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Purpose: Evaluate whether a decrease in apparent diffusion coefficient (ADC), associated with loss
of tissue viability (LOTV), can be observed during the course of thermal ablation of the prostate.
Methods: Thermal ablation was performed in a healthy in vivo canine prostate model (N = 2, ages: 5
yr healthy, mixed breed, weights: 13–14 kg) using a transurethral high-intensity ultrasound catheter
and was monitored using a strategy that interleaves diffusion weighted images and gradient-echo
images. The two sequences were used to measure ADC and changes in temperature during the
treatment. Changes in temperature were used to compute expected changes in ADC. The difference
between expected and measured ADC, ADCDIFF, was analyzed in regions ranging from moderate
hyperthermia to heat fixation. A receiver operator characteristic (ROC) curve analysis was used to
select a threshold of detection of LOTV. Time of threshold activation, tLOTV, was compared with time
to reach CEM43= 240, tDOSE.
Results: The observed relationship between temperature and ADC in vivo (2.2%/ ◦C,
1.94%–2.47%/ ◦C 95% confidence interval) was not significantly different than the previously re-
ported value of 2.4%/ ◦C in phantom. ADCDIFF changes after correction for temperature showed
a mean decrease of 25% in ADC 60 min post-treatment in regions where sufficient thermal dose
(CEM43 > 240) was achieved. Following our ROC analysis, a threshold of 2.25% decrease in ADCDIFF
for three consecutive time points was chosen as an indicator of LOTV. The ADCDIFF was found to
decrease quickly (1–2 min) after reaching CEM43= 240 in regions associated with heat fixation and
more slowly (10–20 min) in regions that received slower heating.
Conclusions: Simultaneous monitoring of ADC and temperature during treatment might allow
for a more complete tissue viability assessment of ablative thermal treatments in the prostate.
ADCDIFF decreases during the course of treatment may be interpreted as loss of tissue viability.
C 2015 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1118/1.4928155]

Key words: tissue viability monitoring, apparent diffusion coefficient, MR thermometry, thermal
therapies

1. INTRODUCTION

Prostate cancer continues to be the most common type of
cancer found in American males. In addition, benign prostate
hyperplasia (BPH) affects more than 50% of men over the
age of 601 and leads to urinary incontinence and a decreased
quality of life. Minimally invasive therapies based on heating-
induced coagulative necrosis2–5 have been developed to help
treat patients with these conditions. For prostate cancer, the

heating is intended to destroy the tumor, whereas in BPH,
healthy tissue is destroyed in order to relieve pressure on the
urethra. MRI has emerged as a promising modality to monitor
these treatments due to its ability to noninvasively measure
temperature changes during treatment, as well as its flexible
contrast modalities for treatment planning and evaluation.6

Thermal dose monitoring is used to determine whether a
tissue has been exposed to enough thermal energy to undergo
coagulative necrosis.7–9 For the prostate, a thermal dose of
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cumulative equivalent minutes at 43 ◦C (CEM43) greater than
240 is commonly used as the threshold to indicate loss of tissue
viability (LOTV).10 The relationship to compute CEM43 is11

CEM43=

 t

0
RT (τ)−43dτ,

where R = 2 for T(τ) > 43 ◦C and R = 4 for T(τ) < 43 ◦C.
It is worth noting some of the limitations of this metric.
First, thermal dose is based on absolute temperature, which
is not readily available using conventional proton resonant
frequency based MR thermometry, which can only measure
temperature changes.6 In order to estimate absolute tempera-
ture, one must assume a baseline temperature, typically 37 ◦C,
or measure temperature discretely using temperature probes,
which may not be available for noninvasive and minimally
invasive applications. Additionally, thermal dose relies on
models to estimate tissue viability but cannot directly measure
tissue changes. For this reason, other metrics such as diffusion
and perfusion changes are often used to verify the amount of
tissue that has been treated.12

Diffusion weighted MRI (DWI) has been used to compute
apparent diffusion coefficient (ADC) maps that can help plan,
monitor, and assess these treatments.12,13 Previous studies have
demonstrated a 36% reduction in the ADC following either
cryoablation or high intensity ultrasound induced tissue dam-
age of the prostate.13 As a result, unlike thermal dose, the origin
of the signal used to compute ADC is irreversibly changed by
loss of viability. This makes ADC a promising metric for moni-
toring viability changes. The origin of this decrease is still un-
known. However, because this result was seen for both thermal
and cryoablation lesions in the prostate, as well as in the treat-
ment of other tissues such as uterine fibroids,14,15 the decrease
in ADC could be generalizable to loss of viability. Potential
reasons for a decrease in ADC include decreased molecular
activity due to protein denaturation, reduced cellular motility
from loss of viability, and/or reduced perfusion from compro-
mised vasculature. In comparison to contrast-enhanced MRI
(CE-MRI), the current gold standard for measuring loss of
tissue viability, measuring changes in ADC does not depend on
any exogenous contrast and therefore can be used repeatedly.
CE-MRI can only be used to assess treatment once, since
regions that are already perfused with contrast will continue
to receive signal enhancement due to contrast retention across
subsequent treatments, regardless of whether or not the tissue
was successfully treated in those treatments. An endogenous
contrast, such as ADC, that indicates tissue viability and could
be measured repeatedly would allow for improved treatment
guidance and monitoring.

Prior work has simultaneously acquired ADC and temper-
ature16 in order to use the ADC information to correct for
temperature drift in a gel phantom. In that case, all ADC
changes were due to temperature, uncomplicated by ADC
changes in tissue from ablation. In this work, we want to do
the opposite: draw out ADC changes in tissue from ablation
by correcting for temperature-induced ADC changes.

Therefore, in this work, ADC and temperature were
monitored concurrently during thermal ablation of the
prostate in order to remove temperature effects from the ADC

measurement and study the evolution of the ADC decrease
previously reported. The purpose of this work was then to
assess whether monitoring the evolution of the ADC decrease
could provide insight into treatment outcome.

2. METHODS
2.A. Transurethral ultrasound applicator

The catheter-based transurethral ultrasound applicator
(Fig. 1) consists of two multisectored tubular transducers
mounted on the distal portion of a flexible Pebax multilumen
delivery catheter. Each tubular transducer segment [3.5 mm
outer diameter (OD), 10 mm long, f � 7 MHz] has two
separate 120◦ active sectors with independent power control
and a 120◦ inactive sector. This design allows for 3D control
of the angle and length of energy deposition and heat delivery.
The transducer assembly is enclosed in an expandable PET
urethral cooling balloon (10 mm OD),17 inflated after insertion
with temperature regulated water flow for coupling and to
cool the urethral mucosa. A separate distal bladder balloon is
inflated to position and anchor the device, in order to prevent
motion during the treatment.

2.B. Animal model and ultrasound ablation

All animal experiments were reviewed and approved by our
institution’s Administrative Panel on Laboratory Animal Care
(APLAC). Two adult mixed breed dogs with healthy pros-
tates were treated under general anesthesia (1% to 4% isoflu-
rane gas anesthesia). The MR-compatible catheter-based ultra-
sound applicator was inserted into the urethra and anchored
using an expandable bladder balloon. Right and left anterior
sides of the prostate were heated for study 1, and the right
posterior side of the prostate was treated for study 2. For each
sonication, the temporal average intensity at the transducer
surface was 7.6–9.5 acoustic W/cm2 for 9 min. The treat-
ments created lesions of approximately 1 cm radial distance
from the cooled urethral wall. In order to record the baseline
temperature prior to treatment, a Luxtron probe was placed
on the endorectal (ER) coil. Active cooling did not start un-
til MR monitoring had started and approximately 1 min of
baseline images had been acquired. For study 1, applied power
and duration were controlled to preserve the boundary of the

F. 1. (a) Ultrasound applicator schematic (b) MR temperature image (right,
axial view). The prostate is outlined in black. A. Multisectored tubular
transducers (3×10 mm long, dual 120◦), B. monitoring slices, C. 10 mm
cooling balloon, D. bladder anchoring balloon, E. sector #1 heating pattern,
F. sector #2 heating.
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prostate for histological tracing between treated and untreated
tissues. Following a cooling period of approximately 25 min,
the left anterior side of the prostate was heated a second time.
For study 2, treatment was restricted to a small region of
untreated tissue and only 3 min of cooling data were collected
due to scheduling restrictions. The animals were euthanized
and the prostate was harvested for histological analysis within
2 h following treatment.

2.C. MRI monitoring

A 3T GE MR750 scanner was used for MR imaging. The
scanner’s body coil was used to transmit RF and two receiver
coils (5 in. surface coil and ER coil) were used for signal
acquisition. RTHawk (HeartVista, Inc., Menlo Park, CA) was
used to prescribe the MR sequences, reconstruct acquired im-
ages, and display the images through a custom interface.1,17,18

MR thermometry and diffusion weighted sequences (Table I)
were continuously interleaved during treatment, and the first
acquired frame after each sequence change was discarded to
ensure that all recorded measurements were at steady state.
Three axial slices were monitored for study 1, and a single
axial slice was monitored for study 2. Images were updated
every 17 s. ADC maps were calculated as the arithmetic mean
of the ADCs obtained from three orthogonal directions. For
each direction, ADC was computed as19

ADC=−
log
(
Mb2
Mb1

)
(b2−b1) ,

where b2 = 1000 s/mm2 and b1 = 0 s/mm2 and Mb2 and Mb1
are the corresponding magnitude diffusion weighted images.
Following treatment, 3D contrast enhanced T1 weighted scans
were acquired to assess tissue viability.

2.D. Prostate histology

The resected prostates were fixed in 10% buffered neutral
formalin for approximately one week and then sliced into
sections approximately 5 mm thick along the axial plane to

T I. Imaging parameters.

Thermometry ADCa CE-MRIb

Type of sequence SPGRc SEd GEe

Readout Cartesian ssEPIf Cartesian
TE/TR (ms) 8/35 80eff/1125 2.64/5.27
FOV (cm) 15 15 12
Resolution (mm) 1.17 2.34 0.469
Flip angle (deg) 10 90 30
Slice thickness (mm) 5 5 2
Bandwidth/pixel (Hz) 244 1953 (readout), 16

(phase encode, effective)
976

aApparent diffusion coefficient (ADC).
bContrast enhanced (CE).
cSpoiled gradient echo (SPGR).
dSpin echo (SE).
eGradient echo (GE).
f Single-shot echo-planar imaging (ssEPI).

approximate the MR monitoring scan planes. Fixed sections
were then prepared for paraffin embedding, and 4 µm thick
histology slices were cut and stained with hematoxylin and
eosin (H&E). Slides representing slices of interest were digi-
tized and traced using   (PathCore, Toronto, ON
CA) software to outline and measure lesion size. Due to prior
thermal lesions surrounding the region treated for study 2,
tracing was not possible for this specimen.

2.E. Image registration

Unless otherwise stated, all analysis was performed using
 (The Mathworks, Inc., Natick, MA). In order to register
the changes in temperature with their respective changes in
ADC, all ADC maps were upsampled to a 128 × 128 grid
using a cubic interpolation. Masks generated by manually
segmenting the prostate from the gradient-echo (GRE) and
single-shot echo-planar imaging (ssEPI) acquisitions were
used to align the two datasets, using two-dimensional cross-
correlation. Segmentation was performed by a graduate stu-
dent with 3 yr experience on identifying prostate anatomy.
Phase maps prior to tissue heating were used to estimate B0-
induced off-resonance maps (Fig. 2). Estimated off-resonance
maps were unwrapped using Goldstein’s branch cut method20

and then used to warp the temperature change maps in order to
match the off-resonance warping in the ssEPI images. Specif-
ically, off-resonances were converted to expected shifts in the
phase encoding direction based on the ssEPI bandwidth in
the phase-encoding direction. Pixel values were then shifted21

and resampled into a uniform grid using a Gaussian kernel
interpolation. Through this process, coregistered temperature
and diffusion images were generated with similar low band-
width shift artifacts. No shifts were performed in the frequency
encoding direction because the per-pixel bandwidth was high
enough for both sequences to tolerate temperature dependent
geometrical distortions. Image registration was assessed by
verifying that the location of the hotspots in both images
was on average no more than 2 pixels apart. If the hotspot
locations did not match, the unwrapped phase image was
examined for discrepancies and the registration process was
iterated. To prevent noisy data from shifting into the region of
the prostate, the prostate was manually segmented and noise

F. 2. B0 unwrapped off-resonance map in Hz. Phase images prior to
heating were used as B0 maps to determine expected pixel shifts from the
low bandwidth ssEPI. Unwrapping was performed using Goldstein’s branch
cut method. The mask obtained from manual outlining of the prostate was
used to highlight the area of interest.
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F. 3. Mask overlay comparison (a) before and (b) after correction.
The prostate was manually outlined to generate masks from the diffusion
weighted ssEPI image (red), GRE image (blue), and overlap (purple) before
correction. The mask from the GRE image was warped using the B0 map
shown in Fig. 2 and aligned using a 2D cross correlation to generate the
corrected mask (green), ssEPI image (red), and the overlap (yellow).

regions were masked out prior to application of the cross-
correlation alignment. The resulting masks and their alignment
are compared in Fig. 3. Finally, since ADC and temperature
measurements were interleaved, a linear interpolation in time
was used to approximate the ADC values at the times when
the temperature measurements were collected. Both ADC and
temperature time histories were smoothed using a five point
moving average filter for improved SNR.

2.F. Linear model for computing estimated ADC

Measurements were made in 3×3 voxel regions of interest
(ROIs) in both the ADC and temperature images. The high
signal originating from the cooling balloon in the T2-weighted
ssEPI images was used to generate a mask and remove ROIs
near the cooling balloon, to avoid partial volume effects from
the circulating water. To determine the relationship between
ADC and temperature in the absence of tissue destruction, all
data with a change in temperature less than 8 ◦C were used to
find the 1st order fit between changes in temperature and their
associated changes in ADC. A threshold of 8 ◦C was chosen
since no thermal damage would be expected for 240 min under
these conditions using our baseline temperature of 35 ◦C. Data
that had seen changes in temperature greater than 8 ◦C were
not included since tissue viability for these instances might
have been compromised. The slope of this fit between %ADC
increase and temperature increase will be referred to as β, with
units of %ADC/ ◦C. To find this fit, the data were divided into
100 bins along the temperature increment axis, with the mean
%ADC change found for each bin. To see how susceptible the
fit was to noise in the data, the data in each bin were randomly
resampled (bootstrapped) 1000 times. For each iteration, a
least squares fit was used to estimate β. The mean β along
with the 95% confidence interval was computed from these
iterations.

2.G. Monitoring ADC decrease

Temperature measurements were converted into estimated
ADC values using β. Prior to heating, the standard deviation

F. 4. Linear fit used to determine relationship between changes in temper-
ature and changes in ADC. ADC changes and temperature changes for pixels
that had not reached CEM43 > 240 were used as a training set to determine
the relationship between %ADC change and change in temperature. Data for
this fit were binned and averaged using 100 bins in the temperature axis.

(σ) of the measured ADC was computed across 10 time
points for all ROIs and later used to determine a statistically
significant threshold. The difference between the temperature-
estimated ADC value and the measured ADC value, ADCDiff,
was calculated. Previous studies have correlated a decrease
in ADC with LOTV.12,13 For this study, LOTV was estimated
to occur when ADCDIFF decreased to below −2.25σ for three
consecutive time points. This threshold was determined retro-
spectively using a receiver operating curve analysis detailed
in Sec. 2.H. A decrease of that magnitude for that number
of consecutive intervals will randomly occur with a proba-
bility of (0.0122)3 ≈ 1.82× 10−6, assuming purely Gaussian
noise. Representative ROIs were chosen for analysis in regions
that received sublethal treatment (CEM43 << 240), marginal
treatment (CEM43≈ 240), and highly lethal treatment (CEM43
>> 240).

2.H. Viability map assessment

In order to assess the specificity and sensitivity of the pro-
posed viability monitoring method, a logical map correspond-
ing to voxels that had reached CEM43 > 240 was created and
compared to logical maps of voxels that met the significant
decrease criteria, LOTV, for different threshold settings. The
final logical masks for CEM43 > 240 and LOTV were analyzed
using a receiver operating characteristic (ROC) curve. The
area under the curve (AUC) of the ROC was used to test the
classifier and the point closest to [0 1] in the operating curve
was used as the threshold for all further analysis,

Sensitivity=True Positive=
(LOTV)∩ (CEM43 > 240)

(CEM43 > 240) ,

Specificity=True Negative=
(!LOTV)∩ (CEM43 < 240)

(CEM43 < 240) ,

F. 5. Least square slope distribution bootstrapping analysis. Each bin was
subsampled 1000 times. For each iteration, a least squares regression was
performed to find a slope. A mean slope of 2.2%ADC/ ◦C with a 95%
confidence interval of 1.94%–2.47%ADC/ ◦C was measured.

Medical Physics, Vol. 42, No. 9, September 2015
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F. 6. Tissue viability validation. (a) H&E histology slice with damage
zone outlined, (b) contrast-enhanced MRI post-treatment, and (c) artificially
distorted GRE image with area that reached CEM43 > 240 shaded and mon-
itoring ROIs overlaid. Three ROIs are CEM43= 106 (green), CEM43= 494
(black), and CEM43= 0 (blue).

LOTV = Regions that have met the proposed criteria for
loss of viability,

!LOTV = Regions that have not met the proposed criteria
for loss of viability.

Using the true positive regions for the optimal classifier, and
limiting the analysis to the region that only received one heat
in order to remove ambiguity between the effects of the two
treatments, the relationship between the amount of thermal
dose delivered and the delay between triggering LOTV, tLOTV,
and reaching CEM43 > 240, tDOSE, were characterized. This
delay is referred to as tDELAY.

3. RESULTS
3.A. ADC temperature linear model

The bootstrap analysis to estimate the relationship be-
tween changes in %ADC and temperature found average
β of study 1 to be 2.2%ADC/ ◦C (95% confidence interval
of 1.94%–2.47%ADC/ ◦C) and study 2 had an average β
of 2.19% (95% confidence interval of 1.35%–3.02%ADC/
◦C). These values are not statistically significant from
the 2.4%ADC/ ◦C previously reported in phantom.22 Figure 4
shows the linear fit for study 1, superimposed on the binned

data. Figure 5 shows the distribution of slopes obtained for
study 1. Due to lack of sufficient cooling data for study 2, only
data from study 1 were used for the remaining analysis. Since
β values for studies 1 and 2 were similar, yet more data were
collected for study 1 (three slices compared to one), a β of
2.2%ADC/ ◦C was chosen.

3.B. ADC decrease monitoring

Three example ROIs were chosen from regions of interest
that reached sublethal (CEM43= 0), marginal (CEM43= 494),
and highly lethal (CEM43= 106) thermal dose. Tissue viability
for these regions was verified using CE-imaging and H&E
staining (Fig. 6). The ADC and temperature time histories
for the sublethal ROI are shown in Fig. 7(a). ADCDIFF never
falls significantly below 2.25σ for more than three consecutive
time points, and hence, LOTV is never reached. Time histories
for the marginal thermal dose ROI are shown in Fig. 7(b).
This example illustrates the proposed metric; an ADCDIFF drop
below the 2.25σ threshold for more than three time points was
assumed to reflect LOTV. The tLOTV for this ROI occurs at
approximately 30 min, while tDOSE occurs around 15 min. In
this case, the ADC decrease appears to develop slowly after
tDOSE is reached. In comparison, the region that received a high
thermal dose [shown in Fig. 7(c)] has a tLOTV = 12 min and
tDOSE = 10 min, indicating a much sharper decrease in ADC
and triggering of the LOTV monitoring.

3.C. Viability map assessment

The ROC curve comparing the LOTV classifier with ther-
mal dose is shown in Fig. 8. The classifier has an AUC of
0.89. The optimal classifier obtained using the ROC curve was
found to be a threshold of −2.25σ for three consecutive time
points. This corresponds to a specificity 0.90 and a sensitivity
of 0.87. The relationship between thermal dose delivered and

F. 7. Example time history for three regions of interest: sublethal (a), marginal (b), and highly lethal (c). Estimated (dashed) and measured ADC (solid) values
are presented on the top plot along with a shaded region to indicate when ultrasound was on and a step function to indicate when CEM43 > 240 is reached. The
bottom plot shows the evolution of ADCDiff and a step function to indicate when LOTV is reached (when three consecutive time points have ADCDiff < 2.25σ).
The sublethal region does not see any significant changes in ADCDiff while the marginal sees a slow change in ADCDiff and the highly lethal treatment sees a
more abrupt change in ADCDiff close to the time when CEM43 > 240 is reached.
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F. 8. Logical maps for regions that saw a CEM43 > 240 (a) in brown and
logical map for regions where LOTV was triggered (b) in blue for the selected
trigger settings of 2.25σ for three consecutive points. (c) shows a ROC curve
with the optimal classifier settings highlighted by a red point. The ROC curve
has an AUC of 0.89.

the delay between tLOTV and tDOSE are shown (Fig. 9). As
previously noted, regions that saw high thermal doses had a
shorter tDELAY (seconds to a few minutes) compared to regions
that saw marginal doses (tens of minutes).

4. DISCUSSION

The results of this study demonstrates that irreversible
changes in ADC can be monitored during treatment. A linear
model between %ADC/ ◦C can be used to predict ADC
changes based on temperature changes in vivo. Deviations
from this model, ADCDIFF, can be used to monitor for the
ADC decrease that has been previously associated with loss of
tissue viability post-treatment. Results show that the decrease
in ADC develops at different rates depending on the amount
of thermal dose, and how aggressively it was delivered to the
tissue. This change in ADC might be used in future ablation
treatments as both an indication that sufficient thermal dose

has been delivered to destroy tissue and as a measure of the
type of ablation that has occurred.

4.A. Linear model

A moderate linear relationship between %ADC and ∆T
(average R2= 0.8 after binning) was found. The average slope
was found to be 2.2%ADC/ ◦C (95% confidence interval of
1.94%–2.47%ADC/ ◦C) for study 1 and 2.19% (95% confi-
dence interval of 1.35%–3.02%ADC/ ◦C) for study 2. Both of
these values were not found to be statistically different from
the previously reported 2.4% ADC/ ◦C. To the best knowledge
of the authors, this is the first time that this relationship has
been measured in an in vivo animal model. Although only
two canine prostates are reported, four slices consisting of a
total of 768 ROIs were analyzed. No statistically significant
subject-to-subject variation of β was found in our two sub-
jects. In this work, the β estimate was determined using only
changes between consecutive time points, in order to make
the computation more robust against slowly changing factors,
such as perfusion and motion. For this reason, the temperature
changes used in the β fitting were not very high. However,
previous studies, which used molecular diffusion to monitor
hyperthermia treatments in phantom, have acquired data that
validate a similar linear relationship between %ADC and ∆T
up to 46 ◦C.22,23

4.B. Evolution of ADCDIFF

Monitoring changes in ADCDIFF allowed for detection
of irreversible ADC decreases during treatment. This is an
improvement over simply using post-treatment ADC as an
indicator for loss of tissue viability, since the progression of
LOTV is available. How quickly ADCDIFF decreased depended
on how much dose was delivered and may provide insight into
the type of cell death. Type of cell death could be important
in knowing whether the tissue has potential for regeneration.
Regions that saw highest thermal doses in this experiment
experienced very quick heating associated with heat fixation
(rapid denaturation of proteins), while regions that received
lower doses likely did not experience heat fixation and could
therefore have a higher regeneration potential.24

A period of ADCDIFF increase was often present prior to an
ADCDIFF decrease that triggered LOTV [e.g., 0–20 min in Fig.
7(b) and 0–10 min in Fig. 7(c)]. Previous studies have reported
that enhanced perfusion occurs as a result of heating,25 which

F. 9. Relationship between the delay for LOTV to be reached after CEM43 > 240 is reached, tDELAY, and CEM240. True positive regions on the side of the
prostate that was only treated once were used to study this delay. Regions that receive sufficiently high thermal dose (CEM43 > 105) appear to have similarly
low delay times compared to regions that receive marginal thermal doses (a). Plotting the relationship in a log–log scale highlights the continuously decreasing
delay time with increasing dose (b).
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may be responsible for this observation. This early increase in
ADCDIFF is no longer present after ablation presumably due to
loss of blood flow.

4.C. Thermal dose as a metric for comparison

For this study, CEM43 > 240 was used as a ground truth
to compare the LOTV logical maps. Since baseline temper-
atures were only available at the location where the Luxtron
probe was placed, it is possible that the baseline tempera-
ture is not accurate for the whole gland. This could be a
concern since baseline temperatures are required to compute
thermal dose. A major advantage of the proposed strategy
for assessing tissue viability is that it only relies on accu-
rate measurements of temperature changes and is not depen-
dent on accurate baseline temperature estimates. Thermal dose
measurements are still available and can provide an immediate
prediction of tissue response, which will be monitored using
the LOTV. It is important to stress that although thermal dose
and rate of thermal dose delivery can be obtained using PRF
thermometry alone, the tissue response to the treatment is
not being measured but rather only predicted. In contrast,
the proposed method provides a metric that previous work
has shown to be irreversibly affected by the loss of tissue
viability.13 More specifically, instead of inferring that a change
happened to the tissue using a metric that is not sensitive to
this change, such as temperature, a change in the tissue has
been detected through ADC and attributed to lesion formation.
Some possible sources for the decrease in ADCDIFF include
protein denaturation compromising regular molecular trans-
port function and decreased perfusion currently used by CE-
MRI to assess treatment volume.

4.D. Future work: Modifications
for prospective studies

For the techniques presented in this work to be feasible for
prospective guidance of treatment, a quicker and more accu-
rate registration and improved signal to noise (for increased
temporal resolution) are necessary. Specifically, higher pixel
bandwidth of the ADC monitoring is necessary to reduce
shift artifacts, and higher SNR of the ADC measurements
is necessary to facilitate single voxel measurements without
averaging. Along with higher pixel bandwidth, an accurate
off-resonance map would allow for improved correction of re-
maining distortion artifacts. Improved registration between the
ADC, temperature images, and histology will allow for more
quantitative analysis. Higher SNR may be attained through
optimization of b-value selection and of the pulse sequences.

The sensitivity of the viability monitoring can also be opti-
mized for specific applications. For this analysis, a criterion of
ADCDIFF < −2.25σ for three consecutive points was selected
retrospectively to obtain reasonable true positive and true
negative ratios without sacrificing the ability to detect sharp
drops quickly. However, these parameters can be modified
so that the detection of tissue changes is either more robust
or more aggressive depending on the type of heating being
delivered. Additional data, particularly with improved SNR,

will help in determining appropriate thresholds for real time
classification.

Although we present preliminary subject-to-subject varia-
tion, future studies will help strengthen this relationship. If β
varies significantly between subjects, a low power calibration
heating can be used to estimate it before ablative treatment.
If β does not vary across subjects, a well-validated coeffi-
cient could be used for all treatments. Since this work was
restricted to the treatment of healthy prostate tissue, treatments
in different tissues, both healthy and cancerous, could help
determine how generalizable this metric can be. Previous work
in the fibroids14,15 shows promise that ADC can also be a
marker for thermal lesion formation in other organs.

5. CONCLUSIONS

In conclusion, initial results were presented that demon-
strated the ability to assess tissue viability during treatment,
using intrinsic tissue property changes. The proposed method
successfully accounted for temperature induced ADC changes
to observe ADC changes due to tissue response during thermal
treatments. Appropriate thresholds allowed estimation of the
timing of loss of tissue viability, which occurred quickly after
aggressive ablation and took longer to develop in moderate
ablation regions. It is possible that active monitoring of ADC
may yield a more informative direct measurement of tissue
viability than is achieved through thermal dose alone and
improve treatment monitoring and prediction of treatment out-
comes.
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