammation and edema followed by
decrease in lesion size.2,26,39,40 The difference in spatial res-
olution, registration, laser power, and heating duration may
also have contributed to the discrepancy in results compared
to previously published studies.

In this study, thresholds were applied to the Arrhenius
model as a predictive model for thermal damage. Unlike
other studies which use the Arrhenius model to describe the
probability for cell death or protein coagulation as a function
of temperature, in this study, the model was used to predict a
specific end point. Differences in measurement methodology
or experimental end point, such as the outer edge of the
hypointense zone, will certainly produce a variation in
threshold. The damage end point used in this study has been
reported or used in other published reports.7,8,26,27

In this study, we used the DSC to quantitatively measure
the spatial overlap between model-predicted damage and that
evident on post-treatment images because of this technique’s
advantages over other methods. Receiver operating charac-
teristic curves, another well-known validation metric, were
not used because the chosen total area analyzed �which is
arbitrary� would affect the curve’s outcome.41 A large area
would have a large number of true negatives, which would
boost specificity. A small area, such as the lesion area from
post-treatment imaging, would prevent false positives from
an overestimated damage prediction to be included in the
metric. A correlation coefficient such as Bland–Altman42

would be able to compare areas between the predicted lesion
region and the post-treatment image, but would not include
the spatial conformation �shape or contour� of the damaged
region. Conversely, the DSC was calculated using only the
damaged area and thus was not dependent on a user-
determined area.

Note that a variety of laser powers and durations were
applied in this study. For dogs 1 and 4, the lesions were
created by a single pulse at 9 W for 189 s and 12 W for 50 s,
respectively. For dogs 2 and 3, the lesions were created by

um DSC threshold values with threshold intervals
0.9.

Thresholds

DSCmax DSCmax+1� DSC0.9

�=0.65 0.10–3.0 0.2–1.45
.91�0.03

690 160 390
.91�0.04

61 58–65 60–62
.91�0.04
axim
SC

0

0

0

multiple pulses with increasing power, ranging from 6 to
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13.2 W and 5.25 to 14.6W. The mixture of laser application
did not result in a single lesion being more accurately pre-
dicted than the other lesions.

Limitations of this study consist of the small sample size
�N=4� used as per recommendation by an in-house biostati-
cian. A larger quantity of subjects would provide better sta-
tistics. The PRF temperature sensitivity coefficient has also
been shown to vary due to the temperature-induced changes
in the volume magnetic susceptibility and be dependent on
the orientation and geometry of the heat-delivery device and
heat pattern.43 In this study, although post-treatment images
were acquired immediately following thermal therapy, it is
unknown whether the onset of tissue swelling had already
begun.

The effect of temperature uncertainty on thermal dose
models is a complicated one. An overestimation of thermal
dose can be caused by the thermal noise in the models. For
example, in the CEM43 model, a reduction by a factor of
e0.5�2 ln2 2 may be necessary in the presence of a normal dis-
tributed temperature noise with uncertainty � due to the log-
normal distribution of the dose. This reduction can be used to
obtain zero error on average due to the temperature uncer-
tainty. For the Arrhenius thermal dose function, the overes-
timation is not as simple due to inverse temperature depen-
dence. With Taylor series expansion to approximate a log-
normal distribution, the Arrhenius thermal dose model is

simplified and an approximate reduction by e0.5�E / RT0
2�2�2

,
where T0 is approximated to be the body temperature, is

TABLE III. Threshold and DSC values for cited and
within 1� of DSCmax and for all four dogs to have DS
the baseline temperature.

Model Cited

Arrhenius ��� �=1.0
DSC 0.90�0.02
CEM43 �min� 240
DSC 0.89�0.04
Threshold temperature �°C� 57
DSC 0.87�0.05

TABLE IV. Threshold and DSC values for cited and
within 1� of DSCmax and for all four dogs to have D
baseline temperature.

Model Cited

Arrhenius ��� �=1.0
DSC 0.90�0.03
CEM43 �min� 240
DSC 0.88�0.05
Threshold temperature �°C� 57
DSC 0.85�0.06
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needed to perform the same correction as in the CEM43 mod-
el’s case. These factors will be investigated in more depth
and included in future studies.

Although this study was performed on normal canine
brain tissue, similar results would be expected in intracere-
bral tumors based on previously published works.2,16 In this
study, only canine brain tissue was studied; however, the use
of MR-guided laser-induced thermal therapy has been exam-
ined in several other tissue types, including liver and prostate
tissue. It is important to realize that a different set of param-
eters or thresholds may provide a better prediction for an-
other type of tissue, given that studies have shown tissue
damage due to thermal ablation can be tissue-type
dependent.5

V. CONCLUSIONS

In summary, all three thermal dose models show excellent
spatial overlap with the predicted thermal damage as mea-
sured by immediate post-treatment imaging ��20 min� for
rapid ablation procedures. We found that for both the CEM43

and Arrhenius models, a wide range of thresholds resulted
not only in highly accurate spatial overlap with post-
treatment imaging but also in low variability. The threshold
temperature model also had highly accurate spatial overlap
and low variability but in a small range of threshold tempera-
tures. In all three models, previously used thresholds found
in literature resulted in DSC values not significantly different

mum DSC threshold values with threshold intervals
.9 after subtracting the temperature uncertainty from

Thresholds

DSCmax DSCmax�1� DSC0.9

�=0.55 0.10–1.8 0.15–1.15
.91�0.02

1160 200 310
.91�0.02

61 58–65 60–62
.91�0.03

mum DSC threshold values with threshold intervals
0.9 after adding the temperature uncertainty to the

Thresholds

DSCmax DSCmax�1� DSC0.9

�=0.85 0.10–7.2 0.3–1.7
.91�0.03

950 210 540
.91�0.04

62 59–66 61–62
.91�0.03
maxi
C0

0

0

0

maxi
SC

0

0

0
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from peak DSC values. In future studies, we will evaluate
treatments with longer exposure times and lower tempera-
tures to determine their effect on the damage predictions.
Also, we will compare the different damage models’ ability
to predict damage due to thermal ablation in brain tumors
�rather than normal tissue� to further increase the real-time
control and effectiveness of this minimally invasive treat-
ment modality.
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