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Abstract

The goal of the study was to establish early hyperpolarized 13C MRI metabolic and perfusion 

changes that predict effective high-intensity focused ultrasound ablation and lead to improved 

adjuvant treatment of partially treated regions. To accomplish this a combined hyperpolarized 

(HP) dual agent (13C-pyruvate and 13C-urea) 13C MRI/mp-1H MRI approach was used to measure 

prostate cancer metabolism and perfusion 3–4 hours, 1 day and 5 days after exposure to ablative 

and sub-lethal doses of HIFU within adenocarcinoma of mouse prostate (TRAMP) tumors using a 

focused ultrasound applicator designed for murine studies. Pathologic and immunohistochemical 

analysis of the ablated tumor demonstrated fragmented, non-viable cells and vasculature consistent 

with coagulative necrosis, and a mixture of destroyed tissue and highly proliferative, poorly 

differentiated tumor cells in tumor tissues exposed to sub-lethal heat doses in the ablative margin. 

In ablated regions, the intensity of HP 13C lactate or HP 13C urea and DCE MRI AUC images 

were reduced to the level of background noise by 3 to 4 hours after treatment with no recovery by 

the 5-day time point in either case. In the tissues that received sub-lethal heat dose, there was a 

significant 60% ± 12.4% drop in HP 13C lactate production and a significant 30 ± 13.7% drop in 

urea perfusion 3–4 hours after treatment, followed by recovery back to baseline by 5 days after 

treatment. DCE MRI Ktrans showed a similar trend as HP 13C urea, demonstrating a complete loss 

of perfusion with no recovery in the ablated region while having a 40%–50% decrease 3–4 hours 

after treatment followed by recovery to baseline values by 5 days. The utility of the HP 13C MR 

measures of perfusion and metabolism in optimizing focal HIFU, either alone or in combination 

with adjuvant therapy, deserves further testing in future studies.
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Mice with prostate tumors were treated with HIFU, resulting in partial ablations within the tumors. 

In a single MRI acquisition after the injection of copolarized [1-13C]pyruvate and 13C-urea, the 

region of HIFU-induced coagulative ablation can be identified by a complete loss of perfusion and 

metabolism. The recovery of perfusion and metabolism over-time in surrounding tissues that 

received non-lethal hyperthermic heat doses could be used to identify the best time to apply 

adjuvant chemo- and radiation therapy.
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Introduction

Prostate cancer is the most frequently diagnosed invasive cancer in men.1 However, prostate 

cancer is extremely variable in its aggressiveness and subsequent history of progression to a 

lethal disease.1 Men diagnosed with low- or intermediate-risk localized prostate cancer have 

historically faced the dilemma of having to select either aggressive definitive treatments such 

as surgery or whole-gland radiation therapy with their associated complications, or the 

psychologically burdensome option of active surveillance without treatment.2,3 Focal 

therapies have recently been integrated within the clinic that allow for definitive treatment of 

low- or intermediate-risk intraprostatic lesions while reducing the risk of significant 

complications seen with more radical therapy.4–7 High-intensity focused ultrasound (HIFU) 

is one of the modalities being investigated as a precision technique for effective thermal 

ablation for such cases.7–9

HIFU or Focused Ultrasound (FUS) is capable of creating ablative levels of tissue heating 

within tumor via delivery of ultrasound energy while sparing structures outside of the beam 

focus.10 Responses of tissues to thermal therapies depend on both the temperature elevation 

and the duration. In general, high-intensity ultrasound refers to ultrasound with intensity 

greater than 5W/cm2.11 Immediate cell death occurs at a temperature beyond 56°C for at 

least 1 second.12 During HIFU treatment, a high-power ultrasound wave is focused at the 

focal point, raising the temperature in the focal zone to beyond 80°C within seconds.13 This 

heat exposure leads to protein denaturation, mitochondrial dysfunction, irreversible cell 

death, and coagulative necrosis in the ablated zone.13,14 In the margin zone (the zone 

directly adjacent to the ablated zone), a mixture of destroyed tissue and viable cells is 

observed. The tissues in the margin zone still receive thermal-induced injuries, but the 

Lee et al. Page 2

NMR Biomed. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effects can be sub-lethal and reversible.14 Some of the cells damaged with primary thermal 

insult will undergo partial cellular breakdown and subsequent recovery.15 Other cells will 

die subsequently due to secondary injury (inflammation, apoptosis, ischemia, etc.).15

Image guidance, provided by ultrasound or MRI, is crucial in improving tissue targeting and 

treatment monitoring, and promising results have been shown in various applications in 

clinical trials.16–24 The superior soft-tissue contrast and high spatial-resolution make MRI 

the best imaging method for prostate cancer.25 The current state-of-the-art for imaging 

localized prostate cancer, multiparametric (mp) 1H MRI (anatomic, perfusion and diffusion 

weighted imaging), has demonstrated the ability to localize tumors for subsequent biopsy 

and focal treatment.25 In addition, with the ability to provide real-time thermometry 

feedback, MRI allows for even better controlled heat deposition.26,27 Therefore, the 

combination of HIFU and MR-guidance is a powerful focal therapy modality for localized 

prostate cancer.5,28–31 While there are multiple ways to assess treatment outcome, including 

ultrasound-measured elasticity and the clinical gold standard dynamic contrast-enhanced 

(DCE) MRI, these methods only delineate coagulated tissues or the lack of perfusion.32,33. 

There remains a clinical need to define effective ablation at an earlier time point and provide 

critical metabolic and perfusion information on the partially treated regions for improved 

adjuvant therapy.

Varying heat doses in partially treated regions may cause a diverse effect on residual areas of 

prostate cancer perfusion and metabolism, which could hold the key to more accurately 

assessing treatment response at an early time-point and for improving treatment protocols 

for individual patients. Hyperpolarized 13C MRI is a powerful new metabolic imaging 

method which uses specialized instrumentation to provide signal enhancements of over 

10,000-fold for 13C enriched, safe, endogenous, non-radioactive compounds. The 

unprecedented gain in sensitivity provided by hyperpolarization can be combined with fast 
13C MRI techniques to provide high-spatial resolution images of the injected metabolic 

probe, HP [1-13C] pyruvate, as well as its down-stream metabolites.34 Specifically the 

apparent rate of conversion of HP [1-13C] pyruvate to [1-13C] lactate (kPL) catalyzed by 

lactate dehydrogenase (LDH) and the associated HP [1-13C] lactate/[1-13C] pyruvate ratio 

and has shown great potential for not only detecting prostate cancer, but for also assessing 

the aggressiveness (pathologic grade) of the cancer and its subsequent response to therapy in 

both pre-clinical and clinical studies.34–39 Prostate cancer, particularly high-grade prostate 

cancer, is associated with a high HP [1-13C] lactate/[1-13C] pyruvate ratio and kPL and both 

are dramatically reduced with effective treatment.

Another important feature of HP 13C MRI is that it can encode chemical as well as spatial 

information, thereby providing the potential for using multiple HP 13C-labeled probes in 

order to detect both metabolism ([1-13C] pyruvate) and perfusion (13C-urea) simultaneously 

after a single injection of the combined HP probes.25,40 Initial pre-clinical studies have 

indicated that metabolically inactive [13C] urea can be used as a perfusion contrast agent to 

image blood flow, and has several advantages over gadolinium-based agents, including 

direct proportionality of signal to tracer concentration, naturally substance at physiologic 

concentrations and inherently high contrast-to-noise ratio due to the absence of background 

signal.40 As mentioned above, DCE MRI currently serves as the clinical gold standard of 
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assessing HIFU treatment efficacy, and in this study the serial HP 13C-urea change after 

HIFU was compared to DCE MRI to assess whether it provides similar or improved 

information. Methods for co-polarizing 13C-pyruvate and 13C-urea have also been 

developed, successfully polarized, and injected in pre-clinical models to simultaneously 

measure perfusion and metabolism.40 In a recent dual probe (13C urea and [1-13C] pyruvate) 

HP 13C MRI pre-clinical study of prostate cancer, significant changes in 13C-urea 

(perfusion) was able to distinguish high- from low-grade cancer.37 Currently, there is no 

published data on the temporal changes in perfusion and glycolytic metabolism that occur 

with complete ablation or partially HIFU treated tissues.

In this study a combined HP dual agent (13C-pyruvate and 13C-urea) 13C MRI/mp-1H MRI 

approach was used to characterize temporal changes in prostate cancer metabolism and 

perfusion after exposure to ablative and sub-lethal doses of HIFU using a transgenic 

adenocarcinoma of mouse prostate (TRAMP) model 41,42 and a focused ultrasound 

applicator designed for murine studies. The overall goal of the study is to establish early HP 
13C MRI metabolic and perfusion changes that predict effective HIFU treatment and lead to 

improved adjuvant treatment of partially treated regions.

Material and Methods

Murine Tumor Model

The TRAMP model is a well-established murine prostate model that closely mimics the 

progression of human prostate cancer.41,42 Specifically, the perfusion and metabolism of 

TRAMP model mimic human disease.37,43 Mice of C57Bl6 X FVB background, (n=5) 

weighing 30–40g with solid prostate tumor of 1.5–2.2 cm3 were selected for HIFU 

treatments (Table 1). Tumor size was determined by identifying the tumor region of interests 

(ROIs) on the T2-weighted anatomical MRI images. During the HIFU treatment and the 

MRI session, mice were anesthetized with 1%-2% isoflurane. A pressure sensor (SA 

Instruments, NY, USA) for respiration monitoring was placed under the animal, positioned 

within the mouse holder and the coil that fit in the 14T MRI scanner. The respiration rate 

was maintained at 60–75 breaths/minute.

Small Animal FUS Device—Fabrication and Characterization

Small focused ultrasound applicators were fabricated in-house, using spherical focused 

transducers (PZT-4 material, 12.7mm diameter, 41.4mm radius of curvature, 5.6MHz) 

mounted on a 3D-printed acrylonitrile butadiene styrene (ABS) housing designed to provide 

air backing, conduits for RF power leads, and fluid injection port. This configuration was 

selected based upon practical constraints of size, frequency, and availability to provide a 

defined region of ablation within these mouse tumors, and not a small discrete focal zone. 

The transducer housing was integrated with a conical shaped standoff with a 1-cm diameter 

window, and filled with degassed water in order to couple the acoustic energy to the mouse 

and to adjust the distance such that the focus was within the tumor. The custom applicators 

were characterized and calibrated with intensity beam plots using a 3D computer controlled 

scanning system (Velmex Inc., Bloomfield, NY) with a calibrated hydrophone (HNP-0400, 

Onda Corp, Sunnyvale, CA). Applicators under test were operated in burst mode at 200 
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cycles with 1kHz repetition following standard measurement methods, and the peak-to-peak 

voltage from the hydrophone was measured using an oscilloscope (Keysight DSO-X-2024A 

200MHz Digital Oscilloscope, Keysight Technologies, Santa Rosa, CA) and converted to 

intensity. Maps of the distribution and the peak intensity for applied powers were measured 

in degassed water. Intensity beam plots of the X–Z (coronal) and X–Y (axial) planes were 

acquired. The step sizes were 0.2mm along the X and Z axes and 1mm along the Y axis. The 

acoustic output power as a function of electrical input power (2W-16W) was measured using 

the radiation force balance technique, and used to scale applied power for desired high 

intensity delivery during animal studies.

FUS Tumor Ablation

The ventral and dorsal abdominal regions of the mouse around the tumor was depilated for 

efficient coupling of the ultrasound energy, and the applicator tip was placed and 

compressed over either left or right side of the tumor target region and coupled to the skin 

with ultrasound transmission gel. The applicator was positioned from a ventral-lateral 

approach so that no major organs were in the ultrasound beam path to avoid injuries in other 

organs. A 30 durometer rubber absorber and intermediate gel pad, with acoustic gel was 

positioned on the opposite side of the tumor to absorb and dissipate the exiting ultrasound 

energy, and to prevent reflection. RF power was applied continuous wave using a single 

channel from a four-channel amplifier (Advanced Surgical Systems, Inc.; 500-009 RF 

generator), and the sonications were performed at 5.6 MHz, 11.6–15W net electrical power, 

spatial-peak temporal-average intensity (ISPTA) = 292.9–401.9W/cm2 for 45 to 60 seconds. 

Each mouse received 1 to 2 treatments depending on the size of the tumor. The goal was to 

generate ablated and partially treated regions within the same TRAMP tumor for serial 

imaging studies, not to ablate the entire tumor or a specific discrete region for assessment of 

therapeutic efficacy. Therefore, ablative ultrasound intensities were directed toward one side 

or half of the tumor. A high-intensity and long-duration (60s) HIFU treatment was 

performed on Mouse 1, and then the power setting and duration were adjusted for the 

following mice to achieve optimal outcomes. For the subsequent mice, two sonications were 

performed for each mouse at a lower power and a shorter duration. Between the two 

sonications, the location of the applicator was shifted slightly (~1mm) in order to generate a 

larger thermal damage zone. Figure 1 shows the setup schema during a HIFU treatment. 

Table 1 lists the HIFU treatment parameters applied for TRAMP mice of varying tumor size 

and baseline metabolic activity that were studied. Both the HIFU intensity and duration were 

also varied between mice to allow for differing ablated and partially treated regions.

MR Imaging

The MR imaging was performed on a wide-bore 14T micro-imaging system (Varian 

Instruments, Palo Alto, CA) equipped with 1000 mT/m gradients and multi-nuclear 

capabilities. Each imaging study included (1) T2-weighted images for anatomical references 

(TE/TR = 20/1200 ms; voxel size 0.16×0.16×1 mm3, field of view 4cm × 4cm), (2) 

diffusion-weighted imaging (DWI) using a spin-echo diffusion weighted sequence (TE/TR = 

20/1200ms; voxel size 0.31×0.31×1mm3, field of view 4cm × 4cm, diffusion gradient 

amplitude 39G/cm, gradient duration 2ms, gradient separation 13ms, four b-values were 

used: 25, 188, 331, and 514s/mm2), (3) DCE MRI acquired using a T1-weighted gradient 
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echo sequence serving as a comparison to the clinical standard (TE/TR = 1.11/39 ms; voxel 

size 0.31×0.31×1 mm; acquired over 5 minutes), and (4) the co-hyperpolarized [1-13C] 

pyruvate and 13C urea (voxel size 2.5×2.5×2.5 mm). The contrast agent gadolinium solution 

used for DCE MRI was made with Magnevist© at 1:6 dilution. A volume of 150μL of the 

gadolinium solution was injected through the tail vein catheter followed by 150μL flushing 

saline solution over a total of 30 seconds. The [1-13C] pyruvate and 13C urea samples, as 

well as the buffer solution, were prepared following the previously published protocols.35,44 

Once the samples were polarized, a dissolution step brought the samples back to physiologic 

temperature, and 450μL of the solution was injected through the tail vein catheter over 15 

seconds. As determined in the previous studies, the 13C images were acquired 35 seconds 

after the injection.35 The 13C data were acquired in the following order: (1) a 2-degree flip 

angle spectrum, (2) the 3D images of pyruvate, lactate, and urea using a 3D GRASE 

sequence,45 and (3) a 90-degree flip angle spectrum. The spectra served as a supplemental 

verification of proper polarization levels and successful injections. These imaging studies 

were performed at four time points and comprise a baseline acquired 1 day before the 

treatment, 3–4 hours after the HIFU treatment, and both 1 and 5 days post-treatment.

Histopathology

Mice were sacrificed immediately after the last imaging time point, and the resected tumors 

were sliced in 3-mm sections and immersed in a freshly prepared solution of 2% (w/v) 

triphenyl tetrazolium chloride (TTC) in phosphate-buffered saline (PBS) for 25 minutes at 

room temperature. TTC is a tissue viability stain.46 Functional dehydrogenases and cofactors 

convert the colorless TTC into a bright red pigment, while the non-viable tissues stay in the 

native color. Pictures of gross pathology were taken before and 25 minutes after the TTC 

staining. The tissues were then fixed in 10% buffered formalin, transitioned into ethanol, and 

embedded in paraffin blocks. The sliced tissues underwent standard histological processing 

and H&E staining, and sections were registered to the corresponding MR images. Based on 

the pathology, an investigator (RB) highly experienced in murine pathology identified two 

types of treated tissues as a result of different heat exposures: (1) complete ablation: regions 

not stained by TTC (appeared as the native tissue color) that had less than 10% viable, intact 

structures on H&E, (2) margin zone: regions with a weaker TTC staining that had less than 

50% necrosis/fibrosis/coagulation on H&E, and (3) non-lethal exposure or untreated tumor 

tissues: regions with dark red TTC staining and appeared viable on H&E. The identified 

regions were correlated to the T2-weighted, HP 13C, and DCE MRI results.

Data Analysis

The MR apparent diffusion coefficient (ADC) maps were calculated from the diffusion-

weighted images using VNMRJ 4.0 (Agilent Inc., Santa Clara, CA, USA). The ablated and 

margin zones were identified on the T2-weighted, ADC, and DCE MRI images and verified 

with histopathology. These regions of interest (ROI) were drawn on the DCE MRI data 

using the Editor module in Slicer3 (http://www.slicer.org).47 The means of the ROI’s were 

calculated using LabelStatistics under the Quantification module. The same regions were 

then identified on the T2-weighted anatomical images and then overlapped onto the 13C 

images using custom software developed in-house programmed in IDL Software.
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Pharmacokinetic modeling was applied to the intensity-over-time DCE MRI data, based on 

the extended Tofts Kermode model using a native T1 = 1.4s and a relaxivity, r1 = 3.7L/

(mmol × s), and vp = 0.1.48 The arterial input function (Cp) was characterized using a bi-

exponential function, based upon a study performed in mice, where Cp(t) = Amp × D(a1 

exp{(t − t0)m1}) + a2 exp {(t − t0)m2}), and where Amp = 20, D = 0.62 mmol/kg of Gd-

DTPA, a1 = 0.1 kg/L, m1 = 0.0175/min, a2 = 0.19 kg/L, m2 = 0.00115/min.49 The Amp was 

introduced to account for overall signal differences between our experimental measures and 

the one from the literature, and as only measures normalized to pre-treatment values were 

reported. The model was fit to the data using non-linear least squares estimation with the 

“optim” function in R (R Foundation for Statistical Computing, Vienna, Austria).50 The 

quantitative DCE transfer constants (Ktrans) were computed, and the values were normalized 

to the baseline values prior to the treatment. The DCE MRI images were then converted into 

concentration of gadolinium, and to calculate the area under the curve (AUC), the 

concentration was summed over a time course of 5 minutes with 6-second intervals.51 The 

DCE MRI AUC data in the tumor was normalized to the DCE MRI AUC data in normal 

muscle tissues. For each time point, the means were computed for each mouse and then 

averaged among all mice.

The spectrum acquired with a 2-degree flip angle immediately before the 3D GRASE 

images was used to normalize the 13C data. The 13C pyruvate and lactate signals were 

normalized to the pyruvate signal from the spectrum, while the urea signal was normalized 

to the spectral urea signal. Only voxels with signal-to-noise ratios larger than 3 were 

considered. All voxels used to analyze a region were completely within the defined 

boundary (i.e. voxels on the boundary of the ablated region and the margin zone were not 

considered).

The means of the 13C-labeled lactate, pyruvate, and urea imaging results as well as the DCE 

MRI AUC and Ktrans, and the ADC, were calculated at baseline and each of the post-

treatment follow-up time points. The significance of each of the post-HIFU time points 

compared to baseline was reported using the standard Mann-Whitney-Wilcoxon rank signed 

test, p<0.05.

Results

Small Animal FUS—Acoustic Characterization

Figure 2 shows the intensity beam plots of the coronal and axial cross sections of the 

focused ultrasound applicator beam pattern, as measured outside of the distal conical tip, and 

represents the portion to be positioned within the tumor. The full width half max of the 

coronal slice of the ultrasound beam was 0.8mm, and the 50% contour of the beam intensity 

extended 9mm from the surface of the cone. As measured by the radiation force balance, the 

acoustic efficiency of the ultrasound HIFU applicator ranged between 35–45%. The required 

applied power level to deliver the desired focal intensity for each animal experiment was 

scaled from the low power calibration measurements using this measured efficiency, with 

11.6–15 W power delivery required to generate focal intensities of ISPTA = 292.9–

400.9W/cm2 as in Table 1 for ablative doses of HIFU to be applied to the murine tumors. 
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With the narrow beam width and high intensity delivery, local ablation was effectively 

achieved in all five TRAMP mice.

Pathologic and Imaging Effects of HIFU

Figures 3 and 4 show representative sets of HP 13C/mp-1H MRI serial data with associated 

pathology from mice having 2.2cm3 and 1.5cm3 tumors treated with HIFU. The baseline HP 
13C lactate/pyruvate ratios were 3.01 ± 1.08 and 1.46 ± 0.63, indicating a range in metabolic 

activity consistent with varying pathologic grades of these tumors.35 The baseline HP 13C 

lactate/pyruvate and tumor volumes for all 5 mice studied (Table 1) demonstrate a range of 

cancer aggressiveness, from a ratio of 1.06 indicating a less aggressive tumor, to 3.01 as in a 

late-stage prostate tumor. In the ablated region 5 days after HIFU, both TTC (Figure 3a and 

4a) and H&E staining (Figure 3b and 4b), Ki-67 (Figure 3c and 4c) and PIM (Figure 3d and 

4d) demonstrated fragmented, non-viable cells consistent with coagulative necrosis.15 In the 

partially treated tissue surrounding the ablated regions (margin zones) a mixture of 

destroyed tissue and viable cells were observed. As shown in Table 2, the viable cells were 

highly proliferative (mean Ki-67 staining 89.6% ± 4.3%). About 25% of the viable tumor 

was hypoxic (PIM staining positive for 25% ± 1.6% of the tumor) and were pathologically 

poorly differentiated (98.6% ± 1.0% of the tumor cells being poorly differentiated). The two 

mice had 1.1cm3 and 0.6cm3 ablated regions, respectively. The ablated and margin zones 

were then registered to the MRI T2-weighted anatomical images (Figure 3e and 4e) in order 

to compare changes in measurements of metabolism (normalized HP 13C lactate) and 

perfusion (normalized 13C urea and DCE MRI). Figures 3e and 4e show representative 

imaging results at baseline, 3–4 hours, 1 day and 5 days post HIFU treatment. For both mice 

at baseline, normalized images of HP 13C lactate and HP 13C urea, DCE MRI AUC were 

heterogeneous in intensity but clearly observable throughout the TRAMP tumor consistent 

with viable metabolically active prostate cancer. Despite different HIFU doses applied in the 

two cases, a similar post-treatment tissue response was observed. In the pathologically 

ablated regions, the intensity of normalized HP 13C lactate or HP 13C urea and gadolinium 

AUC images were reduced to the level of the noise by 3 to 4 hours after treatment. Neither 

metabolism nor perfusion showed signs of recovery in the ablated regions by the 5-day time 

point in either case. In contrast, the partially treated zone had an initial decrease in 

metabolism (normalized lactate images) and perfusion (normalized urea and DCE MRI AUC 

images) 3–4 hours after treatment, followed by recovery back to or beyond baseline values 

by 5 days after treatment.

Figure 5 shows representative DCE MRI data in the margin zone of Mouse 2 treated with 

HIFU. The pre-treatment DCE MRI curve (blue) is consistent with the presence of high-

grade prostate cancer: fast wash-in and fast wash-out of the gadolinium contrast agent.52,53 

At 3–4 hours after the treatment (red), the time to peak DCE MRI intensity is longer (200s 

vs. 100s), the plateau of the DCE intensity curve increased, and minimal contrast agent 

wash-out was observed. These changes are consistent with early vascular congestion and 

rupturing 54, and an increase in the extravascular, extracellular space volume fraction (ve) 

from cell death due to the thermal dose delivered to this region. One day after the treatment 

(orange), the wash-in slope was still lower than the baseline values indicating the vasculature 

hadn’t fully recovered. Five days after the treatment (green), both the wash-in and wash-out 
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slopes were higher than baseline, consistent with the pathologic finding of a poorly 

differentiated residual tumor (Table 2).

The compiled HP 13C/mp-1H MRI data from the 5 mice studied (Figure 6) quantitatively 

demonstrates the reproducibility of the significant loss of metabolism (HP 13C lactate 

production) and perfusion (urea, DCE MRI and Ktrans) at 3–4 hours after treatment in the 

ablated regions with no significant (p = 0.31) recovery by 5–6 days after treatment. In the 

tissues that received sub-lethal heat dose, there was a significant 60% ± 12.4% drop in HP 
13C lactate production and a significant 30 ± 13.7% drop in urea perfusion 3–4 hours after 

treatment, followed by recovery back to baseline by 5 days after treatment. DCE MRI Ktrans 

and AUC showed a similar trend as the 13C urea, having a complete loss of perfusion with 

no recovery in the ablated region while having a 40%–50% decrease 3–4 hours after 

treatment followed by recovery by 5 days.

The change in ADC was not significantly different from baseline versus time after HIFU 

treatment in either the ablated or margin regions. However, there was a trend for increasing 

ADC versus time in the ablated regions (% change from baseline being: −4% ± 12%, 13% 

± 15%, 25% ± 17%, for 3–4 hours, 1 day and 5 days respectively). Whereas in the margin 

region, where there was recovery of tumor perfusion and metabolism, mean water ADC was 

variable with no net change by 5 days after treatment (7% ± 21%). The mean water ADC 

was non-significantly (p= 0.16) higher in the ablated (1.1 × 10−3 mm2/sec) versus the 

partially treated zone (0.77 × 10−3 mm2/sec). Additionally, tumor volume had a significant 

increase from baseline (a day before the treatment) to the day of the treatment (20% ± 4% 

increase from baseline), and then remained constant for the duration of the follow-up (21% 

± 2% and 19% ± 5% for 1 and 5 days after treatment, respectively).

Discussion

The overall objective of this pre-clinical study was to develop HP 13C MR biomarkers of 

prostate cancer ablation using HIFU, such that imaging at the time of treatment can be used 

to accurately predict the success and extent of coagulative ablation, and to identify tissues 

bordering the tumor that are potentially sensitized to adjuvant treatment (radiation, 

chemotherapy) by non-lethal hyperthermic heat doses. The ability to accurately predict the 

extent and success of HIFU ablation and tumor borders that have received sensitizing 

hyperthermic doses will be of vital importance in upcoming clinical trials of focal HIFU, 

both alone and in combination with adjuvant therapy in prostate cancer. To accomplish this 

goal a combined HP dual agent (13C-pyruvate and 13C-urea) 13C MRI/mp-1H MRI approach 

was used for the first time to establish early serial changes (3–4 hours up to 6 days) in 

perfusion and metabolism that occur in regions of HIFU ablation and adjacent partial 

treatment zones in the well-established TRAMP model.37,41–43 In the ablated zone, the 

thermal insult was sufficient to cause complete cell death and coagulative necrosis, resulting 

in a complete loss of metabolism and perfusion by 3–4 hours after treatment without any 

recovery by 5 days. The loss of perfusion was demonstrated by a complete loss and lack of 

recovery of HP 13C urea signal and water signal intensity on DCE MRI, and an associated 

loss of production in HP [1-13C]lactate from HP [1-13C]pyruvate. The loss of perfusion and 

metabolism in ablated regions were consistent across tumors of varying volume and 
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aggressiveness and the regions of loss of perfusion spatially correlated with lost metabolism. 

These findings are consistent with the presence of coagulative necrosis in the ablated 

regions. While prior 1H MRI studies have not reported on changes in tumor metabolism 

after HIFU, the observed loss of perfusion in HIFU ablated tumors is consistent with prior 

contrast enhanced 1H MRI studies. The loss of contrast agent enhancement in the ablated 

regions after focused ultrasound treatments has been demonstrated in patients with breast 

cancer 55 and liver metastases.12 It is important to note that in this study neither tumor 

volume nor water ADC predicted effective ablation. Similar to prior publications we 

observed an early non-significant decrease in ADC, and a trend towards increasing water 

ADC over time in the ablated region.56 Additionally, at 5 days after treatment the ADC was 

higher in the ablated zone than in the partially treated zone, consistent with the literature.57 

Tumor volume changes after HIFU are confounded by the fact that only part of the tumor 

was ablated in this study, and there was tumor growth in the partially treated regions as 

described below.

In contrast to the ablated region, partially treated tissues bordering the ablated region had a 

significant decrease in perfusion (HP 13C urea and DCE MRI) and metabolism (HP 13C 

lactate) 3–4 hours after treatment, followed by recovery of both perfusion and metabolism 

back to or beyond baseline values by 5 days after treatment. As compared to the ablated 

regions, there was much more variability in all of the imaging data in partially treated tumor 

regions; most likely due to the baseline pathologic heterogeneity of TRAMP tumors and 

differences in the thermal doses delivered. The time course of perfusion and metabolic 

recovery are consistent with the delivery of a reversible sub-lethal thermal dose; with 

histopathology, Ki-67 and PIM staining at 5 days after treatment indicating the recovery of 

proliferating, predominately poorly differentiated tumor cells, and levels of hypoxia 

consistent with baseline high-grade TRAMP tumors prior to treatment.37 The early 

reduction of HP 13C lactate production with effective cancer treatment has been shown in a 

number of HP 13C MRI publications. Specifically, a reduction in HP [1-13C]lactate signals 

have been observed in subcutaneous murine lymphoma tumors after chemotherapy58, in a 

rat glioma tumor model after radiotherapy59, and in a murine model of human breast 

adenocarcinoma following doxorubicin treatment.60 Additionally the magnitude of HP 13C 

lactate production at 5 days post treatment is also consistent with what has been reported in 

the literature for highly proliferative TRAMP tumors prior to treatment. 35,38,61 The early 

reduction in HP 13C urea and its relationship to increased tumor hypoxia is consistent with a 

prior study that reported that reduced 13C-urea AUC was associated with increased hypoxia 

in high-versus low-grade TRAMP tumors.[36] The clinical gold standard for measuring 

effective HIFU is DCE MRI, and the observed decrease in Ktrans and DCE MRI AUC 

immediately after HIFU and its recovery days after treatment have repeatedly been 

demonstrated in other studies.54,56,62 However, it is important to note that if follow-up HIFU 

is required to treat residual tumor after the initial DCE MRI, entrapped contrast agent within 

coagulated tissue regions could negatively impact the accuracy of the proton resonance 

frequency shift MR thermometry.63–65 This study demonstrated that HP 13C urea provides 

similar information about tumor perfusion after HIFU therapy as DCE MRI, however there 

were small differences in the magnitude of the decrease in these perfusion biomarkers as 

well the degree of their recovery. These differences are most likely due to the size difference 
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between gadolinium and urea molecules, and additional studies are needed to more fully 

understand the mechanism of these differences. More importantly, HP 13C MRI can be 

repeated during the HIFU treatment process without impacting the MR thermometry 

measurements.

The understanding of temporal perfusion and metabolic changes in the partially treated zone 

could be important for determining the timing of adjuvant therapies such as chemotherapy 

and radiation. It has been shown that reduced perfusion can negatively affect the outcome of 

chemotherapy since a lower concentration of anticancer drugs would be delivered to the 

tumor.66 In addition, the presence of oxygen is crucial for effective radiation treatment: 

reactive oxygen species in tissues cause oxidative damage in DNA, proteins, and lipids, 

mediating the cytotoxic effect through mechanisms such as DNA strand breaks, loss of 

protein function, and membrane damage.67 Therefore hypoxic tumor regions are resistant to 

radiotherapy due to the lack of oxygen.68 Increased cellular proliferation is also known to 

modulate therapeutic response with increased cellular proliferation being associated with 

more effective chemo- and radiation therapy. 69–71 Tumor hypoxia resulting from reduced 

perfusion and a reduction in HP [1-13C]lactate production indicating reduced cellular 

proliferation observed in partially treated tumor tissue 3–4 hours after the HIFU treatment, 

both suggest that this would not be an optimum time for adjuvant treatment.37,72 The 

recovery of perfusion, as indicated by the urea signal and DCE MRI AUC and Ktrans, and 

increased proliferation based on a high rate of HP 13C lactate production, suggests that 

subjecting the residual prostate cancer to adjuvant treatment at 5 days after the HIFU 

treatment would result in a better outcome.

Data gathered in this murine study provides the basis and preliminary data for future studies 

evaluating changes in perfusion and metabolism provided by HP 13C urea and 

[1-13C]pyruvate MRI in human clinical trials of HIFU therapy. A number of factors support 

the feasibility of clinically translating the findings of this pre-clinical study. HP 

[1-13C]pyruvate is already FDA IND approved for use in prostate cancer patients38, and the 

clinical translation of HP 13C urea and its co-polarization with [1-13C]pyruvate for 

combined metabolic and perfusion imaging after a singe injection of HP probes has been 

NIH funded and is in progress. Moreover, a Phase II clinical trial of prostate cancer patients 

prior to and after therapy demonstrated that both high-spatial (0.5 cc) and temporal 

resolution (2 sec.) 3D dynamic HP 13C MRI data can be acquired from throughout the 

prostate in 47 seconds using a echo planar spectroscopic imaging (EPSI) sequence on a 

clinical 3T MRI.39 The short HP 13C MRI acquisition time combined with the fact that two 

HP probe injections within the same imaging exam has already been FDA IND approved 

offers the possibility of monitoring the effectiveness of HIFU ablation, i.e. complete loss of 

perfusion and metabolism, during the HIFU procedure. Additionally, the non-radioactive/

non-toxic nature of HP 13C MRI allows for serial imaging of perfusion and metabolism in 

patients after HIFU treatment, thereby providing the ability to serially monitor these 

parameters in order to optimize the timing of adjuvant treatment of the sensitized regions of 

residual tumor as has been suggested in this pre-clinical study. Ultimately, patient studies are 

required to determine whether HP 13C MRI of co-polarized [1-13C]pyruvate 13C urea can be 

performed at sufficient spatial resolution to monitor the effectiveness of HIFU ablation in 

real-time and to provide an assessment of the perfusion and metabolic status of residual 
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disease that was not effectively treated. The findings of this manuscript can be used as 

motivation for the FDA IND approval of such a clinical trial.

A limitation of this study was that MRI based temperature maps were not acquired in this 

study, so differences in the imaging parameters over time within the partially treated regions 

could not be related to thermal dose.73,74 An ongoing hyperthermia study is investigating the 

dose related changes in metabolism and perfusion in TRAMP tumors by performing real-

time temperature mapping at the time of treatment. Another limitation was that the first 

imaging follow-up time was 3–4 hours after treatment, not immediately after treatment, 

since mice were allowed to physiologically recover from treatment before being exposed to 

the lengthy mp-1H MRI/HP 13C MRI acquisition under anesthesia. In ongoing hyperthermia 

studies, fast 13C MRI (< 1sec) after injection of co-polarized 13C pyruvate and 13C urea is 

being performed right after treatment, without the longer mp-1H MRI exam.

Summary

In summary, this study demonstrated that in a single imaging acquisition after injection of 

co-polarized [1-13C]pyruvate and 13C-urea that the region of HIFU induced coagulative 

ablation can be identified by complete loss of perfusion and metabolism. Moreover, recovery 

of perfusion and metabolism over time in surrounding tissues, receiving non-lethal 

hyperthermic heat doses, can be measured, which may be useful for discerning the best time 

to apply adjuvant chemo- and radiation therapy. The utility of these HP 13C MR measures of 

perfusion and metabolism in optimizing focal HIFU, either alone or in combination with 

adjuvant therapy, will need to be tested in future studies. The use of this HP dual agent 13C 

MRI approach in patient HIFU studies in the near future is feasible due to HP 13C pyruvate 

MRI already being used in patient studies 38,39, and funded clinical studies are working 

towards the use of HP 13C urea in patients.
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HP Hyperpolarized

TRAMP transgenic adenocarcinoma of mouse prostate

DCE dynamic contrast-enhanced

AUC area under the curve

HIFU high-intensity focused ultrasound

FUS focused ultrasound

mp multiparametric
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LDH lactate dehydrogenase

ABS acrylonitrile butadiene styrene

TTC triphenyl tetrazolium chloride

PBS phosphate-buffered saline

ADC apparent diffusion coefficient
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Figure 1. 
Diagram showing the setup used for HIFU treatment of TRAMP tumors. The cone of the 

focused ultrasound applicator was filled with degassed water to adjust the depth such that 

the focal zone fell within the tumor. The ultrasound power and duration (Table 1) were 

adjusted to produce regions of ablation and partial treatment in all five TRAMP mice 

treated. The rubber absorber was positioned to absorb and dissipate the leftover ultrasound 

energy, and prevent reflections. Acoustic gel was applied at the interface between the mouse 

and the cone, and between the mouse and the rubber absorber.
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Figure 2. 
The (a) transverse (4mm from the cone surface) and (b) axial cross-sections (starting from 

2mm from the cone surface) of the ultrasound beam mapped out with a hydrophone in 

degassed water. The beam plots were performed with the cone attached (Figure 1). As 

shown in (b), the focal zone was adjusted such that it was near the surface of the cone where 

the top of the tumor would be positioned.
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Figure 3. 
Representative (a) TTC, (b) H&E, (c) Ki-67, and (d) PIM stained pathologic sections, and 

(e) the corresponding T2 weighted images, overlaid HP 13C lactate, 13C urea images on the 

T2 weighted images, DCE MRI AUC, and ADC of a large aggressive TRAMP tumor 

(Mouse 3). The position of the HIFU applicator is indicated by the yellow arrow. The region 

of ablation is demarcated by a dashed yellow line, and the outline of the TRAMP tumor is 

demarcated by the dashed green line. The margin zone was the region between the yellow 

and green lines.
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Figure 4. 
Representative (a) TTC, (b) H&E, (c) Ki-67, and (d) PIM stained pathologic sections, and 

(e) the corresponding T2 weighted images, overlaid HP 13C lactate, 13C urea images on the 

T2 weighted images, DCE MRI AUC, and ADC of a smaller, less aggressive TRAMP tumor 

(Mouse 4). The position of the HIFU applicator is indicated by the yellow arrow. The region 

of ablation is demarcated by a dashed yellow line, and the outline of the TRAMP tumor is 

demarcated by the dashed green line. The margin zone was the region between the yellow 

and green lines.
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Figure 5. 
These representative DCE MRI curves from Mouse 2 at baseline (blue), 3–4 hours after 

treatment (red), 1 (yellow) and 5 (green) days after HIFU treatment. The y-axis is the signal 

intensity over the average of the pre-contrast enhanced baselines (the first six time points.)
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Figure 6. 
A graphical summary of the means ± stand errors change of baseline of HP 13C urea, 

[1-13C] lactate, DCE MRI AUC, and Ktrans in the ablated (a) and margin (b) zones of the 

TRAMP tumor after HIFU treatment. Statistically significant changes (p < 0.05) compared 

to baseline are indicated by the following symbols: * for lactate, ⌘ for urea, ¥ for DCE MRI 

AUC, and ❖ for Ktrans.
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Table 2

The histology readings of H&E, Ki-67, and PIM of the partially treated zones of all five mice after the 5-day 

imaging time point.

H&E (%)

Mouse # Poorly differentiated Well differentiated Ki-67(% stained) PIM(% stained)

1 100 0 95 30

2 100 0 95 20

3 95 5 98 25

4 100 0 95 30

5 98 2 75 25
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