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Abstract

Purpose—To investigate thermal dose volume (TDV) and non-perfused volume (NPV) of 

magnetic resonance-guided focused ultrasound (MRgFUS) treatments in patients with soft tissue 

tumors, and describe a method for MR thermal dosimetry using a baseline reference.

Materials and Methods—Agreement between TDV and immediate post treatment NPV was 

evaluated from MRgFUS treatments of five patients with biopsy-proven desmoid tumors. 

Thermometry data (gradient echo, 3T) were analyzed over the entire course of the treatments to 

discern temperature errors in the standard approach. The technique searches previously acquired 

baseline images for a match using 2D normalized cross-correlation and a weighted mean of phase 

difference images. Thermal dose maps and TDVs were recalculated using the matched baseline 

and compared to NPV.

Results—TDV and NPV showed between 47%–91% disagreement, using the standard 

immediate baseline method for calculating TDV. Long-term thermometry showed a nonlinear 

local temperature accrual, where peak additional temperature varied between 4–13°C (mean = 

7.8°C) across patients. The prior baseline method could be implemented by finding a previously 

acquired matching baseline 61% ± 8% (mean ± SD) of the time. We found 7%–42% of the 

disagreement between TDV and NPV was due to errors in thermometry caused by heat accrual. 

For all patients, the prior baseline method increased the estimated treatment volume and reduced 

the discrepancies between TDV and NPV (P = 0.023).

Conclusion—This study presents a mismatch between in-treatment and post treatment efficacy 

measures. The prior baseline approach accounts for local heating and improves the accuracy of 

thermal dose-predicted volume.

Magnetic resonance-guided focused ultrasound (MRgFUS) has been used in clinical trials to 

ablate soft tissue tumors such as breast tumors, uterine fibroids, and prostate tumors. Some 

of these trials aimed to show safety and feasibility through partial tumor ablation.1–5 More 

recently, patient studies have targeted total tumor volume ablation, including large uterine 

*Address reprint requests to: R.R.B., Stanford University, Department of Radiology, Richard M. Lucas Center for Imaging, Mail Code 
5488, Route 8, Stanford, CA 94305-5488. rbitton@stanford.edu. 

HHS Public Access
Author manuscript
J Magn Reson Imaging. Author manuscript; available in PMC 2016 January 16.

Published in final edited form as:
J Magn Reson Imaging. 2016 January ; 43(1): 181–189. doi:10.1002/jmri.24978.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fibroid volumes (>~75 cc).6,7 For malignant tumors, ablation of the entire tumor is a 

necessity if MRgFUS is to be considered as an alternative to surgery; while even for benign 

tumors, such as uterine fibroids, achieving total ablation results in more durable 

symptomatic relief.8

Total tumor ablation demands a highly accurate method to assess treatment efficacy. MR 

thermometry-derived thermal dose mapping is the primary method used to assess tumor 

ablation during an MRgFUS procedure.9 MR-derived proton resonance frequency shift 

(PRF) thermometry provides a change in temperature, which is then used to calculate 

thermal dose; neither absolute temperature nor absolute dose are calculated using these 

methods.10 Because these are not absolute measurements, the standard method does not 

account for local accumulation of heat over the course of a treatment, which can cause errors 

in thermometry, and thus, errors in the estimated thermal dose delivered to tissue (Fig. 

1).11,12 Underestimation of thermometry and thermal dose may result in unnecessary 

additional sonications of tissue that has already been ablated through sonication of adjacent 

areas; these extra sonications provide no benefit, while increasing risks to the patient, such 

as skin burns. Targeting already treated tissue also prolongs the procedure time, which is a 

major criticism of volumetric MRgFUS compared to alternative therapies.13–15

Another consequence of inaccurate thermometry is the commonly reported mismatch 

between thermal dose treatment volume (TDV) and nonperfused volume (NPV), which is 

the clinically accepted standard of in vivo ablation efficacy.7,16–19 There is potential for 

disagreement between the two in vivo measures (TDV, NPV) of treatment volume, as they 

are derived from different physical phenomena; TDV is based on temperature-dependent 

image-based phase accrual during treatment surpassing the threshold of 240 equivalent 

minutes, while NPV is based on the ability of contrast agent to reach the tissue after 

treatment. Because the interactions of MRI contrast and focused ultrasound ablation are not 

well established, contrast injections are administered only after the MRgFUS treatment is 

completed.20,21 In the majority of the cases reporting mismatch, immediate posttreatment 

NPV exceeded thermal dose. This mismatch becomes more profound with increasing target 

volumes, with the error between TDV and NPV reported to be between 38%–53% for 

volumes >125 cc.7 A recent preclinical treat and resect study found that the thermal dose 

volume underestimated ablated areas compared with both NPV and histology immediately 

post treatment.22 While thermal ablation of tumor vessels, which could result in 

disproportionately larger NPVs, has been posited as one explanation for this 

discrepancy17,23,24; clearly, the clinical success of MRgFUS in volumetric tumor ablation 

depends on improving the reliability and accuracy of intraoperative treatment monitoring 

and assessment.

The purpose of this study was three-fold: 1) to investigate if MRgFUS desmoid treatments 

suffered from a mismatch between thermal dose volume and NPV; 2) to improve thermal 

dose mapping by accounting for accumulated heat using a prior baseline thermometry 

method; and 3) to assess how much of the discrepancy between TDV and NPV remained 

after this improvement.
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Materials and Methods

General Imaging Methods

MR image data from MRgFUS treatments of five patients with biopsy-proven desmoid 

tumors25 were analyzed (average age = 28 years, range 14–66 years; three men and two 

women). All patients were treated after providing written informed consent, and the study 

was approved by the local Institutional Review Board. The patients were treated under 

general and/or regional anesthesia using the ExAblate 2100 MR image-guided focused 

ultrasound system (InSightec, Tirat Carmel, Israel) on a Discovery 750w 3T magnet 

(General Electric, Milwaukee, WI). The target location was positioned over the transducer 

and the patient was strapped to the MR table to minimize motion. T2-weighted fast spin echo 

images (4.9 sec repetition time, 64 msec echo time, 18–38 cm field of view, 320 × 224 

matrix, 108–162 kHz bandwidth, 3–4 mm slice thickness, 39–54 slices) acquired just prior 

to the treatment were used for treatment planning and to calculate the starting total tumor 

volume. A series of spatially interleaved sonications (1.1 MHz, 20 sec, 500J–1300J) were 

combined to ablate a tissue volume. Each sonication was monitored using PRF 

thermometry. Cooling time between sonications was at least 60 seconds. The thermometry 

sequence uses a 2DFT spoiled gradient recalled echo (SPGR) acquired every 3.2 seconds 

(25 msec repetition time, 12 msec echo time, 30° flip angle, 5 mm slice thickness, 45 kHz 

bandwidth, 1 excitation). Contrast enhanced images were acquired immediately following 

the treatment using a 3D gradient echo (GRE) with fat suppression (LAVA, GE, 5.4 msec 

repetition time, 1.7 msec echo time, 15° flip angle, 288–320×224 matrix, 3 excitations, 25–

36 cm field of view, 167 kHz bandwidth, 2–4 mm slice thickness, 56–120 slices,).

MR Thermometry and Thermal Dose Methods

PRF thermometry uses a reference phase image with no ultrasound applied that is 

considered a body temperature baseline image from which subsequent heating phase images 

are subtracted. Using complex phase subtraction, the change in temperature is calculated 

from the following relationship:

(1)

where ϕ is the phase of the current image, and ϕbaseline is the phase of the reference image, 

B0 is the magnetic field strength, γ is the gyromagnetic ratio, α is the temperature coefficient 

(−9.09 × 10−3 ppm/°C),26 and TE is the echo time. Temperature maps are converted into 

thermal dose maps using the following equation:

(2)

where CEM43 is thermal dose in equivalent minutes at 43°C, R is a constant related to the 

number of minutes needed to compensate for a 1°C temperature change around the 

breakpoint, and T is the temperature (°C) during time Δt.27
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Standard MR Thermometry Using the Immediate Baseline Method and Thermal Dose 
Calculation

During an MRgFUS treatment, the reference phase image (ϕbaseline) is acquired just prior to 

the start of sonication and considered a body temperature baseline image. The ultrasound is 

turned on, and phase images (ϕ) continue to be acquired during and just after the sonication. 

The standard MR thermometry method described above, referred to as the "immediate 

baseline" method in this study, is the method implemented in the only FDA-approved and 

most widely used MRgFUS device. Figure 1a depicts this standard, immediate baseline 

method, where a new baseline is acquired for each sonication, immediately prior to the 

application of ultrasound at time ta0. The subsequent heating images are acquired at 

timepoints ta1, ta2.… All images were reconstructed both with this method and with the prior 

baseline method described below. To assess the contribution of phase drift accumulation,28 a 

background tissue region outside the heating path was examined over the course of the 

treatment. Changes in later baseline phase images were compared to prior baseline phase 

images acquired at that location.

Analysis of Thermometry Baseline Errors

Figure 1b illustrates a problem where accumulation of heat shifts the actual temperature 

curve; this means that the assumption that the starting reference temperature for the tissue 

prior to sonication is 37°C (body temperature) is incorrect. To determine if this type of heat 

accumulation was occurring, baselines throughout the course of the treatment that shared the 

same slice location were compared with each other. The earliest acquired baseline prior to 

ultrasound was used as the reference, and later sonication baselines (prior to ultrasound) 

were converted into temperature maps using complex phase subtraction.

Prior Baseline MR Thermometry and Thermal Dose Calculation

The prior baseline approach aims to calculate temperature using a baseline, or reference 

image acquired early in a treatment, when the assumption that the reference image is at body 

temperature is valid. The algorithm searches previously acquired sonication baseline images 

for a match in the slice location. The matched image is used as the reference to calculate 

temperature maps for subsequent sonications. Figure 2 shows the basic algorithm structure. 

The algorithm criteria for a prior baseline similarity match include: 1) 2D normalized cross-

correlation of magnitude images to check for motion, and 2) magnitude weighted mean of 

the phase difference images between prior and immediate baselines to check for large phase 

difference errors. If no appropriate prior baseline is found, the immediate baseline image is 

used. The peak of the 2D normalized cross-correlation, rm, is considered the similarity value 

between the prior baseline magnitude image, and a baseline magnitude image acquired later 

in the treatment. Inclusion of the prior baseline was done for rm values >0.80 because 

magnitude images that were at least 80% similar were considered to not have significant 

disagreement due to motion.

If the baseline image met the magnitude match criteria, the image was checked for large 

phase variations. First, subtracted phase images were weighted by the normalized magnitude 

image to mask random phase noise outside the image area, given by the following:
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(3)

where W(x,y) is the weighted image and mb(x,y) is the baseline normalized magnitude 

image. The maximum phase/temperature variation, Tv, of the weighted phase image, W(x,y), 

was restricted to Tv ≤ 25% of the mean phase value, given by Tv = W(x,y)/W ̄. The thermal 

dose is calculated by the same relationship as immediate baseline (Eq. (2)), where T is now 

the temperature using prior baseline thermometry.

The prior baseline method performance was evaluated by determining 1) how often a 

previously acquired baseline existed; 2) how often a prior baseline met the matching criteria; 

and 3) what was the earliest baseline that was used.

TDV and NPV Comparison

Thermal dose ablation volumes and non perfused ablation volumes were examined to 

compare agreement between the two measures. The treatment volumes were derived from 

MR thermometry and from immediate post treatment contrast enhanced imaging. TDVs 

were calculated as the area of pixels whose dose value met or exceeded the thermal lethal 

dose threshold of 240CEM (CEM43 = 240) multiplied by the slice thickness, for each slice in 

the volume. TDVs were calculated both for the immediate baseline MR thermometry 

method and the prior baseline method. NPVs were defined as the non perfused area in each 

slice multiplied by the slice thickness, measured from post treatment CE images. A 

radiologist (P.G., with 4 years of experience in MR image interpretation) drew the contours 

of the non enhancing portion of the tumor on each slice of the treated volume.

Results

A representative cumulative thermal dose map overlaid on the magnitude image for a given 

slice location is shown in Fig. 3a for two patients. Figure 3b shows the corresponding post 

treatment contrast-enhanced image. The non perfused contour is larger than the lethal dose 

contour of the thermal dose map for both patients.

The results of the comparison between all five patients are shown in Table 1. The measured 

treatment volumes report 47%–91% disagreement between TDV and NPV.

The analysis of baselines for a given slice location throughout a treatment reveals errors in 

the assumption made during standard MR thermometry that the temperature returns to 

baseline (37°C) between sonications (Fig. 4). If the body temperature assumption was 

correct, no temperature rise would be present between baselines. However, as seen in this 

representative treatment, as the treatment progressed from sonication #64 to sonication #74 

(a 32 minute interval) a local temperature rise of up to 13°C in the region of treatment is 

visible, indicating insufficient cooling between sonications. With such a temperature rise, 

the tissue can receive lethal dose in under 2 minutes; if this temperature accumulation were 

prospectively monitored, this would allow for decreased treatment time. Peak additional 

temperature varied between 4–13°C (mean = 7.8°C) across patients. A region of tissue far 
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from the treated area shows the consistency of the background phase. This indicates that the 

phase drift effects over the course of the treatment were not significant, as the background is 

within the ±1°C error of the temperature measurements.

The TDV calculation with both the standard immediate baseline calculation (blue curve) and 

the prior baseline calculation (green curve) over the course of the entire treatment is shown 

in Fig. 5. The error is the difference between these two curves, which is seen to increase as 

the treatment progresses. This demonstrates why these errors are more prevalent in large 

treatment volumes.7

The prior baseline technique was applied to each patient case and treatment volumes were 

recalculated. Prior baselines could only be applied in cases where a sonication occurred at a 

specific slice location more than once, and the prior baseline was not corrupted by patient 

motion or significant phase variation due to transducer susceptibility (Table 2). The 

technique allowed 61% ± 8% (mean ± SD) of the sonications to be recalculated using a 

previously acquired baseline. A single slice location could be visited more than once, with 

sonications varying spatially within the slice. For this reason, many sonications had more 

than one prior baseline to search from. In those cases, the algorithm picked the earliest 

possible matching baseline. The mean baseline shows a treatment average of how early a 

reference baseline was used, where 1 is the first baseline acquired at that location, 2 is the 

second acquired, and so on. The treatment with the least impact from the technique was 

partly corrupted by patient motion, which occurred after 3 hours of time on the MRI table 

(patient 5). This resulted in the fewest prior baseline matches (48%) overall, and those that 

did match were acquired later in the treatment (mean baseline = 2.23), when heat 

accumulation had already occurred. With the exception of patient 5, the prior baseline 

method showed the majority of dose recalculations were able to utilize the first possible 

baseline (mean baseline = 1.17– 1.33), for patients 1–4.

In Fig. 6, example dose overlays and post treatment image comparisons are provided for 

three patients. The images show a comparison of dose contours between the methods. In all 

cases, the dose area increases with application of the prior baseline technique compared to 

the standard immediate baseline method. A small amount of noise in thermal dose is visible 

in low signal areas of the thermometry images, and contributes to the overall computed 

thermal dose volume. The prior baseline contour approaches the NPV contour, while not 

achieving complete contour agreement.

A comparison of the treatment volumes predicted using the immediate baseline and prior 

baseline methods are shown in Fig. 7. The volumes are given as a ratio of the NPV for each 

patient. A ratio of 1 indicates complete agreement between TDV and NPV. For each patient, 

the application of the prior baseline method increased the estimated treatment volume and 

improved the agreement (P = 0.023 using a paired two tailed t-test).

Discussion

The results from this study showed disagreements between the two accepted measures of 

treatment efficacy: thermal dose volume and NPV, the accepted gold standard. Compared to 
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NPVs, thermal dose volumes underestimated the treatment areas, resulting in unnecessary 

sonications that extended treatment times. Our findings revealed that between 7%–42% of 

the disagreement was due to errors in thermometry caused by the incorrect assumption that 

there is complete return to baseline body temperature (37°C) between sonications. 

Temperature maps of baselines showed local heat accumulation in the region of treatment 

due to insufficient cooling between sonications. By applying the prior baseline technique to 

account for this heat accumulation, sonication times could potentially be shortened and 

unnecessary sonications could even be eliminated. Note that heat accumulation occurred in 

these procedures despite increasing the required cooling time of 60–70 seconds, set by the 

system, to an average of 100–140 seconds (this increased cooling time was used in these 

treatments for planning between sonications). An additional increase in cooling times would 

be a clinically prohibitive solution since this would further prolong already long treatments; 

instead, the prior baseline method was applied to account for accumulated heat. The results 

show that thermal dose area increased for each case where prior baselines could be applied. 

We have shown that the prior baseline method reduced the discrepancy between thermal 

dose volume and NPV, although still predicting smaller treatment volumes than post 

treatment imaging reports for all patients in this study. The most practical implementation of 

the prior baseline would be to periodically acquire a volume of no-ultrasound reference 

images to use as a library throughout the treatment. This library could be acquired during 

cooling periods between sonications, minimizing any impact on the treatment time. 

Although this proposed method to improve TDV measurements may not eliminate all 

discrepancies with NPV, it would be an important first step that would reduce the 

discrepancy, and a necessary step prior to invoking and exploring additional more 

complicated and more difficult to prove causes of mismatch between TDV and NPV.

The target treatment volume plays a large role in the effect of heat accumulation. Larger 

ablation volumes require an increased number of sonications, potentially resulting in heat 

accumulation in tissues along the beam path. In the case of patient 2, with a large tumor 

volume of 104 cc, intervening healthy muscle tissue in the near field was also ablated. The 

findings of this study suggest that the thermometry errors resulting from insufficient cooling 

are more profound as the target volume (and hence treatment time) increases, and dose 

volume may exhibit a nonlinear response through the course of the treatment. The 

physiological reasons behind this heat accumulation may be due to the complete ablation of 

tissue in, and adjacent to, the target region. Perfusion and subsequent cooling of ablated 

tissue is reduced, resulting in local heat accumulation. Patient-dependent factors that also 

play a role in locally increased heat due to inherent acoustic properties of tissue include: 

highly absorbing bone in the far field,29,30 nonvascular or fibrous tumor tissue types, 

intervening tissue with increased energy absorption,31,32 as in muscle or fascia, and 

intervening tissue with heat insulation properties, as in adipose tissue.33

The TDV-NPV mismatch reported here is not unique to desmoid tumors, as our findings are 

in agreement with recent studies in fibroid tumors showing underestimation of thermal dose 

volume.7,17,19 The high vascularity of some fibroid tumors may confound the relationship 

between thermal dose volume and NPV. For example, vessel occlusion due to ablation can 

result in ischemic areas, contributing to NPV17,23,24; however, we observed similar findings 

even though desmoids are less vascular tumors.
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A limitation to the prior baseline method as it is presented in this study is that the algorithm 

relies on similar imaging planes for different sonication locations. In order for the algorithm 

to be applied retrospectively to treatments without repeated imaging planes (ex: oblique 

planes centered at the focus), the thermal dose images could be mapped in 3D space. 

Another limitation in this type of long time scale approach to thermometry is corruption by 

patient motion; for example, respiratory motion could corrupt MR thermometry when 

treating the upper abdomen. As mentioned above, the periodic acquisition of a library of 

baselines not only through a treatment volume, but also throughout a complete respiratory 

cycle may account for respiratory motion, and has been shown in MRgFUS in the liver.34 In 

addition, robust rotational and out-of-plane motion correction algorithms are still under 

investigation and can be computationally expensive.35,36 Note that improved thermometry 

and shorter procedure times also have the potential to reduce patient motion. Another 

limitation of this approach is its reliance on standard 2D temperature imaging, with dose 

calculated from a single slice centered at the focus. When multislice temperature acquisition 

is used, a small portion of the dose, estimated at up to 5%, may be seen on slices around the 

central slice. This also contributes to the mismatch between TDV and NPV. Volumetric 

thermometry would reduce this discrepancy, but at the expense of lower temporal resolution, 

which would also then impact the ability to rapidly detect tissue cavitation. Finally, this 

study is limited by the small number of patients and by the application of the technique to a 

single tumor type. The method described here is currently being assessed with a larger 

patient population and in multiple tumor types.

A number of other approaches could contribute to improve the accuracy of thermometry and 

dosimetry. When ablation temperatures are high, dose can continue to accumulate after the 

ultrasound has been turned off. This is due to the equivalent minute relationship given in Eq. 

(2). The current protocol acquires only two post sonication phases to confirm cooling is 

occurring. However, continuous imaging during the cooling periods between sonications 

would capture some of this additional dose directly, while extrapolation techniques could 

further improve the dose accuracy. Additionally, the 240CEM43 criteria is a derived 

equation for thermal dose that relies on measured constants that can vary between tissue 

types and can be affected by thermal intolerance phenomena.27,37,38 Some research has 

found better agreement between NPV and TDV with a lower CEM lethal dose threshold; 

however, additional studies are required to validate their use for various tissue types in 

vivo.17,39 Further investigation into the derivation of thermal dose could be helpful, as well 

as development of absolute MR thermometry.40–43

Underestimation of thermal dose due to thermometry errors has significant clinical impact. 

A better in-treatment efficacy measure such as improved thermal dosimetry using the prior 

baseline method has the potential to increase safety. First, the energy required to achieve 

ablation can be reduced when the reference temperature is already elevated. Second, by 

accounting for accumulated heat, and hence accumulated dose, the prior baseline method 

may allow elimination of unnecessary sonications in areas already ablated through 

cumulative heating. Decreasing the energy or number of sonications leads to less heat 

accumulation on the skin and other healthy structures, limiting the risk of damage to healthy 

intervening tissues. For example, the unintended ablation of gluteal muscle reported for 

patient 2 might have been avoided if knowledge of the nonlinear heat accumulation in that 
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region was known. More accurate thermometry resulting in fewer sonications would also 

reduce treatment times, which has been a major criticism of MRgFUS for volumetric 

ablation. Treatment time reduction would also be cost-effective and less demanding on the 

patient. For the prior baseline method to improve safety and reduce treatment times, it must 

be applied during the treatment, rather than retrospectively. This currently requires the 

ability to pull thermometry images to a separate workstation for real-time postprocessing, 

which must occur rapidly enough to inform the treating physician prior to the next 

sonication. Such postprocessing tools are now in use at our institution. Alternatively, the 

vendors could integrate these tools in subsequent versions of their software.

In conclusion, the results of this study present a problem of mismatch between in-treatment 

and post treatment measures of successful ablation in the use of MRgFUS, and show that a 

prior baseline long-term thermometry approach can improve accuracy of thermal dose 

predicted volume. This technique would improve safety and allow the treatment to end 

sooner, improving clinical feasibility of noninvasive MRgFUS in volumetric tumor 

ablations.
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FIGURE 1. 
Sonication thermometry protocol. a: At timepoint ta0 a baseline reference image prior to 

turning on ultrasound is acquired. Images are acquired every 3.2 seconds throughout the 

sonication period. The final image tafinal is acquired after the ultrasound has been turned off 

for two 3.2-second intervals. Images are not acquired through the remainder of the cooling 

period. b: The following sonication where the assumption is made that baseline temperature 

has returned to 37°C. However, in cases of local heat accumulation the curve may actually 

be shifted due to insufficient tissue cooling between sonications.
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FIGURE 2. 
Prior baseline algorithm flow chart. The algorithm compares the similarity of an immediate 

baseline with a prior baseline to determine if the prior baseline can be used to calculate 

thermal dose. The decision points are based on similarity of the magnitude images, and 

overall phase consistency. The 2D cross-correlation criteria excludes baselines where 

magnitude images are dissimilar due to motion. Phase subtracted images are weighted by the 

magnitude image to suppress low signal areas, such as background noise outside the patient. 
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The weighted subtracted baseline images are converted into temperature maps. The mean 

temperature variation criterion excludes baselines with large phase variations.
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FIGURE 3. 
Thermal dose overlay and contrast-enhanced images of a similar slice in two patients (rows). 

Column (a) shows immediate baseline calculated dose and (b) shows the NPV (green 

contour). Tumor region is outlined in gray. Lethal thermal dose is indicated by dark red 

pixels. Thermal dose (red) underestimates the amount of ablated tissue when compared to 

NPV (green).
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FIGURE 4. 
a: Magnitude image of slice location (left). Baseline-to-baseline temperature maps of the 

same slice location over the course of a patient treatment. Sonication numbers indicated 

across the top, sonication #60 (not shown) was used as the reference for the subsequent 

baselines. b: Mean baseline temperatures of region of interests in the tumor, and background 

(where no heat is applied during the treatment), as a function of sonication number 

(indicating treatment time). Prior baseline processing shows subsequent preheating baselines 

in the treatment region do not actually return to body temperature where ΔT = 0°C, as 

assumed.
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FIGURE 5. 
Immediate vs. Prior Baseline comparison of cumulative dose volume over the long time 

course of a treatment for patient 2. Total treatment time was 3h:36m.
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FIGURE 6. 
Patient images showing (a) post treatment NPV (green), (b) immediate baseline (red), and 

(c) prior baseline treatment contours (red) for three patients. Column (d) is the additional 

dose calculated due to the prior baseline method. Gray overlay in columns (b–d) indicates 

general region of treatment.
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FIGURE 7. 
Treatment volumes of all patients using immediate and prior baseline methods as a fraction 

of NPV. Patient numbers are listed on the right. A fraction of 1 indicates total agreement 

between thermal dose volume and NPV.
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TABLE 1

Thermal Dose Treated Tumor Volume (TDV), Postcontrast Enhanced Nonperfused Treated Volume (NPV), 

and the Percent Error Between the Two Measures

TDV (cc) NPV (cc) % Error

Patient 1 34 64 47%

Patient 2 38 79 52%

Patient 3 13 29 55%

Patient 4 20 62 68%

Patient 5 57 663 91%
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TABLE 2

Performance of Prior Baseline Method for Each Patient

Exist early
baseline (%)

Used early
baseline (%)

Mean baseline
image no.

Patient 1 72 70 1.23

Patient 2 74 64 1.25

Patient 3 71 63 1.29

Patient 4 72 60 1.15

Patient 5 79 48 2.23

Columns indicate fraction of total sonications where a prior baseline existed, fraction of total sonications used in calculations (by meeting prior 
baseline matching criteria, where maximum value would be equal to exist early baseline), and the average baseline number used (where 1 indicates 
the earliest, or first baseline acquired, 2 is the second baseline, etc.). Most were able to utilize the earliest available baseline.
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