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Abstract

The objective of this study is to demonstrate in vivo the feasibility of optoacoustic temperature 

imaging during cryotherapy of prostate cancer. We developed a preclinical prototype of 

optoacoustic temperature imager that included pulsed optical excitation at 805-nm wavelength, a 

modified clinical transrectal ultrasound probe, parallel data acquisition system, image processing 

and visualization software. Cryotherapy of a canine prostate was performed in vivo using a 

commercial clinical system Cryocare® CS with an integrated ultrasound imaging. The universal 

temperature-dependent optoacoustic response of blood was employed to convert reconstructed 

optoacoustic images to temperature maps. Optoacoustic imaging of temperature during prostate 

cryotherapy was performed in the longitudinal view for the region of 30 mm (long) × 10 mm 

(deep) that covered the rectum, Denonvilliers fascia, and posterior portion of the treated gland. 

The transrectal optoacoustic images showed high-contrast vascularized regions, which were used 

for quantitative estimation of local temperature profiles. The constructed temperature maps and 

their temporal dynamics were consistent with the arrangement of the cryoprobe and readouts of 

the thermal needle sensors. The temporal profiles of the readouts from the thermal needle sensors 

and the temporal profile estimated from the normalized optoacoustic intensity of the selected 

vascularized region showed significant resemblance, except for the initial overshoot that may be 

explained as a result of the physiological thermoregulatory compensation. The temperature was 

mapped with errors not exceeding ±2°C (St.Dev.) consistent with the clinical requirements for 

monitoring cryotherapy of the prostate. In vivo results showed that the optoacoustic temperature 

imaging is a promising non-invasive technique for real-time imaging of tissue temperature during 

cryotherapy of prostate cancer, which can be combined with the transrectal ultrasound – the 

current standard for guiding clinical cryotherapy procedure.
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Introduction

Prostate cancer is recognized as one of the most prevalent malignant diseases and is the third 

most diagnosed cancer in the United States following the breast and the lung cancers 

(Howlader et al., 2017). The National Cancer Institute (USA) estimates that during 2017, 

approximately 161,000 new cases of prostate cancer will be diagnosed, and 27,000 men will 

die of this disease in the United States (Howlader et al., 2017). Two major forms of 

treatment for patients with localized prostate cancer are surgery and radiation therapy, have 

been associated with significant complications and risks, including urinary incontinence, 

bowel symptoms, and impotence (Garnick, 1993). Therefore, there has been a continuous 

search for alternative procedures, and one of the most promising is cryotherapy, also called 

cryosurgery or cryotherapy (Rukstalis and Katz, 2007; Mohammed et al., 2014).

Cryotherapy is a minimally-invasive clinical technique for primary and/or salvage treatment 

of prostate cancer, which is performed as a same-day outpatient procedure with fast (2-3 

days) recovery (Rukstalis and Katz, 2007; Bjerklund Johansen et al., 2013; Mohammed et 
al., 2014). A patient also benefits from a low toxicity profile, minimal anesthesia (can be 

performed with a spinal block), and low cost (less than half as compared to conventional 

eradicative surgical procedures or radiation therapy) (Roberts et al., 2011; Resnick et al., 
2013). Cryotherapy of prostate cancer is used as a primary treatment technique or as a 

secondary (salvage) treatment for those patients who exhibited a recurrence of cancer 

following the primary radiation treatment – 30% according to some studies (Agarwal et al., 
2008). The aspects of minimal invasiveness and good cancer control make it a reasonable 

option for many men. However, the clinical efficacy of cryotherapy is undermined by 

frequent overtreatment of neighboring healthy tissues and organs during alternating cycles of 

deep freezing and thawing (Chu and Dupuy, 2014).

The standard clinical procedure for cryotherapy of prostate cancer, approved by the U.S. 

Food and Drug Administration (FDA), involves the following steps (Rukstalis and Katz, 

2007). First, the surgeon positions a transrectal ultrasound probe and captures key reference 

images in transverse and sagittal sections of the prostate. Next, according to the prostate 

geometry and suspected or known location of the lesion, the surgeon inserts transperineally 

5-7 cryoprobes, each 1.5-3 mm in diameter, while monitoring cryoprobe positioning with 

the ultrasound. In the third generation of cryotherapy systems, which is currently employed 

in clinical practice, pressurized argon gas is cooled below −100°C inside the cryoprobes via 

Joule-Thomson effect freezing tissues surrounding the exposed tip of a cryoprobe within 

seconds (Maytal, 1998). The cryoprobes are set at a safe distance (not less than 5 mm) from 

the vulnerable structures of the urethra and rectal wall and the lengths of their freezing tips 

are adjusted to cover precisely only the treated area. Two or three thermal sensors are 

inserted near the lesion, the urethra, and the rectal wall. The surgeon inserts a urethral 

warming catheter with circulated saline, helping a patient to maintain urinary function. The 

first freezing cycle is activated until the thermal sensor positioned near the lesion starts 

showing targeted lethal temperatures below −40°C. At the same time, the ultrasound image 

is monitored to assure that the expanding iceball does not reach the rectal wall. After the 

targeted low temperatures are achieved (5-10 minutes), the cryosystem is switched into the 
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active thawing cycle by circulating Helium inside the cryoprobes. The active thawing cycle 

continues until all the thermal sensors display temperatures above 0°C. Then, the freezing 

cycle is repeated again. Eventually, the prostate is allowed to slowly thaw by simply turning 

off the circulation of Argon inside the cryoprobes.

The precise control of cryotherapy is crucial for both successful destruction of malignancies 

and minimization of the damage to adjacent healthy tissues. The temperature level of 0°C is 

of particular importance since it is associated with potential vascular damage and apoptosis 

of healthy non-frozen tissues (Theodorescu, 2004; Robilotto et al., 2013) (Figure 1). 

Mapping this isotherm over the ultrasound image of the prostate in real-time would provide 

an extremely valuable feedback for the surgeon. The temperature accuracy of ±5°C is 

considered sufficient by many urologists to warrant the effective destruction of malignancies 

while preventing damage to important healthy tissues (Mohammed et al., 2014).

The current routine clinical practice of cryotherapy relies on few discrete temperature 

readouts provided by thermal needle sensors, which are inserted directly into the treated 

prostate and nearby tissues (external sphincter of the urethra and Denonvilliers fascia 

separating the prostate and the rectum). Additional control is provided by continuous 

monitoring of the leading edge of the forming ice ball and its position with respect to the 

rectal wall using transrectal ultrasound imaging (Rukstalis and Katz, 2007). However, 

ultrasound image provides an estimate only on the extent of the direct tissue damage by 

visualizing boundary of the ice ball corresponding to about −20°C (Hsiao and Deng, 2016). 

The fact that ultrasound can only track the leading edge of the ice ball and the sparse 

distribution of temperature readout points within extreme temperature gradients significantly 

reduces capabilities of the surgeon to evaluate tissue damage induced by the ongoing 

cryotherapy. Those limitations on direct thermal monitoring during cryotherapy of prostate 

cancer contribute to a set of complications including impotence (85-95%), incontinence 

(5-40%), and more severe thermal damage of rectum (up to 2%) requiring additional 

surgical intervention (Ismail et al., 2007; Jones et al., 2008; Williams et al., 2011). In order 

to improve the clinical safety of cryotherapy and to reduce the occurrence of the side effects 

caused by irreversible thermal damage to the healthy tissues, accurate temperature maps 

have to be obtained from the entire treated area and its neighborhood in real time.

An ideal image-guiding component of the cryotherapy system should provide real-time 

visualization of the temperature changes in the treated tissue, be compatible with the used 

therapeutic equipment, convenient in operation, and should not drive the cost of the entire 

instrument prohibiting its clinical use. Optoacoustic tomography (OAT) was previously 

proposed for real-time temperature imaging of live vascularized tissue (Petrova et al., 2014; 

Petrova et al., 2016). OAT is a method that combines pulsed optical excitation of live tissue 

and ultrasound detection of the generated pressure waves to overcome resolution limits 

imposed by light scattering (Wang and Hu, 2012; Oraevsky, 2014). Optoacoustic (OA) 

detection could be performed by a clinical ultrasound probe modified for a light-triggered 

receive mode (Fronheiser et al., 2010; Yaseen et al., 2010; Jaeger et al., 2013). OAT 

performed with NIR excitation enables interrogation of tissues that can be at a depth of 

several centimeters (Wang and Hu, 2012; Oraevsky, 2014). OAT systems are substantially 

less expensive alternatives to magnetic resonance (MR) temperature imaging modalities, 
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compatible with conventional clinical transrectal ultrasound, and have been used in clinical 

research for applications related to cancer detection, including breast cancer (Neuschler et 
al., 2017) and prostate cancer (Yaseen et al., 2010).

Almost two decades ago, it was established that optoacoustic signals significantly change in 

magnitude if the interrogated biological tissues are heated or cooled (Esenaliev et al., 1999; 

Larin et al., 2000; Esenaliev et al., 2000). The effect was explained by the temperature 

dependence of thermoacoustic efficiency (Grüneisen parameter) contributing to optoacoustic 

effect (Nikitin et al., 2012). Consequently, when the local temperature is changing, the 

amplitude of the measured OA response, generated in that particular locality, replicates in a 

linear fashion the behavior of the Grüneisen parameter, which constitutes the fundamental 

concept of OA temperature monitoring (Larina et al., 2005). Optoacoustic thermometry was 

extensively studied in tissue phantoms and in biological samples (Pramanik and Wang, 

2009; Soroushian et al., 2010; Wang and Emelianov, 2011; Nikitin et al., 2012; Chen et al., 
2013; Ke et al., 2014). Our group presented a more accurate approach for optoacoustic 

thermometry by reconstruction of 2D temperature images (Petrova et al., 2013, 2014, 2016) 

that can be used during cryotherapy of vascularized tissues. Using blood samples and tissue 

mimicking phantoms we demonstrated that optoacoustic temperature imaging (OA-Tim) can 

be performed in vascularized tissues due to the exclusive compartmentalization of optically 

absorbing molecules of hemoglobin inside red blood cells (Petrova et al., 2014; Petrova et 
al., 2016). Such spatial segregation of the dominant optical absorber inside stable 

cytoplasmic environment makes red blood cell a universal endogenous optoacoustic 

temperature sensor. As a result, identical temperature-dependent optoacoustic response 

(ThOR) can be observed in all types of vascularized tissues regardless of the bulk tissue 

composition. The ThOR of blood obtained while irradiating samples with 805-nm laser 

pulses was found independent of blood oxygen saturation and hematocrit (Petrova et al., 
2014; Petrova et al., 2016). Therefore, the proposed temperature imaging technique should 

be applicable for thermal interrogation of both microvasculature and systemic blood vessels 

carrying venal or arterial blood. We also established a procedure providing accurate 

conversion of optoacoustic images of vascularized tissues to the temperature maps (Petrova 

et al., 2016). The procedure was validated in tissue-mimicking phantoms for the clinically 

relevant range of temperatures, spatial temperature gradients, and time-frames typical for 

cryotherapy. We demonstrated that OA temperature imaging can non-invasively map 

isotherms that are relevant for cryotherapy of prostate cancer at a frame rate of 1 fps 

(frames-per-second) and with single readout accuracy as good as ±1 °C.

The objective of these studies was to demonstrate for the first time optoacoustic temperature 

imaging in non-frozen tissue during cryotherapy of prostate using in vivo canine model. A 

prototype OA imaging unit, employed for that task integrated pulsed optoacoustic excitation 

at 805-nm wavelength, a clinical transrectal ultrasound probe, parallel data acquisition 

(DAQ) system, and image processing and visualization software enabling real-time 

visualization of 2D temperature maps of the rectal wall, Denonvilliers fascia, and posterior 

regions of prostate – the areas, which are most critical to keep intact during cryotherapy of 

prostate cancer.
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Materials and Methods

Optoacoustic imaging of temperature during cryotherapy of prostate

Optoacoustic imaging of temperature during cryotherapy of a canine prostate was performed 

in the sagittal (longitudinal) view for the region of 30 mm (long) × 10 mm (deep) that 

covered the rectum, Denonvilliers fascia, and posterior portion of the treated gland. Such 

technique could be potentially used in clinical practice to assure that permanent thermal 

damage does not extend to the important neurovascular regions and the rectum. The 

monitored tissues are well vascularized. Therefore, for temperature imaging, we employed 

the previously developed method utilizing a reference OA frame at the known temperature 

just prior to initiation of cryotherapy (Petrova et al., 2016). The temperature imaging 

procedure included two steps: (1) obtain the OA reference frame including the region of 

interest (ROI) at a known temperature prior to cryotherapy, (2) normalize subsequent OA 

frames to the reference frame and use the calibration equation for the optoacoustic 

temperature imaging (OA-Tim) obtained for blood to convert each normalized frame to the 

temperature map. The method showed in vitro accuracy as high as ±1°C for temperatures 

below 0°C and average accuracy of ±3°C for the entire interrogated range of temperatures 

between 40°C and −16°C (Petrova et al., 2016).

A general equation for normalized ThOR includes two material-specific parameters T0 and 

ΔTmax allowing experimental image data to be fitted with a second-order polynomial 

function (Petrova et al., 2014).

OA = −
4ΔTmax

(T1 − T0)3 (T − T0)(T − T1) +
T − T0
T1 − T0

(1)

Where OA is the normalized optoacoustic intensity; T – temperature (°C), T1 – 

normalization temperature prior to cryotherapy, (OA(T1) ≡ 1). T0 is the temperature of zero 

optoacoustic response; ΔTmax is the maximum thermal nonlinearity of ThOR in the 

temperature range [T0 T1]. For the samples of porcine blood we found T0 = −13.8±0.1°C 

and ΔTmax = 11.4±0.1°C at T1 = 37°C (Petrova et al., 2016). Laser wavelength of 805 nm 

was used for excitation of OA response.

The design of the OA-Tim unit was based on minimal modifications to the FDA-approved 

and well-established TRUS-guided systems for the cryotherapy of prostate cancer (Zisman 

et al., 2001). The prototype of OA-Tim unit utilized core technology of the laser 

optoacoustic imaging system (LOIS, TomoWave Laboratories, Inc., Houston, Texas). Its 

schematic is shown in Figure 2(a). A pulsed Ti-Sapphire laser (Spectra Wave, TomoWave 

Laboratories, Houston, TX) was tuned to the isosbestic point of hemoglobin at 805 nm and 

produced 6 ns, 30 mJ per pulse laser radiation with pulse repetition rate of 10 Hz. Parallel 

128-channel OA data acquisition was triggered on every pulse of the excitation laser 

allowing 10 frames per second imaging. For each frame, 1024 samples per channel were 

acquired at 25 MHz sampling rate and transferred over the Ethernet interface to a personal 
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computer (PC) for real-time OA reconstruction, visualization, and post-processing of the 

temperature maps.

Optoacoustic temperature imaging unit required integration of the fiberoptic bundles into the 

transrectal ultrasound probe in order to enable a reflection-mode OA configuration for 

imaging prostate and neighboring tissues. In the OA backward mode, the distribution of 

optical fluence in tissue is minimally affected by the ice ball forming in the far field. We 

used Monte Carlo computer simulation of light distribution and OA detection in a prostate 

with the proposed TRUS configuration (Ermilov et al., 2009) to optimize the arrangement of 

the output fiberoptic apertures. A clinical transrectal ultrasound probe (ER7B, Acuson, CA) 

with the center frequency of 6 MHz was upgraded with fiberoptic illumination according to 

the results of the MC simulations enabling optoacoustic imaging of a prostate in the 

longitudinal view. The cylindrical surface of the probe was cut flat on both sides of the 

longitudinal linear array of transducers. A randomized fiberoptic bundle was fabricated with 

the output terminal shaped in a U-profile that fit tightly around the working end of the 

ultrasound probe. Such design enabled two 2mm × 30mm rectangular light-emitting 

apertures arranged on both sides of the longitudinal array of the probe separated by a 

distance of 20 mm (Figure 2(b)). The length of each light-emitting aperture (and 

consequently the field of view) was limited to 30 mm in order to accommodate the 

requirements for ½ inch diameter of the fiberoptic input, coupled to the open beam of the 

laser.

Canine prostate model

In vivo evaluation of the OA temperature imaging was performed by monitoring cryotherapy 

of a canine prostate. A canine model of prostate cancer has been commonly accepted by 

academic researchers in the USA, since the dog’s prostate shares many anatomical 

similarities to that of a human (Fonseca-Alves et al., 2013). In our studies, an animal with 

normal prostate was studied to demonstrate the feasibility of the OA temperature imaging 

technique. The animal was male mongrel 5 years of age, weighing 9.2 kg. The experiments 

were performed according to the IACUC protocol approved by the University of Texas 

Medical Branch at Galveston (UTMB). Prior to the imaging procedure, the animal was 

housed and cared for in the Animal Research Center of UTMB with professional 

veterinarians on duty 24 hours a day. No special services for animal care and housing were 

required.

In vivo imaging procedure and data analysis

Cryotherapy of the canine prostate was performed using the commercial clinical system 

Cryocare® CS (Healthtronics, Austin, Texas) with integrated ultrasound imaging. Laser 

safety standards were assured by operating at a pulse energy level of 30 mJ split between 

two fiberoptic illuminators having a total attenuation of 50% each. The resulting laser 

fluence at the output of the probe was limited to 12.5 mJ/cm2, which is below the safe level 

of laser irradiation of human skin recommended by the American National Standards 

Institute (ANSI, 2007).
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Prior to cryotherapy, a dog was administered with the pre-anesthesia drug combination of 

0.25 mg/lb Promace, 0.02 cc/kg Torbugesic and 0.25 mg/lb Atropine (all IM). The 

anesthesia was performed with 20 mg/kg Pentothal IV and 0.5-2% Halothane, administered 

to effect as needed. The canine subject was fully anesthetized during cryotherapy.

The anesthetized dog was rested on an animal surgery bed in the supine position. The 

prostate was located, its outline and the urethra were mapped in both longitudinal and 

transverse views using the transrectal ultrasound (TRUS) of Cryocare® CS. The ultrasound 

probe was fixed in the probe holder with the CryoGrid™ fixture that allowed precise 

positioning of the cryoneedle and the temperature sensors. A single cryoneedle was inserted 

into the bulk of the prostate near and just below the urethra. Three temperature sensors were 

inserted into and nearby the prostate to provide direct reference temperature readings. The 

positioning of the needles was guided by the transrectal ultrasound. The temperature 

sensors, which were monitoring areas near the rectum, were placed away from the 

longitudinal imaging plane in order to minimize OA imaging artifacts.

The ultrasound probe was removed and the OA-Tim probe was inserted into the rectum of 

the animal to the same position as the ultrasound probe using the quick-latch advantages of 

the Cryocare® CS probe holder. A single freezing event was performed for 3 minutes 30 

seconds while continuously recording averaged optoacoustic data at a rate of 2 frames per 

second (Figure 3). The recording was continued after the freezing for 1 minute 20 seconds to 

observe changes associated with the passive thawing. The OA-Tim probe was removed and 

the Cryocare® CS TRUS probe was inserted again to verify the formation of the ice ball.

Following the cryotherapy and imaging, euthanasia of the animal was performed by 

intravenous injection of 20 cc of potassium chloride solution, consistent with the 

recommendations of the Panel on Euthanasia of the American Veterinary Medical 

Association. The death of the animal was assured by open-chest examination. Following 

euthanasia, the prostate of the test animal was removed, dissected, and examined to verify 

thermally induced damage.

The OA data was processed offline using the proprietary Matlab-based software. The OA 

data and temperatures recorded by needle sensors were time stamped with respect to the 

internal PC clock for subsequent synchronization. Individual OA frames were reconstructed 

using the filtered back-projection algorithm (Kruger et al., 1995) modified to include 

impulse response of ultrasonic transducers. Non-invasive OA-Tim was performed in selected 

high-intensity parts of the OA image (containing blood vessels) using median statistical 

estimate in a manually selected ROI. Previously, we demonstrated in phantoms that such 

method of image-analysis enables high-precision quantification of the local OA response 

(Petrova et al., 2013). The speed of sound was adjusted for individual frames to minimize 

defocusing of the OA images caused by the thermal changes in the treated tissues. The 

algorithm employed correlation of each OA frame, reconstructed using the various speed of 

sound values, with the reference ROI OA image. The speed of sound that provided the 

highest maximum across all the correlation matrices was used for the reconstruction of that 

particular OA frame (Petrova et al., 2016).
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The algorithm for OA-Tim was implemented as follows:

1. (1) The parameters of the calibration curve T1, T0 and ΔTmax(T1) (Eq. 1), which 

are applicable for the processed dataset, were selected. For the in vivo canine 

prostate cryotherapy: T1 = 35°C – the average temperature measured by the 

control thermal needle sensors prior to cryotherapy; Two other calibration 

parameters were selected from the ThOR of blood previously evaluated in vitro 
(Petrova et al., 2016): T0 = −13.8 °C and ΔTmax(35°C) = 10.2 °C recalculated for 

T1(2) = 35°C from T1(1) = 37°C and ΔTmax(37°C) = 11.4 °C using the formula

ΔTmax(T1(2)) =
ΔTmax(T1(1))(T1(2) − T0)2

−4ΔTmax(T1(1))(T1(2) − T1(1)) + (T1(1) − T0)2 (2)

Selection of a new T1 forced recalculation of ΔTmax.

2. A number of the reference OA frames to be acquired at the initial temperature T1 

was selected. The reference frames were averaged to reduce the noise. We also 

set: the image smoothing kernel, visualization (image brightness) threshold, and 

transparency of the temperature image, which was superimposed on the 

optoacoustic grayscale image. The temperature threshold was expressed in 

percent of the dynamic range of the reference frame. The brightness values on 

the temperature image, which were below the noise level, were not used in the 

temperature imaging. The T-map was made transparent at those locations so that 

only grayscale optoacoustic image was visible. The transparency parameter sets 

constant transparency for the displayed temperature maps. The temperature maps 

presented in this work were processed with the following parameters: 

temperature map threshold 15% of the 8-bit dynamic range of a grayscale OA 

reference frame; smoothing kernel of 3 pixels; and transparency of 40%.

3. The reference OA frame was reconstructed.

4. Temperature maps were created by conversion of the ratio of the current frame to 

the reference frame using the temperature calibration curve and other parameters 

selected in the steps 1 and 2.

5. A color-coded temperature map was superimposed on the grayscale optoacoustic 

image of each frame with a user-set transparency. A linear grayscale palette was 

used for display of all optoacoustic images. The palette was autoscaled for the 

reference frame and the limits were fixed for all the subsequent frames.

Results

In vivo optoacoustic images were acquired prior, during, and post-cryotherapy of the 

prostate. The optoacoustic and temperature images presented in this work are oriented such 

that they can be overlaid on the longitudinal view of transrectal ultrasound.
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Figure 4(a) shows a transverse ultrasound image and Figure 4(b) shows a longitudinal 

ultrasound image of the dog’s prostate prior to cryotherapy. Prostate’s cross section is 25 

mm (anterior-posterior) × 30 mm (left-right). The cryoprobe and the thermal sensor #1 

(Th1) are clearly visible on the transverse image inside the prostate at a depth of about 10 

mm, just below the urethra (cryoprobe at 12 o’clock and Th1 at 11 o’clock inside the right 

lateral lobe). The rectal wall, which is about 2 mm thick, is also clearly visible in Figure 

4(a). Th1 was set near the cryoprobe (about 2 mm away) and was used to guide the 

cryotherapy procedure. The freezing cycle was stopped after Th1 was consistently showing 

lethal temperatures below −40°C for 1 minute. Figure 4(b) shows two other thermal sensors 

(Th2 and Th3), which were set traversing Denonvilliers fascia on the left and on the right of 

the midsection plane at a distance of about 6-8 mm away from the cryoneedle. Those sensors 

were located at a similar distance from the cryoprobe as compared to vascularized regions of 

the rectal wall and Denonvilliers fascia, which were monitored using OA imaging technique. 

The temperature readouts from Th2 and Th3 were used for validation of the optoacoustic 

temperature readouts. The longitudinal view on Figure 4(b) also shows that the Th1 was set 

at an angle of about 10-20° with respect to the cryoprobe and two other sensors. The region, 

indicated on Figure 4(b) by the dashed red rectangle with dimensions of 22mm × 10mm, 

was used for OA imaging at 805-nm laser excitation wavelength and for construction of the 

OA temperature images (OA-Tim). The OA image shows high contrast regions of blood 

vessels, which were used for numerical evaluation of temperature profiles. A typical OA-

Tim is shown for one of the OA frames prior to the initiation of freezing cycle (T1 = 35°C).

We applied the OA-Tim procedure described in the Materials and Methods section to 

visualize the spatial distribution of the temperature as it was changing during cryotherapy 

(Figure 5). The freezing cycle of cryotherapy lasted for 3 min 35 sec. The passive thawing 

cycle was then monitored using OA-Tim for additional 1 min 25 sec.

Each OA-Tim frame also shows in pseudocolor the temperatures recorded simultaneously by 

the thermal sensors Th2 and Th3. The used color palette smoothly transitions over the RGB 

triplet for the temperature range [35, −20] °C, with 0°C coded by the cyan color. All the 

timestamps indicated on the images were set with respect to the beginning of the freezing 

cycle.

The constructed temperature distributions and their temporal dynamics are consistent with 

the arrangement of the cryoprobe and readouts of the thermal sensors. Figure 5(b) shows 

OA-Tim for: (1) a frame recorded at the end of the freezing cycle (top image, Time = 215 s), 

(2) a frame recorded in the beginning of the passive thawing cycle (middle image, Time = 

225 s), and (3) a frame recorded when the thawing was ongoing for 1 min 15 s (bottom 

image, Time = 290 s). Figure 5(b) also shows two ultrasound images verifying the formation 

of the ice ball and showing its dynamics during the passive thawing cycle, with the time 

difference between the two frames equal to 135 s. At the time moment of 335 s or 2 minutes 

after the freezing was terminated, the formidable ice ball is still visible on the ultrasound 

image with its leading edge spreading all the way to the posterior boundaries of the prostate 

(about 7.5 mm deep from the ultrasound probe). At that time the thermal sensor readouts 

were −1°C – Th1, 0°C – Th2, and 2°C – Th3. 2 minutes and 15 seconds later, the ice ball 

visibly retracted and the anterior hypoechoic region showed some texture, indicating that 
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there is no more clear ice boundary present, but rather a gradual transition exists between the 

warming and still frozen regions of tissue. The thermal sensors at that time showed −0.5°C – 

Th1, 7.5°C – Th2, and 12.7°C – Th3.

To further validate the optoacoustic temperature monitoring technique in vivo, we selected a 

smaller region of interest on the visualized portions of the rectal wall and Denonvilliers 

fascia, containing a high-contrast object – a blood vessel or well-perfused tissue area (see 

the inset on the Figure 6(b)). The object’s median intensity, normalized for the reference 

frames acquired at 35°C prior to the freezing cycle, was converted to the temperature using 

the universal blood calibration of ThOR (see (Petrova et al., 2016) and the Materials and 

Methods section). To verify that the selected object is not an image artifact, but is, indeed, a 

portion of tissue with high blood content allowing reliable optoacoustic temperature 

monitoring, we validated the relationship of the estimated normalized OA intensity versus 

average temperature measured by the nearby Th2 and Th3 (Figure 6(a)) and plotted it on the 

same graph with the universal ThOR of blood (Figure 6(b)). The relationship for the selected 

object, albeit noisier (average deviation from the reference ThOR curve is 2°C), still follows 

well the blood’s ThOR.

The temporal profiles of the readouts from the thermal sensors Th2 and Th3 and the 

temporal profile estimated from the normalized OA intensity of the selected blood vessel 

show significant resemblance, except for the high overshot in the normalized OA intensity 

(labeled as “Thermal regulation” on the Figure 6(b)) at the early stage (first 1 minute) of the 

freezing cycle, when the thermal probes were still reading constant initial temperature 

(Figure 6(c)). Figure 6(d) shows the dissected canine prostate that experienced the 

cryotherapy procedure performed in these studies. The prostate was sliced across the urethra 

allowing visual examination of the transverse sections. The perforation damage from the 

thermal sensor (Th1) is clearly visible. Since in these studies the cryoneedle was positioned 

very close to the urethra and no special protection (like a warming catheter) was 

implemented, the cryotherapy procedure resulted in melting and complete closure of the 

urethra, which is similar to the urethral slothing – a complication, which was frequently 

observed in the earlier versions of the clinical procedure performed with the 1st generation 

of cryotherapy equipment (Mohammed et al., 2014).

Discussion

We developed a pre-clinical prototype of an optoacoustic imaging system for monitoring 

cryotherapy of prostate cancer. The device is based on the existing laser optoacoustic 

imaging system (LOIS) armed with a modified transrectal ultrasound detector probe, which 

can be used in both optoacoustic and ultrasound modes. At this stage, our hardware did not 

allow simultaneous or interleaved visualization of optoacoustic and ultrasound data. 

However, such imaging configurations currently exist and are used for both preclinical and 

clinical research (Harrison and Zemp, 2011; Neuschler et al., 2017). A conventional TRUS 

monitoring of cryotherapy could be beneficially combined with simultaneous optoacoustic 

imaging that can be converted into the temperature maps. Such maps can be directly overlaid 

on top of the ultrasound images, a feature similar to that provided by the power Doppler, 

enabling real-time non-invasive temperature monitoring over the extended regions within the 
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field of view. Such simultaneous real-time ultrasound-optoacoustic imaging will also allow 

more accurate interpretation of the optoacoustic maps, which is a necessary step for clinical 

translation of the imaging modality.

The developed prototype of an OA-Tim system enabled imaging of the prostate in the 

longitudinal view only. The next step, which is a mandatory prerequisite for clinical 

translation of the developed technology, would be to enable optoacoustic monitoring for the 

transverse array of the probe. The transverse array of the TRUS bi-plane probe is exclusively 

used during setup and planning of the clinical cryotherapy procedure: imaging the prostate 

and urethra, guiding the cryoneedles and thermal sensors. The transverse ultrasound image is 

also frequently consulted during the freezing and thawing cycles to estimate the extent of the 

iceball, particularly, if the modern experimental procedure of focal cryotherapy is performed 

in an attempt to spare the neurovascular bundle – a structure responsible for the erectile 

function of a patient (Nguyen et al., 2013; Durand et al., 2014). There is no simple approach 

to enable laser excitation for the transverse array. A unilateral, with respect to the transverse 

array, placement of the fiberoptic aperture at the tip of the probe with individual fibers 

oriented in the radial direction may constitute one feasible approach. Additionally, the 

optoacoustic image reconstruction algorithms used with limited aperture probes perform the 

best for linear or concave variants of the array (Xu et al., 2004; Modgil and La Riviere, 

2009). Optoacoustic images reconstructed with the convex arrays, such as the transverse 

array in a TRUS probe demonstrated a significant decrease of the image quality (Xu et al., 
2004; Yaseen et al., 2010). Another formidable challenge would be to keep the bi-plane 

probe modified with fiberoptic light delivery for both arrays compact within the major 

diameter limitations imposed by anthropometric characteristics of the rectum. Finally, the 

susceptibility of the OA-Tim technique to motion artifacts should be carefully investigated, 

and registration algorithms developed using anatomical information provided by co-

registered ultrasound imaging.

In order to establish a higher level of procedural control, some prototype cryotherapy 

systems are built to work with magnetic resonance (MR) imaging modalities, which provide 

non-invasive temperature readouts (Onik, 2001; Sankineni et al., 2014). The most popular 

investigational MR technique, the proton resonance frequency shift-based MR thermometry 

(PRFS-MRT), primarily exploits the temperature dependence of the proton resonance 

frequency in water (Rieke and Butts Pauly, 2008; Yuan et al., 2012). However, it has a poor 

performance for fatty tissues, and motion-induced image misregistration during successive 

acquisitions produces a large error in this technique (Jenista et al., 2010; Zou et al., 2013). 

The accuracy of a recently introduced referenceless MRT technique (Zou et al., 2013) was 

estimated in experiments on excised tissue samples to be only 4-9 °C. The accuracy of in 
vivo MRT imaging is expected to be even lower. MRT systems are also impractical for 

monitoring cryotherapy of prostate cancer since they are extremely expensive as compared 

to the core cryotherapy machine, cannot produce images in real-time, lack portability, and 

require special MR-compatible facilities and thermal-ablation equipment.

Another investigational approach to non-invasive temperature imaging suggested utilizing 

the transrectal ultrasound imaging by itself. Ultrasound-based thermometry uses detection of 

thermally induced mechanical changes in tissue properties such as speed of sound (SOS), 
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attenuation, and the acoustic nonlinearity parameter (Miller et al., 2002; Damianou et al., 
1997). The most commonly implemented ultrasound thermometry approach maps the spatial 

distribution of the apparent strain caused by thermally induced changes in SOS. However, a 

temperature change of 10°C results in a <1% change in SOS. Hence, this approach suffers 

from low and tissue-dependent sensitivity; the behavior of calibration function was also 

found the opposite for fat-rich tissues and water-rich tissues (Hsiao and Deng, 2016).

Analysis of the precision (random noise) and the single readout accuracy of the temperature 

imaging technique used in these pilot in vivo studies was investigated in vitro and discussed 

in details in our previous publication (Petrova et al., 2016). In those studies, we analyzed 30 

independent OA temperature calibration data collected from porcine blood samples. The 

precision of OA temperature measurements was reported to be ±0.1°C in optically 

transparent phantoms, which is comparable to that of direct thermocouple readouts 

employed in clinical cryotherapy. However, the precision reduced about 4 times in optically 

scattering tissue-mimicking phantoms, and it was attributed to the reduced contrast-to-noise 

ratio (CNR) of the OA images. We also demonstrated that the accuracy of OA thermometry 

using our imaging technique (estimated as the 95% prediction interval for a single 

measurement) could be as high as ±1°C for temperatures below 0°C. The average accuracy 

estimated for the entire interrogated range of temperatures (40°C to −16°C) was ±3°C.

The precision of OA temperature measurements in our pilot in vivo studies was limited by 

the maximum local cooling rates, which reached 20°C/min near the monitored region of the 

prostate as measured by the thermocouples Th2 and Th3 (Figure 6(c)). For temperature 

imaging, we averaged every ten OA image frames, which reduced the random component of 

the system noise and improved CNR by about 3 times, but simultaneously decreased the 

monitoring frame rate down to 1 fps. Consequently, the theoretical precision of the OA 

temperature imaging within the monitored region of the prostate was limited to about 

±0.17°C. The observed standard deviation of the optoacoustically mapped temperature from 

the blood calibration curve was ±2°C for a highly vascularized region (Figure 6(b)), which is 

adequate for providing clinicians with the required 10°C isotherms. Similar standard 

deviation numbers can be obtained while analyzing OA data versus the readings of nearby 

thermocouples (Figure 6(c)). However, since the original blood calibration curve was 

derived from in vitro experiments on a different mammalian species (pig vs dog in the 

current studies), and considering the large temperature gradients, which were present during 

cryotherapy, those numbers could serve only for a very rough estimate of the technique’s in 
vivo accuracy.

In these feasibility studies, our prototype OA imaging system was not evaluated for the 

sensitivity and for the noise characteristics. The performance of an optoacoustic detector is 

frequently quantified using a characteristic called noise-equivalent pressure (NEP), which is 

calculated as Output noise (volts)/Sensitivity (volts/pascals). The lower the NEP, the better is 

the detector’s performance. However, for an optoacoustic imaging system, such 

characteristic is incomplete and provides only a glimpse at the quality of the used 

transducers and analog electronics. Dynamic range, digital resolution of the transducer 

signals, and the implemented signal conditioning, image reconstruction, and image 

processing will critically contribute to the resultant quality of the optoacoustic imaging 
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system. In our previous studies (Petrova et al., 2013), we already showed that image-based 

OA-Tim has about 10-fold precision advantage as compared to a single-transducer 

thermometry. In the future, we plan to develop a standard quality assessment procedure and 

a set of relevant characteristics for the OA-Tim system, and the system will be modified to 

optimize its temperature imaging performance.

Local pressure change per degree of temperature is defined by the thermal behavior of the 

Grüneisen parameter and optical absorption coefficient of the erythrocytes, as well as by the 

locally delivered optical fluence. On a micro-scale it is independent of the blood volume. For 

example, if the local optical fluence in the monitored vascularized region is 5 mJ/cm2, 

optical absorption coefficient of an erythrocyte (5.3 mM Hb) at 805 nm is 10 cm−1 (molar 

extinction of Hb ~800 cm-1/M) (Petrova et al., 2014; Jacques, 2013), and the Grüneisen 

parameter of an erythrocyte is 0.15 at 22°C (Yao et al., 2014) and zero at −13°C (Petrova et 
al., 2014), then the local pressure change will be about 200 Pa/°C. However, typical 

transducers which are used for biomedical optoacoustic imaging beyond microscopy, have 

high cut-off frequency on the order of 5-10 MHz, and are unable to detect individual red 

blood cells, but rather produce signals proportional to the optical absorption coefficient 

averaged over some volume of tissue, and, therefore, proportional to the local volumetric 

blood content. It would be extremely interesting to investigate how the sensitivity of an OA-

Tim system depends on the local blood content of the monitored tissue, whether it is 

represented by individual blood vessels, which are visible as discrete objects on the 

optoacoustic images, or by a network of small capillaries, which are manifested through 

increased levels of OA image background.

Significant spatial heterogeneity of temperature during cryotherapy also translates into the 

spatial heterogeneity of speed of sound and presents an additional challenge for OA-Tim. If 

not accounted for, it may lead to defocusing and distortion of the reconstructed optoacoustic 

images, reducing the accuracy of the temperature maps. A more sophisticated image 

reconstruction algorithm accounting for the thermally induced spatial variations of speed of 

sound may improve the robustness of the reconstructed images (Dean-Ben et al., 2014).

The method of OA temperature imaging implemented in these studies relies on the accurate 

acquisition of the reference frame, which should be established with high averaging prior to 

initiation of cryotherapy. At normal physiological conditions, tissue temperature is tightly 

controlled by the regulatory mechanisms, and there are no significant temperature gradients 

present. Therefore, the temperature within the optoacoustically interrogated field of view 

could be considered spatially homogeneous. A control temperature needle sensor is still 

desired to be present during cryotherapy to improve the accuracy of the reference frame and 

to add extra safety by providing real-time validation of the constructed temperature maps in 

the specific spatial location within the monitored field of view.

Both precision and accuracy of OA-Tim are significantly affected by the contrast-to-noise 

ratio of the optoacoustic images. Therefore, it is imperative that the studied live tissue is 

sufficiently vascularized. The prostate gland does not belong to the category of highly 

vascularized tissues (see the dissected prostate in Figure 6(d)). Therefore, it is expected that 

inside the prostate gland the OA-Tim technique will have a significantly reduced accuracy. 
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One method to improve the accuracy of OA-Tim in the tissues with low blood content is to 

enhance those by administering an optical contrast agent (Chen et al., 2012; Petrova et al., 
2017). One example of such contrast agent is the indocyanine green dye (ICG) approved by 

the U.S. FDA for use in humans in a form of intravenous injections (Fox and Wood, 1960). 

Bulk ICG or its compartmentalized forms (Bahmani et al., 2013; Hannah et al., 2014) could 

be directly injected into the prostate immediately preceding the freezing cycle, significantly 

increasing its optoacoustic contrast. Following the cryotherapy, the immune system will 

clear the non-toxic dye along with the damaged prostate tissue.

The universal temperature-dependent OA response in blood is valid only while hemoglobin 

remains inside erythrocytes (Petrova et al., 2014). Previously, we demonstrated that 

erythrocytes exposed to the laser radiation that is used to excite optoacoustic response during 

the OA-Tim remain intact with all the hemoglobin still compartmentalized inside the 

cytoplasm (Petrova et al., 2016). However, temperatures below −20 °C and the phase 

transition experienced by tissue inside the ice ball during cryotherapy will produce extended 

rates of hemolysis (break up of red blood cells). A critical in vivo study must then be aimed 

to the understanding of the role of thermally induced hemolysis and its magnitude during 

cryotherapy, identifying the regions with minimally damaged blood vessels and 

erythrocytes, where the universally calibrated ThOR of blood will remain valid and accurate.

When the iceball reaches the optoacoustically monitored region of tissue, the Grüneisen 

parameter, and consequently the optoacoustic response, abruptly change their signs and 

magnitude (Larin et al., 2002). The calibration equation (Eq. 1) becomes no longer valid. 

Additionally, the acoustic heterogeneity in the mixture of frozen/non-frozen tissue will 

decrease the quality of reconstructed OA frames and the accuracy of OA temperature 

imaging. Our previous studies (Petrova et al., 2016) demonstrated that high-contrast 

optoacoustic sources, like blood vessels, become blurred and ultimately invisible once they 

are inside the iceball. We considered all those difficulties and limitations and proposed to 

use the OA temperature imaging technique for monitoring only vascularized non-frozen 

tissue around the rectal wall, just before the ice ball propagates to that region. However, the 

ultrasound image in Figure 5(b) shows that by the end of the freezing cycle the iceball 

propagated into the optoacoustically monitored region. Therefore, some frames just before 

the freezing were stopped and soon thereafter will contain valid temperature maps only up to 

the depth of 7.5 mm. At the same time, the vascularized region used for validation of OA 

temperature readings was located at a depth of 5 mm (Figure 6(b)) and was not affected by 

the iceball providing a valid reference point for the technique. Also, the temperature data 

logged by the thermocouples Th2 and Th3, which served as control references did not drop 

below −17°C (Figure 6(c)), indicating that the surrounding tissue should have remained non-

frozen.

During in vivo optoacoustic monitoring of cryotherapy, we also observed a peculiar 

phenomenon, which might be related to a physiological response of the thermoregulatory 

system during the initial phase of the freezing cycle. Figure 6(b) shows the dramatic 2× 

increase in the normalized optoacoustic image intensity in the early phase of the freezing, 

while the nearby thermocouples were still logging constant temperature. A live organism has 

a remarkable capacity for maintaining local temperatures via thermoregulatory mechanisms 
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(Schonbaum and Lomax, 1991). One of the core mechanisms involves temporary 

redistribution of blood perfusion as the arterioles and vascular bypasses are opened or closed 

in response to the local temperature changes by contraction of smooth muscle cells in their 

walls. We suggest that the following mechanism could explain the phenomenon of increased 

optoacoustic response, which is clearly visible in Figure 6(b) during the first 60 seconds of 

freezing. After the freezing of the prostate is initiated and the cool front reaches the 

monitored vascularized areas in the Denonvilliers fascia and rectal wall, local vasodilation 

momentarily decreases vascular resistance in an attempt to compensate the heat losses by the 

increased influx of the warm blood from outside of the thermally treated area. The increase 

in the local blood perfusion increases average optical absorption coefficient of that region 

resulting in a proportional growth of the optoacoustic response. However, at some point, the 

vascular thermoregulatory mechanisms become overwhelmed by the power of the freezing 

source, the temperatures inside the blood vessels and capillaries drop further, leading to 

decrease in blood viscosity, reduction of the flow rate, and, eventually, to local thrombosis. 

Red blood cells stop moving, and the relationship between normalized optoacoustic 

response and temperature returns back to that observed in vitro (Figure 6(b) below 20-30°C). 

Cold-induced local damage to blood vessels is known to be one of the earliest biological 

effects of cryotherapy (Figure 1), causing platelet activation and thrombosis (Theodorescu, 

2004; Mohammed et al., 2014). Since the thermoregulatory compensation happens early 

during the freezing cycle enhancing the local blood flow, it should not significantly affect 

the accuracy of OA-Tim in the critical temperature range around 0°C and below, until the ice 

crystals begin forming in blood at about −20°C. This phenomenon may be further 

investigated by studying the changes of local tissue perfusion during OA temperature 

imaging using the ultrasound Doppler, which is readily available in any clinical cryotherapy 

system. It should provide crucial answers on how and when the reference OA frame should 

be selected to keep the temperature imaging technique valid during most important phases of 

cryotherapy.

Conclusion

The presented in vivo results showed that the OA temperature imaging is a promising 

noninvasive technique for real-time imaging of tissue temperature during cryotherapy of 

prostate cancer, which can be combined with the current standard for guiding clinical 

cryotherapy procedure – the transrectal ultrasound. However, enabling clinical application of 

the OA temperature imaging still requires some significant research and development 

efforts, including investigation of the physiologic thermoregulatory mechanisms and their 

impact on the accuracy of the technique, susceptibility to motion artifacts, inter-frame 

registration, and probe design optimized for use in humans.
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Figure 1. 
Biological effects of cryotherapy.
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Figure 2. 
(a) Schematic of the optoacoustic thermometry prototype for monitoring cryotherapy of 

prostate. DAQ – data acquisition, DSP – digital signal processing, OAT – optoacoustic 

tomography, T-mapping – temperature imaging. (b) Transrectal ultrasound (TRUS) probe (1) 

incorporates two orthogonal arrays of transducers: longitudinal (2a) and transverse (2b); the 

output terminal of the fiberoptic bundle (3) enables longitudinal optoacoustic view of the 

prostate excited by 805-nm laser pulses through the light-emitting apertures (4).

Petrova et al. Page 20

Phys Med Biol. Author manuscript; available in PMC 2019 March 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(a) Schematic showing in vivo optoacoustic temperature monitoring during cryotherapy of 

the canine prostate. Photographs show settings with transrectal probes for ultrasound 

imaging (b) and optoacoustic thermometry (c). 1 – CryoGrid™ fixture; 2 – probe holder; 3 – 

quick-latch; 4 – transrectal ultrasound (TRUS) probe; 5 – optoacoustic thermometry probe; 6 

– cryoneedle; 7 – thermal sensors (thermoprobes).
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Figure 4. 
(a) Transverse and (b) longitudinal ultrasound images of a dog’s prostate prior to initiation 

of cryotherapy. Red dashed rectangle on the panel (b) indicates the area that included rectal 

wall and Denonvilliers fascia, which was used for construction of optoacoustic temperature 

maps. OAI – optoacoustic imaging; OA-Tim – optoacoustic temperature imaging; T1 – 

initial temperature of the monitored prostate tissue.
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Figure 5. 
In vivo optoacoustic imaging of temperature in the area near the rectal wall and 

Denonvilliers fascia during the freezing (a) and passive thawing (b) cycles of prostate 

cryotherapy. The timestamp indicates the moment of the frame’s acquisition after the 

initiation of the freezing cycle. The temperatures logged by the thermal sensors Th2 and Th3 

set in the Denonvilliers fascia are indicated for each frame in the color code according to the 

shown color palette. Panel (b) also shows longitudinal ultrasound images of the dog’s 

prostate immediately after the cryotherapy. Ice ball is clearly visible as a large hypoechoic 

mass. Red dashed rectangle indicates the optoacoustically monitored region of interest.
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Figure 6. 
(a) The temporal temperature profiles recorded by a thermocouple inside the cryoprobe and 

by three thermal sensors set inside (Th1) and nearby (Th2 and Th3) the prostate treated with 

cryotherapy. (b) Normalized optoacoustic image intensity of the high-contrast object (blood 

vessel) inside the region of interest (ROI) shown on the inset as a function of average 

temperature recorded by nearby thermal sensors Th2 and Th3; For comparison, the in vitro 
obtained universal calibration curve of blood is shown by the red solid line. (c) The temporal 

temperature profile reconstructed for the object in ROI shown on the panel (b); for 

comparison, the temporal temperature profiles logged by the nearby thermal sensors Th2 

and Th3 are shown by the black and blue solid lines. (d) The dog’s prostate was excised and 

dissected following the cryotherapy to show transverse sections across the urethra 

demonstrating damage induced by the freezing.
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