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Abstract

The numbers of patients diagnosed with prostate cancers is increasing due to the widespread
application of prostate-specific antigen screening and subsequent prostate biopsies. The methods
of systemic administration of therapeutics are not target-specific and thus cannot efficiently
destroy prostate tumour cells while simultaneously sparing the surrounding normal tissues and
organs. Recent advances in imaging-guided minimally invasive therapeutic techniques offer
considerable potential for the effective management of prostate cancers. An objective
understanding of the feasibility, effectiveness, morbidity, and deficiencies of these interventional
techniques is essential for both clinical practice and scientific progress. This review presents the
recent advances in imaging-guided interventional techniques for the diagnosis and treatment of
prostate cancers.
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1. Background

Prostate cancer is the cause of the most common malignant tumours and is the second
leading cause of cancer death among American and European men[1,2]. As prostate-specific
antigen (PSA) screening and prostate biopsies have become widespread, more patients have
been diagnosed with low-grade and localised prostate malignancies[3]. In patients with low-
grade prostate cancers, the role of traditional whole-gland radical therapies is being re-
considered and re-evaluated. It is becoming clear that the measurements of PSA thresholds,
Gleason grades, and clinical stage cut-off points for low-grade malignancies cannot reliably
identify patients with unilateral or unifocal lesions[4,5] and lead to over-detection and over-
treatment in more than 30% of cases of prostate cancers[6,7]. These clinical problems have
motivated alternatives to traditional approaches that aim to diagnose prostate cancers
precisely and treat them efficiently. Among these alternatives is the continuous exploration
of imaging-guided, minimally invasive, interventional techniques that are specific for those
patients with unifocal or unilateral prostate lesions[8].

2. Advances in imaging-guided interventions of prostate cancers

2.1. Imaging-guided prostate biopsy

Prostate biopsy has been widely used to facilitate the final diagnoses of prostate cancer[9].
Abnormal digital rectal examinations (DREs) and/or elevated PSA levels are currently used
as indications for prostate biopsy. A recent study showed that some biological markers, such
as urinary prostate cancer antigen 3(PCA3), may be helpful for the identification of positive
biopsies and therefore reduce unnecessary biopsies[10]. Efforts have been made to improve
the cancer detection rates of prostate biopsy; these efforts have primarily focused on the
following two aspects: (i) optimising the biopsy core numbers from accurate locations; and
(ii) exploring better imaging-guided techniques.

In 1989, Hodge first described the 6-core biopsy protocol, three of these cores are from the
peripheral zone of each of the bilateral lobes along the anatomic parasagittal axis from the
base to the apex of the prostate. This approach has improved prostate cancer detection rates
over those achieved by finger-guided prostate biopsies[11]. Subsequently, this biopsy
technique was modified to sample more tissues from the peripheral zones by laterally
directing the needle and collecting 8-14 specimens; these modified biopsies are called
“extended biopsies”[12]. Although such modified biopsy techniques result in higher cancer
detection rate, excessive sampling of the prostate tissue leads to an increase in biopsy-
related complications, such as haemorrhage, infection, and injury to the periprostatic
structures [13]. To overcome this problem, scientists developed a method of transrectal
ultrasound(TRUS) to guide prostate biopsies. TRUS guidance helps to localise the prostate.
However, in many cases, this technique does not permit direct visualisation of the prostate
lesions[9], and it is difficult to access the anterior and apical parts of the prostate under
TRUS-guidance[13]. Additionally, many benign lesions, including benign prostatic
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hyperplasias (BPHSs), prostate cysts, haematomas and infections, cannot be differentiated
from prostate cancers with TRUS[14]. Thus, it is clear that the key to increasing prostate
cancer detection rates is not simply reliance on increases in the numbers of biopsy cores;
rather it is essential to increase the visibility and differentiability of prostate lesions by
exploring optimal imaging-guided techniques that should be capable of accurate targeting
and real-time monitoring[9]. Example techniques for such improvements included the
refinements of TRUS-guided prostate biopsy via the use of contrast-enhanced power
Doppler imaging and elastography. A retrospective single-centre study of 1776 patients
demonstrated the benefits of the use of contrast-enhanced colour Doppler ultrasound to
guide prostate biopsy over systematic biopsy[15]. Another study reported that fewer biopsy
cores were needed in real-time elastography-targeted biopsies when the PSA level was
>1.25ng/ml and <4ng/ml[16].

Magnetic resonance(MR) technology has progressed rapidly in recent decades. The
application of advanced MR techniques, such as diffusion-weighted imaging and MR
spectroscopy, has improved the sensitivity and specificity of the visualisation and
differentiation of prostate diseases. The development of endorectal coils further enhanced
prostate cancer visualisation with MRI, and contrast-enhanced diffusion-weighted imaging
combined with MR spectroscopy is a promising approach for the more accurate detection of
prostate cancer with MRI[17]. It has also been reported that the combination of diffusion-
weighted imaging with T2-weighted imaging can further increase the sensitivity (84.1% vs.
61.9%) and specificity(72.0% vs. 36.0%) of predicting unilateral prostate cancer compared
to T2-weighted magnetic resonance alone[18].

The development of MR-compatible implements has made MRI-guided prostate biopsies
possible, and such biopsies are becoming a frontier in imaging-guided interventions
involving prostates(Fig. 1)[19]. A study of 98 patients with MRI-guided prostate biopsies
found an overall higher Gleason-grade detection of prostate cancers with MRI-guided
biopsy than with TRUS-guided biopsy(88% vs. 55%). It has also been reported that MRI-
guided biopsy significantly improves the pretreatment risk stratification by obtaining
biopsies that are representative of the true Gleason grades[20]. Another group of authors
reported that prostate cancer was detected with MRI-guided biopsy in 52/100 (52%) patients
with previous negative TRUS-guided biopsies and persistently rising serum PSA levels[21].
The shortcoming of the long times required for MR scans may potentially be overcome by
the fusion of MR imaging with TRUS. Preprocedural MR images can be fused with real-
time TRUS monitoring images to realise real-time monitoring of the location of the needle
and targeting of the lesion. This technique combines the advantages of the two techniques
and is less expensive and less time consuming[9,22]. Although the fused MR imaging and
TRUS-guiding method is regarded as a promising imaging-guided technique for prostate
biopsies, multicentre studies are needed to evaluate the effectiveness of the technique[23].

In addition to ultrasound imaging, the first clinical trial with a MRI-guided transrectal
robotic prostate biopsy system was initiated at the U.S. National Cancer Institute[24]. A
subsequent retrospective study of the same system has further improved this approach by
applying motion compensation for organ displacement, which increases targeting accuracy
[23]. Although these pioneer works have established the “proof-of-principle” of these
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robotically assisted prostate biopsy systems, the continued technical improvements and
larger-scale clinical trials are warranted prior the wide applications of these techniques in
routine clinical practice.

2.2. Imaging-guided brachytherapy

TRUS-guided transperineal iodine-125 (12°1) seed implantation was first reported by Holm
et al. in 1983[25]. After two decades of evolution, this technique has become an effective
interventional approach for the treatment of localised prostate cancers and has the primary
advantages of being capable of intraprostatically delivering a high radiation dose while
sparing the surrounding normal tissues. Currently, there are two general types of prostate
brachytherapy techniques: low-dose rate (LDR) brachytherapy, and high-dose rate (HDR)
brachytherapy. Several studies have shown that HDR brachytherapy is a valuable approach
for achieving prostatic dose escalation, particularly when combined with external beam
radiation therapy(EBRT), which results in impressive outcomes for the treatment of
intermediate and high-risk patients with prostate cancers. It is believed that these patients
should receive high-dose radiation seeds to achieve satisfactory and long-term disease
control.

Currently, both types of LDR and HDR brachytherapies are performed with the
transperineal approach under TRUS guidance. However, the TRUS-guided approach has
several drawbacks, including unsatisfactory localisation ability of the implanted seeds and
poor image quality due to the variable anatomical deformities of the patients or faeces and
air in the rectum[26]. MRI can overcome these limitations through its advantages of
providing a three-dimensional dataset, multiplanar reconstruction, more accurate volume
measurement, and satisfactory soft-tissue resolution[9]. A recent study reported results of
MRI-guided prostate brachytherapy in 318 patients; this therapy was performed with MR-
compatible iodine-125 seeds in a an intraoperative 0.5 Tesla MRI unit[27]. Via an MR-
compatible catheter, iodine-125 seeds were placed transperineally under MRI guidance,
while an MRI-based real-time dosimetry technique was used to monitor the delivered dose
at the target(Fig. 2). MRI-guided prostate brachytherapy offers the improved treatment of
prostate cancers, and the PSA failure-free survival rates at 5 and 8 years are 95.6% and
90.0% for low-risk cases and 73.0% and 66.4% for intermediate-risk cases, respectively.
However, the current use of MRI as a tool for the guidance of prostate brachytherapy has
certain limitations that are primarily due to the suboptimal availability of intraoperative MR
units and the relatively long MRI scanning times[28].

2.3. Imaging-guide cryotherapy

Cryotherapy was first described in 1972 and can cause tissue coagulative necrosis and
cellular death resulting from extremely cold temperatures(<—140°C)[29]. Cryotherapy is
based on the following two mechanisms of: (i) intracellular ice crystal formation that leads
to mechanical trauma to the cells; and (ii) cellular dehydration that is related to osmotic
changes due to such cold temperatures and results in subsequent cell apoptosis [30].

For the treatment of prostate tumours, three generations of cryotherapy techniques have been
developed thus far. The first generation of cryotherapy involved transurethral or

Cancer Lett. Author manuscript; available in PMC 2015 July 28.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wu et al.

Page 5

transperineal placement of a cryo-probe to freeze the target tissues with liquid nitrogen.
Because the first generation of prostate cryotherapy was performed without any imaging
guidance, complications were quite common. The second generation of prostate cryotherapy
was developed in the 1990s and used 3-mm cryoprobe cooling with liquid nitrogen. At that
time, the placement of the small-sized cryoprobe was monitored by TRUS. However, TRUS
could create severe artefacts around the freezing ball of the cryoprobe that could interrupt
the visualisation of the target lesions. The third generation of prostate cryotherapy has been
applied in clinical practice since 2000; this cryotherapy involves the use of an even smaller
cryoprobe that is as thin as 1.5mm (17-gauge). The thinner cryoprobes not only facilitate
more accurate percutaneous access to precisely target the lesions but also greatly reduce
technique-related complications. The latest prostate cryotherapy is based on the mechanisms
of freezing the tissues with argon and thawing the tissues with helium gas. Repeating the
freeze-thaw cycle leads to remarkable cell killing due to recrystallisation, cellular swelling
and bursting [30]. Some authors have reported that they use this third-generation prostate
cryotherapy as the primary treatment for low-risk and localised prostate cancers and achieve
satisfactory early clinical outcomes [31]. Nerve-sparing cryotherapy is expected to decrease
the high erectile dysfunction (ED) rates, while use of a urethral warming device can protect
the urethra from damage due to over-freezing [32]. Cryotherapy has also been used for
salvage treatment of local recurrent prostate cancer and has led to an acceptable 10-year
disease-free survival rate (39%) [33].

One of the current scientific focuses on prostate cryotherapy is the exploration of imaging-
guided cryotherapy. TRUS was the first imaging modality that was used to guide
cryotherapy for prostate cancers. However, most prostate tumour masses are not visualised
well with ultrasound, and it is sometimes difficult to distinguish malignancies from either
normal prostatic tissues or benign prostatic hyperplasia. Additionally, technically, up to 99%
of the acoustic waves are reflected from the surface of the ice-ball closest to the TRUS
probe, which results in difficulty in real-time monitoring and assessment of the adequacy of
the cryoablation zone during the procedure [34]. Thus, TRUS is not an optimal imaging
modality for precisely guiding prostate cryotherapy[9].

In recent years, the multiparametric 3T MR technique became available. This technique not
only has high specificity and sensitivity as an effective differential diagnostic tool for
prostate cancers [35,36], but is also an accurate method for the quantitative measurement of
prostate tumour sizes [37]. Compared to other imaging modalities, MRI has excellent
advantages for ice ball visualisation and cryotherapy monitoring [38,39]. Most interestingly,
MRI has a uniquereal-time temperature mapping functionality that aids the precise and non-
invasive temperature measurement of the cryoablation zone during prostate cryotherapy[40—
42]. Under MRI, the ice-ball of the cryoablation zone can be clearly and sharply observed.
Although the technique of MRI-guided cryotherapy still has challenges (such as ferrous
material exclusion, space limitations in the operation room, challenging ergonomics, and
relatively long scan sequences), the early results from this technique are promising.
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2.4. Imaging-guided laser ablation

Laser ablation of prostate tumours is based on the application of external thermal energy that
is transferred via a laser fibre placed into the prostate tumour in which the laser light induces
irreversible coagulative necrosis of the tissue around the tip of the fibre[43—-45]. A study
reported on a phase | trial of12patients with low-risk prostate cancers who received laser
ablation treatment under three-dimensional ultrasound imaging guidance[46]. During the
laser ablation, the temperature probes were placed at the expected ablation boundaries and
the surrounding critical structures, and the temperatures generated by the laser could be
monitored in real time. Contrast-enhanced ultrasound has also been used to monitor necrosis
formation due to the application of lasers.

A specific advantage of laser ablation is that the laser fibres are MRI-compatible and thus
suitable for MRI guidance. As described above, MRI has the advantages of high-spatial
resolution and multi-plane imaging, which provides more accurate information about the
target lesion and the ablated area relative to the surrounding crucial organs. The use of MR-
thermometry further enables the real-time visualisation of laser temperature distribution and
thereby allows for the precise monitoring of the range of the ablation zone. Additionally, the
fibres used in the laser ablation do not distort the electromagnetic field, and thus avoid MRI
artefacts emerge in the ablation area (Fig. 3). Recently, some authors have validated the
feasibility of the use of 3T MRI to guide laser ablation with cadaveric prostates[47].
Subsequently, the same group of authors reported a case of a patient who received salvage
3T MRI-guided laser ablation after a radical prostatectomy and presented with no adverse
events during the early follow-up[48]. MRI-guided laser ablation is considered to be a
promising technique for accurate tumour targeting and real-time monitoring of ablation
temperature with high spatial and temporal resolutions and unique MR-thermometry.

2.5. Imaging-guided magnetic nanoparticle hyperthermia

Magnetic nanoparticle-mediated hyperthermia is a novel concept for interstitial thermal
therapy. After the systemic administration of biocompatible and magnetic iron-oxide
nanoparticles (1-100 nm), the patient is placed into an alternating magnetic field in which
the thermal energy caused by the specific absorption rate (SAR) of the nanoparticles in the
magnetic field is released to the target tissues and thereby kills the tumour cells[49].

A few prospective phase-I studies have validated the feasibility of magnetic nanoparticle
thermotherapy in patients with locally recurrent prostate cancers[50,51]. The mean core size
of the nanoparticles used in this study was 15 nm, and the particles were coated with an
aminosilane-type shell (MFLAS, MagForce® Nanotechnologies, Berlin, Germany). A
magnetic applicator (MFH®300F, MagForce Nanotechnologies) was used to generate the
alternating magnetic field with a frequency of 100 kHz at variable field strengths of 2.5—
18.0 kA/m, which enabled the achievement of a maximum temperature of 55°C within the
prostate. At the median follow-up period of 17.5 months, the patients’ PSA levels had
declined. Alternating magnetic field strengths of 4-5 kA/m were tolerated by all patients,
although higher field strengths resulted in discomfort in the perineal regions of the patients.
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Subsequent efforts were made to combine magnetic nanoparticle thermotherapy with
radiotherapy or brachytherapy to treat prostate cancers[52,53]. In one such effort, the
nanoparticle suspensions were transperineally injected, and 1251 seeds were simultaneously
implanted under TRUS and fluoroscopy guidance, which led to a 100% technical success.

The main limitations that hinder the widespread clinical application of nanoparticle
thermotherapy include irregular nanoparticle distributions in the prostate and local
discomfort caused by high magnetic field strength[49]. It is believed that once these
disadvantages are overcome, magnetic nanoparticle thermotherapy should offer satisfactory
efficacy in the treatment of prostate tumours, either as a monotherapy or in combination
with other treatments.

2.6. Imaging-guided photodynamic therapy

Photodynamic therapy (PDT) is a type of focal ablation therapy that uses photosensitising
drugs. Photosensitising drugs are activated in the targeted organ or tissue via fibre optic
illumination at a specific wavelength and form reactive oxygen species that lead to the loss
of endothelial integrity and vascular thrombosis and subsequent tissue destruction around
the optical fibre (Fig. 4)[54-57]. In 1990, a group of authors demonstrated the first
photodynamic therapy for prostate cancers by delivering a photosensitising agent via a
transurethral approach[58]. The later studies confirmed that photosensitising drugs can be
either orally or intravenously administered. In advanced photodyanamic therapy of prostate
cancers, the activation light energy is generated by a low-power laser and delivered to the
lesion through optical fibre via a transperineal approach under TRUS guidance.

Padoporfin (WST-09, Tookad®; Steba Biotech, The Hague, The Netherlands) is a new
palladium bacteriopheophorbide photosensitiser that functions as an avascular-acting
photosensitising drug when an activating light at a wavelength of 763 nm is used. A phase
I/11 study reported on the treatment of 24 patients with recurrent prostate cancer using
Padoporfin that were followed up with MRI1[56,59]. The minimum light dose required to
identify a therapeutic response with MRI was 23 J/cm? in at least 90% of the prostate
volumes. Currently, the heterogeneity of the responses, which is possibly due to the
heterogeneous uptake of photosensitisers, is the primary disadvantage of photodynamic
therapy. The development of imaging-guided local delivery approaches may help to
overcome this limitation.

3. Conclusions

Developments on different image-guided interventional techniques have improved the
capability of accurately diagnosing and effectively treating prostate malignancies. Among
these advanced techniques, CT and ultrasound-guided brachytherapy and cryotherapy have
generated encouraging clinical outcomes. Compared to TRUS, MRI-guided interventions
have demonstrated additional advantages in tumour lesion detection, pre-treatment planning,
monitoring of interventional procedures, and assessment of treatment outcomes. However,
the widespread clinical application of MRI-guided interventions still requires continuous
technical refinements that include shortening of the long scanning times, enhancing the real-
time imaging capabilities, and increasing the cost-effectiveness.
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Fig. 1.

M?? imaging—guided prostate biopsy. Photographs (top) and computer screens (bottom)
showing the use of an MR imaging—compatible biopsy device. The device (top left) has an
endorectal probe (arrow), a needle guide (arrowhead), and a set of dials (D) that which allow
the needle to be directed to the target on the basis of input from the targeting software
(bottom left). The software provides the necessary angles for probe rotation, needle
angulation, and needle depth (bottom right). The dials are adjusted manually by the operator
based on the software’s calculations, which are derived from pre-biopsy MR images. The
patient is placed in the prone position (top right), and the biopsy probe is placed endorectally
(arrow at bottom right). Reprinted with permission from (19).

Cancer Lett. Author manuscript; available in PMC 2015 July 28.



1dussnuein Joyny vd-HIiN 1dussnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Wu et al.

Page 13

Fig. 2.
Example of a contoured peripheral zone target volume (A) and post-implant dosimetry (B).

Red represents the contoured peripheralzone, and blue represents the urethra and the anterior
rectal wall. One hundred percent or more of the prescription dose is shown in yellow, 150%

or more of the prescription dose is shown in red, 63% or more of prescription dose is shown

in blue, and no colour indicates less than 63% of the prescription dose after the implantation
of the seeds. Reprinted with permission from (27).
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Fig. 3.
Registration of ablation in magnetic resonance (MR) imaging and pathology. (A) MR image

showing the with the damage contouring. The black arrows indicate the placements of the
laser fibre. (B) The same pathologic slice as in (A). The black arrows indicate the placement
of the laser fibres. The red arrows indicate the placements of the fiducial markers. Reprinted
with permission from (43).
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Fig. 4.
During photodynamic therapy (PDT), a photosensitising agent is injected intravenously and

is distributed throughout the body. Small energy-delivering probes deliver the appropriate
wavelength of light energy. To treat localised prostate cancer, these probes can be positioned
to deliver PDT to either a portion of or the entire gland. Reprinted with permission from
(57).
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