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Abstract
[bookmark: OLE_LINK1540][bookmark: OLE_LINK1541]Prostatic artery embolization (PAE) has gained acceptance as a minimally invasive, safe and effective treatment of symptomatic benign prostatic hyperplasia. Radiologic imaging is an indispensable part of post-interventional evaluation of PAE and serves both clinical and investigational purposes. In this context, ultrasonography (US) has a central and multifaceted role. Gray-scale US is routinely utilized for measurement of significant outcome parameters (prostatic volume, intra-vesical prostatic protrusion and post-void residual volume) before and after PAE. Improvement of these parameters may become more obvious one-month post-PAE, or later. Contrast-enhanced US (CEUS) with intravenous administration of a second-generation echo-enhancer can demonstrate prostatic infarcts (as enhancement defects) immediately post-PAE and monitor their resolution over time. The volume of prostatic infarcts can also be measured and compared to prostatic volume. Prostatic infarction is a definite sign of the local efficacy of PAE and a predictor of prostate shrinkage and (at least in some patients) of clinical success. CEUS can also be performed intraoperatively in the angio-suite, for on-site evaluation of the ischemic effect; a variation of this technique, with intraarterial (instead of intravenous) administration of diluted echo enhancer, can also be applied intraoperatively, to map the embolized territory and to prevent non-target embolization. Initial experience with US-elastographic techniques (shear-wave and strain elastography) has shown that they can detect and quantify the improvement of tissue elasticity post-PAE, thus providing new insights into the therapeutic mechanisms of this treatment. With utilization of high-end equipment, experience and standardized imaging protocols, US could be the primary modality for imaging evaluation of PAE.
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[bookmark: OLE_LINK1593][bookmark: OLE_LINK1594]Core tip: Ultrasonography is a practical and affordable modality for imaging evaluation of the efficacy of prostatic artery embolization (PAE). This evaluation includes, but is not limited to, standard measurements of prostatic volume, intravesical prostatic protrusion and post-void residual volume. With contrast-enhanced ultrasound, prostatic infarcts can be easily detected shortly after PAE, and their extent appears to have clinical and prognostic value. Strain- and shear-wave elastography can depict the changes in prostatic consistency caused by PAE. A comprehensive description of all these applications is attempted in the following review.


INTRODUCTION
[bookmark: OLE_LINK1542][bookmark: OLE_LINK1543][bookmark: OLE_LINK1513][bookmark: OLE_LINK1514][bookmark: OLE_LINK1515][bookmark: OLE_LINK1516][bookmark: OLE_LINK1517][bookmark: OLE_LINK1518][bookmark: OLE_LINK1558][bookmark: OLE_LINK1559]During the last years, prostatic artery embolization (PAE) has emerged as an effective, minimally invasive endovascular treatment of symptomatic benign prostatic hyperplasia (BPH)[1-3]. Technically successful PAE entails superselective catheterization and embolization of the prostatic arteries (PAs) of at least one pelvic side with microparticles (spherical or non-spherical, with diameters of 50-500 μm)[3,4]. PAE-induced ischemia results in prostate shrinkage and in functional changes which eventually result in the relief of BPH symptoms[3,4]. Therefore, characterization of the clinical success of PAE is primarily based on symptomatic improvement. The latter is quantitatively expressed by a reduction of the International Prostate Symptom Score (IPSS)[2], with reported post-PAE mean rates of reduction of 53.9%-62.5%[1] and with an IPSS reduction of at least 25% required for characterization of the clinical success of PAE. Nevertheless, the role of imaging in assessment of the therapeutic efficacy of PAE is also essential. Radiologic imaging is expected to provide a non-invasive, reliable and reproducible evaluation of prostatic size and of the morphologic, textural and perfusional changes that occur in the prostate after PAE[5]. A straightforward demonstration of the local efficacy on the target organ is essential for a relatively new endovascular treatment like PAE. Imaging follow-up is also required to evaluate the durability of the treatment effects over time and to diagnose some of the complications of PAE. Additionally, the correlation of imaging findings with clinical, biochemical and uroflowmetric data can serve investigational purposes and can improve our understanding of the therapeutic mechanisms of PAE.
At present, magnetic resonance (MR) is considered the “gold standard” modality for imaging evaluation of PAE. By virtue of its superior soft tissue contrast resolution, MR accurately shows size and texture changes of the prostate post-PAE[5-7]; ischemic changes caused by PAE are also associated with signal alterations in unenhanced T1 and T2 sequences, although their delineation is more clear and detailed on gadolinium-enhanced T1 sequences[6,7]. However, equipment and examination costs may limit the availability and repeatability of MR and the technique (or its dedicated contrast media) may be contraindicated in some patients. Ultrasonography (US) is a more affordable, flexible and widely available modality, which has also been utilized for the study of PAE since the early applications of this treatment[8,9]. Although standard (gray-scale) US is limited to the evaluation of size and shape of the prostate before and after PAE, more advanced techniques can significantly increase the diagnostic yield of US, with an acceptable increase in the time and cost of the examination. 
During the last 4 years, in our institution we have utilized US (standard and advanced techniques) as the primary modality for imaging evaluation of PAE intraoperatively, immediately post-procedure and for short- and long-term follow-up. Based on this experience and on current literature, we herein attempt to provide a comprehensive review of the technique, role, findings and limitations of US evaluation of PAE.

GRAY-SCALE US
[bookmark: OLE_LINK1521][bookmark: OLE_LINK1522][bookmark: OLE_LINK1552][bookmark: OLE_LINK1553][bookmark: OLE_LINK1525][bookmark: OLE_LINK1587][bookmark: OLE_LINK1664][bookmark: OLE_LINK1903][bookmark: OLE_LINK1529]Gray-scale US is routinely utilized in many centers for the calculation of prostate volume (PV) before and after PAE and for evaluation of prostate shrinkage. The latter is an easily conceivable sign of the therapeutic effect of PAE. Although transrectal US (t.r.-US) is preferred by some researchers[1], transabdominal US (t.a.-US) is also acceptable. In experienced hands, PV measurements with t.a.-US correlate closely with those of t.r.-US and the former technique is more comfortable for the patient and more suitable for repeated application[10,11]. Of note, it has been demonstrated that variations in bladder volume have a negligible effect on transabdominal measurements of PV, if bladder volume is in the range of 100-400 mL[11,12]. With both approaches, the prostate is scanned in the axial, coronal and sagittal plane and PV is calculated with the ellipsoid formula (length × height × width × 0.52). A well-recognized disadvantage of this formula is its limited accuracy in larger, irregular shaped or asymmetrically enlarged prostates. Results may also depend on the experience of the operator[13]. Three-dimensional US may provide a more accurate estimate of PV[11], but, as a more complex and technically demanding method, it is not routinely utilized for follow-up post-PAE. Prostate shrinkage caused by technically successful PAE is negligible during the first days post-procedure, but becomes significant one month post-PAE and at 3, 6 and 12 mo follow-up[1,2]. Reported mean reduction rates of PV post-PAE are 31.9%, 32.1% and 37.6% at 6, 12 and 24 mo post-intervention, respectively[1]. Long-term data are limited, although there is evidence of sustained tumor shrinkage (mean PV reduction of 12.6% at 3 years post-PAE)[14].
[bookmark: OLE_LINK1530][bookmark: OLE_LINK1531][bookmark: _Hlk32170100]Intra-vesical prostatic protrusion (IPP) represents the extent to which the enlarged prostate (its median lobe, lateral lobes, or both) protrudes into the urinary bladder[15]. IPP causes a ball-valve type of obstruction and disrupts the funneling shape of the bladder neck thus contributing to bladder outlet obstruction. IPP greater than 10 mm is considered significant and is associated with increased PV and decreased urinary flow rate. US (both t.a.-US and t.r.-US) is the standard modality for calculation of IPP, which is measured on the sagittal view and is defined as the greatest vertical distance from the tip of the prostate gland to the circumference of the urinary bladder[15]. PAE has proved efficient in reducing the IPP (reported reduction rates: 14.7%-25%)[16,17] and this effect has been associated with clinical improvement of treated patients.
[bookmark: OLE_LINK1564][bookmark: OLE_LINK1565]In general, although MR is considered the gold standard for the morphologic and volumetric assessment of the prostate post-PAE, US is accepted by most researchers as a valid alternative; availability, easy application and cost-effectiveness make US particularly suitable for repeated, long-term follow-up of large PAE-patient cohorts[1,18]. Finally, gray-scale t.a.-US is the standard modality for the calculation of post-void residual volume (PVR). Reported mean rates of the reduction of PVR post-PAE are 55.6%, 67.3% and 64.7% at 6, 12 and 24 mo post-intervention, respectively[1].

[bookmark: OLE_LINK1519][bookmark: OLE_LINK1520]CONTRAST-ENHANCED US
Irreversible prostatic ischemia and consequent infarction play a central role in the therapeutic action of PAE[4]. The embolized, infarcted adenomas of BPH undergo gradual shrinkage, the mass effect on the prostatic urethra is relieved and symptoms, as well as urinary flow, are improved. At present, our knowledge regarding imaging of prostatic ischemia post-PAE is derived primarily from contrast-enhanced MR (CEMR) studies[6,7,17,19]. Nevertheless, contrast-enhanced US (CEUS), as a modality of real-time and detailed imaging of micro- and macrocirculation, has also yielded promising results[8,9,20,21]. In fact, thanks to its anatomic location, relatively small size and immobility, the prostate may be an even more suitable target for CEUS study compared to the liver and other abdominal organs. Indeed, CEUS post-PAE has proved feasible, cost-effective and able to depict in detail prostatic infarcts. Similar to other abdominal applications of CEUS, a second generation ultrasound contrast agent (for example, suspension of microbubbles of sulphur hexafluoride, SonoVue, Bracco, Italy), is injected as a bolus in a forearm vein, followed by a flush of normal saline. A dedicated, contrast specific, continuous scanning, low mechanical index (MI = 0.09-0.13) technique is utilized and the prostate is scanned in three planes for 1-2 min post-injection. Both t.r.- and t.a.-CEUS can be applied, to depict prostatic infarcts, with the former approach offering a higher spatial and contrast resolution; however, comparison between these two approaches has shown insignificant differences in the measurements of prostatic infarcts post-PAE[20]. Moreover, in the clinical setting of PAE, detection of the tiniest foci of residual enhancement is not as crucial as in the oncologic, post-ablation applications of CEUS. When BPH nodules are completely infarcted, they appear as round or ovoid enhancement defects on CEUS; when incomplete infarction has occurred, the enhancement defects may be irregular in shape, or geographic[21]. Prostatic infarcts can be detected almost immediately post-PAE; however, they are more clearly delineated during the first days post-procedure. In the following weeks, prostatic infarcts become gradually smaller and the majority disappear 3-6 mo post-PAE[20,21] (Figure 1). PAE-induced prostatic infarcts have been observed in 71.4%-92.8% of patients with CEUS[20,21] and in 33%-100% with MR[7,17]. Differences in the prevalence and extent of prostatic infarcts post-PAE are explained by variations in the embolization technique: Superselective cannulation of the PAE, distal advancement of the microcatheter in the intraprostatic branches and utilization of smaller embolic agents (with diameters < 300 μm) are factors associated with more frequent and extensive infarction[4,7,22]. Prostatic infarcts usually appear only in the treated lobe of the prostate; occasionally however, bilateral infarction can occur after unilateral PAE, and this is attributed to intraprostatic anastomoses with the PA branches of the contralateral side. Of note, PAE-induced infarcts are located exclusively in the transitional zone; the peripheral zone is spared, possibly due to differences in its blood supply and microcirculation[19].
The volume of prostatic infarcts can be calculated with the ellipsoid formula (in the same manner as PV) and this is an acceptable method for regularly shaped, round or ovoid infarcts[21]. Volumetric assessment with planimetry and dedicated software result in superior accuracy, particularly in the case of multiple, irregularly shaped infarcts, but at present this technique is applied only with CEMR[17]. The volume of prostatic infarcts is divided by the PV (calculated at the same time) and the percentage of prostatic ischemia (pPI) is derived[21]. pPI correlates strongly with, and can predict subsequent prostate shrinkage (the latter being the final result of the absorption of infarcted tissue)[21]. The extent of prostatic infarction appears to be a predictor of the clinical success of PAE, at least in the subgroup of patients with BPH, urinary retention and indwelling bladder catheter (Figure 2). In a recent study with systematic CEUS evaluation post-PAE, successful removal of the catheter was achieved only in patients with pPI > 10%[21]. In a similar patient cohort, treated with PAE and studied with MR, a successful and durable bladder catheter removal was also observed only when the volume of infarcted prostatic tissue exceeded 10% of PV[7].
In brief, prostatic infarcts represent a significant imaging finding post-PAE. The early detection of prostatic infarcts with CEUS can be utilized to demonstrate the local efficacy of PAE and to predict prostate shrinkage and clinical success, which become apparent several days or weeks later.

US-ELASTOGRAPHY
[bookmark: OLE_LINK1532][bookmark: OLE_LINK1533]It is almost certain that infarction, followed by prostate shrinkage, is not the only therapeutic mechanism of PAE. In fact, reduction of PV and relief of the extrinsic compression to the prostatic urethra, addresses only the ‘static’ (anatomic) component of BPH. However, there is also a ‘dynamic’ (functional) component in the pathophysiology of BPH, related to activation of the alpha1-adrenergic receptors of the prostate and associated with reduced elasticity of the prostatic adenomatous tissue[4,23]. It is believed that PAE blocks the arrival of sympathetic mediators which are required to activate the alpha1-receptors, additionally; PAE reduces the number of the receptors themselves, thus improving the elasticity of the prostate. This potential mechanism is supported by the clinical observation of ‘softening’ of the prostate on digital rectal examination after successful PAE. US-elastographic techniques have also been utilized to provide relevant evidence (Figures 3 and 4). Shear-wave elastography (SWE) uses a sonographic push pulse to generate a shear wave in the tissues. The velocity of the shear wave is affected by tissue stiffness (higher velocity in stiffer tissues); shear-wave velocity can be calculated and color-coded for each pixel of the respective US-image, thus creating an elastographic color map, which is overlaid on the gray-scale image[24]. In a pilot study[23], t.r.-SWE of the prostate was performed in 8 patients before and 1 month after clinically successful PAE. SWE showed a statistically significant reduction of shear-wave velocity (19.0%, P < 0.001, measured in m/s) and of the elastic modulus (29.8%, P = 0.002, measured in kPa) of the transitional prostate zone, indicating increased tissue elasticity post-PAE. Of note, no significant elastographic changes were observed in the peripheral zone. Another small group of PAE-patients were studied with t.r.-strain elastography, a semi-quantitative US-elastographic technique which measures tissue deformation caused by mechanical stimuli from the US-probe[25]. By comparing the tissue before and after compression, the degree of local tissue deformation (strain) is estimated in real time and projected on a color map. In the aforementioned work, the elasticity (E) index, was defined as the ratio of the average strain in the target area to the average strain in the entire elastogram. A statistically significant reduction of the E-index (compatible with increased tissue elasticity) was found one month post-PAE, both for the entire prostate and for the center of transitional zone. Of note, the reduction of the E-index was more marked for the transitional zone than for the entire prostate. Moreover, the distribution of elastographic changes did not correlate closely with ischemic changes (which were mapped with CEUS); this is probably a clue that ischemia and tissue stiffness reduction are two distinct therapeutic pathways of PAE. Despite these original and remarkable observations, it should be recognized that there is no standardized, widely accepted US-elastographic protocol for PAE, and there are several technical and operator-related limitations; therefore, at present, US-elastography is not a standard part of the imaging follow-up of PAE.

INTRAPROCEDURAL SONOGRAPHY OF PAE
Some researchers, taking advantage of the portability and flexibility of the US-equipment, have applied US techniques in the angio-suite, where PAE is performed, for on-site evaluation of the procedure[21,26]. On gray-scale US, echogenic foci appear within the prostate immediately post-PAE and remain visible for a few days after the procedure[20,21]. This finding is probably caused by tiny bubbles of air trapped in the mixture of contrast and embolic material. These mechanisms are the same with those that cause ‘echogenic response’ in liver tumors after transarterial (chemo)embolization[27]. The echogenic foci are more prominent and numerus in prostates with extensive infarction post-PAE[20]. 
Transabdominal CEUS with the standard (intravenous) route of administration of the echo-enhancer can also be performed in the angiography suite, shortly after injection of the embolic material, to demonstrate the ischemic effect[21]. Prostatic infarcts can be detected as early as a few minutes post-embolization; however occasionally, accurate assessment of their extent at that time may be compromised by the aforementioned echogenic foci. The latter can be differentiated from the microbubbles of the echo-enhancer by comparing (on the split-screen display of the machine) the unenhanced gray-scale image with the corresponding CEUS image and by observing that the echogenic foci are stationary, while the microbubbles are constantly circulating. This immediate evaluation of the ischemic effect may guide further decisions on the procedure: If CEUS demonstrates inadequate infarction despite apparent angiographic flow stasis in the PA, a reevaluation of flow with angiography (after a waiting time of a few minutes) and a search for additional PAs should be considered. On the other hand, if CEUS demonstrates adequate devascularization of the treated lobe after standard (proximal) PAE, application of more technically demanding and time-consuming techniques of intraprostatic branch embolization (such as the PErFecTED technique) can be avoided[21] (Figure 5).
[bookmark: OLE_LINK1574][bookmark: OLE_LINK1575]Intraarterial (i.a.) CEUS has also been utilized for intraprocedural guidance of PAE. This technique entails sonographic imaging of the prostate with CEUS algorithm, during injection of diluted echo enhancer through the microcatheter positioned in the PA. One group[26] utilized a suspension of perflutren lipid microspheres (Definity, Lantheus Medical Imaging, North Billerica, MA, United States) diluted 1:20 in saline and injected in small aliquots (0.3-0.5 mL); diluted SonoVue can also be utilized for i.a.-CEUS[28], although it should be acknowledged that this is an off-label application. Intraarterial CEUS can be performed prior to injection of the embolic, to show the part of the prostate that is fed by the selected artery (Figure 6). Enhancement of neighboring organs (for example: bladder, rectum) can also be demonstrated, if parts of these organs share the same arterial supply with the prostate. Thus, i.a.-CEUS could confirm successful selection of the PA and could prevent some cases of non-target embolization. Intraarterial CEUS could play a role in guidance of PAE, particularly when cone-beam CT equipment is not available[26]. Intraprocedural sonography may be technically challenging and acquisition of images of acceptable quality is not guaranteed: Scanning has to be performed transabdominally, under sterile drapes; the patient’s suprapubic discomfort during PAE may make compression with the transducer intolerable; the catheterized bladder is usually empty and the Foley catheter itself may be an obstacle for the ultrasound beam.

US EVALUATION OF PAE: A REALISTIC APPROACH
In our practice, the equipment utilized for US evaluation of PAE is located in the interventional radiology department and US studies are performed immediately after clinical evaluation of the patient. Thus, referrals of the patient to other departments are minimized and patients’ compliance with the follow-up schedule is enhanced. All US studies are performed or supervised by the interventional radiologist involved in PAE, to facilitate correlation of angiographic and technical details with US findings. Close and sincere collaboration between the interventional radiologist and urologist is one of the cornerstones of a successful PAE practice, and the presence of the referring urologist during US studies is welcome and encouraged. In this way, US/CEUS signs of the therapeutic efficacy of PAE (prostate shrinkage, prostatic infarcts) can be easily communicated to, and discussed with the clinician.
We perform an early CEUS (10-24 h post-PAE, just before the patient’s discharge) focusing on the detection of prostatic infarcts. This provides an initial impression on the efficacy of PAE. An additional CEUS study can be performed within the next few days, if the initial CEUS was compromised by echogenic artifacts. Additional follow-up with CEUS may be performed for research purposes. Such a protocol is affordable, because, with modern equipment, a diagnostic CEUS study of the prostate can be performed with only one fourth of the standard dose of the echo-enhancer (1.2 mL of the 4.8 mL content of the SonoVue vial)[21]. In the routine clinical (non-research) setting, subsequent imaging follow-up is limited to standard, unenhanced US at 1, 3, and 6 mo post-PAE and at 6-mo intervals thereafter. All studies of an individual patient are preferably performed by the same, experienced operator; this may introduce an observer bias, but reduces interobserver and experience-related variability[5]. The t.a. approach is preferred for the standard imaging schedule, as it is simpler and more comfortable than t.r. We reserve the latter for research protocols and for US-elastography.
Several shortcomings of the US techniques for PAE were reported in the previous paragraphs and they should always be taken into consideration in clinical practice. The inherent limitations of US (operator dependency, relatively small field of view, poor performance in obese patients and when gas-filled viscera are superimposed) also apply to the dedicated techniques utilized for PAE. We consider that US is not suitable for definite diagnosis of the ischemic complications of PAE. In patients with clinical suspicion of such complications, prompt evaluation with CT, MR or endoscopy is advisable.

CONCLUSION
Currently available US techniques (Table 1) enable the radiologist to perform a comprehensive evaluation of the effect of PAE. Gray-scale US is efficient for basic size measurements and is a standard part of the follow-up of PAE. With CEUS, prostatic vascularity and the ischemic effect of PAE can be readily appreciated both during and post-procedure and this information may increase the safety and efficacy of intervention and predict clinical success. It is very likely that in the near future, optimization of US-elastography and other technological advances will further enhance the role of US in the study of PAE.
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Figure Legends
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[bookmark: OLE_LINK1544][bookmark: OLE_LINK1545][bookmark: OLE_LINK1546][bookmark: OLE_LINK1547][bookmark: OLE_LINK1548][bookmark: OLE_LINK1549][bookmark: _Hlk35596574]Figure 1 Evolution of ultrasonography and contrast-enhanced ultrasonography findings post-prostatic artery embolization. Findings are presented in a ‘split-screen’ mode with unenhanced, reference B-mode image on the left, and corresponding contrast-enhanced ultrasonography (CEUS) image on the right. A: One day post-prostatic artery embolization (PAE), transabdominal US (t.a.-US) shows newly appearing echogenic foci, in both prostatic lobes (arrows). t.a.-CEUS shows extensive bilateral prostatic infarction; B: One month post-PAE, the echogenic foci have disappeared and prostatic infarcts are better delineated and smaller in size; C and D: Evaluation 6 and 12 mo post-PAE, respectively, shows that infarcts are diminished or have disappeared and prostate shrinkage can be appreciated. Asterisks indicate prostatic infarcts in all CEUS images. All images are in axial plane.
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[bookmark: OLE_LINK1550][bookmark: OLE_LINK1551][bookmark: OLE_LINK1554][bookmark: OLE_LINK1555][bookmark: OLE_LINK1556][bookmark: OLE_LINK1557]Figure 2 Varying extent and distribution of prostatic infarcts in patients with different clinical outcomes. Findings are presented in a ‘split-screen’ mode with unenhanced, reference B-mode image on the left, and corresponding contrast-enhanced ultrasonography (CEUS) image on the right. A: Transrectal CEUS 5 d post-bilateral prostatic artery embolization (PAE) in a patient with indwelling bladder catheter shows extensive infarction of the left prostatic lobe and smaller infarcts in the right. Removal of the Foley catheter and spontaneous voiding was possible a week later; B: Transabdominal CEUS (t.a.-CEUS) one day post-bilateral PAE shows extensive bilateral prostatic infarction. The patient experienced a rapid and durable symptomatic improvement (64% reduction of the International Prostate Symptom Score); C: t.a.-CEUS one day post-unilateral (left) PAE in a patient with indwelling bladder catheter shows a small left infarct lobe infarction. Multiple trials for removal of the Foley catheter failed in this patient and he eventually underwent transurethral resection. Asterisks indicate prostatic infarcts in all CEUS images. Arrows indicate echogenic foci, which appear in the embolized parts of the prostate shortly after PAE. Note that no echogenic foci can be detected in the case with the small unilateral infarct. All images are in axial plane.
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[bookmark: OLE_LINK1560][bookmark: OLE_LINK1561][bookmark: OLE_LINK1562][bookmark: OLE_LINK1563]Figure 3 Shear-wave elastography of the prostate. A: Before; B: Three months post-bilateral prostatic artery embolization (PAE). A significant reduction (40.5%) in the elastic modulus (EM) of the transitional zone is demonstrated, indicating increased prostatic tissue elasticity post-PAE. The elastographic changes were accompanied by marked improvement of clinical parameters (96.7% reduction of the International Prostate Symptom Score, 100% reduction of quality of life) and of prostate volume (55% reduction) and post-void residual volume (76% reduction). In this examination, red color tones indicate hard (stiffer) tissues, with high EM values (in kPa); blue tones indicate soft tissues, with low EM values; yellow or green tones indicate tissues of intermediate stiffness. Case courtesy of Dr. de Assis AM, Interventional Radiology Department, Radiology Institute, University of Sao Paulo Medical School. 
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[bookmark: OLE_LINK1566][bookmark: OLE_LINK1567][bookmark: OLE_LINK1568][bookmark: OLE_LINK1569]Figure 4 Correlation of contrast-enhanced ultrasonography, histopathologic and elastographic findings post-unilateral (right) prostatic artery embolization. A: Transabdominal contrast-enhanced ultrasonography (CEUS) image (axial section) obtained one week post-prostatic artery embolization (PAE) shows extensive infarction of the right hemiprostate (asterisk); B: Histopathology (Hematoxylin-Eosin stain, original magnification × 40) of a transrectal US-guided biopsy specimen of the right transitional zone confirms the presence of eosinophilic microspheres (arrows) in arterioles surrounding a prostatic acinus. This biopsy had been performed 12 mo post-PAE, for recently elevated prostate-specific antigen and was negative for cancer; C: Transrectal strain elastographic images (axial sections) of the prostate 13 mo post-PAE shows increased strain in the right hemiprostate and in the center of the right transitional zone (outlined by the red and turquoise line, respectively) compared to the left hemiprostate and to the center of the left transitional zone (outlined by the green and yellow line, respectively). In this elastogram, blue color tones indicate hard (stiffer) tissues, red indicate soft tissues, and yellow or green tones indicate tissues of intermediate stiffness. This patient experienced significant and long-lasting symptomatic improvement post-PAE (75% reduction of the International Prostate Symptom Score, 2 years post-PAE).
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Figure 5 Intraprocedural sonographic evaluation of prostatic artery embolization with i.v.-contrast-enhanced ultrasonography. A: Digital radiograph (anteroposterior projection) immediately post-right prostatic artery embolization shows the tip of the microcatheter (dotted arrow) at the proximal (extraprostatic) part of the right prostatic artery. Pooling of the contrast of the embolic mixture has caused opacification of the right hemiprostate (arrows). ‘f’ indicates the balloon of the Foley catheter; B and C: Transabdominal contrast-enhanced ultrasonography (CEUS), axial and right parasagittal section, respectively, with standard (i.v.) injection of the echo-enhancer, confirms adequate devascularization (infarction) of the right hemiprostate (asterisks). Findings are presented in a ‘split-screen’ mode with unenhanced, reference B-mode image on the left, and corresponding CEUS image on the right. Stippled and linear hyperechogenicities appear in the right hemiprostate. They are more striking (arrows) on the unenhanced, reference B-mode images.
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[bookmark: OLE_LINK1572][bookmark: OLE_LINK1573][bookmark: _Hlk35592318][bookmark: OLE_LINK1576][bookmark: OLE_LINK1577][bookmark: OLE_LINK1578][bookmark: OLE_LINK1579][bookmark: OLE_LINK1570][bookmark: OLE_LINK1571]Figure 6 Intraprocedural sonographic evaluation of prostatic artery embolization with intraarterial contrast-enhanced ultrasonography. A: Angiographic image (anteroposterior projection) shows the right prostatic artery and its branches; B: Transabdominal contrast-enhanced ultrasonography (t.a.-CEUS) image 3 s after intraarterial injection of diluted Sonovue shows rapid, intense enhancement of the right prostatic lobe, more prominent at its periphery (arrows); C: t.a.-CEUS image 7 s later, shows more diffuse enhancement of the right lobe and subtle enhancement in a small area of the left lobe (dotted arrow). No signs of extraprostatic enhancement were noticed and embolization was performed with microspheres (diameter: 100-300 μm); D: Unenhanced t.a.-US image 10 min post-embolization shows increased echogenicity of the right lobe (asterisk). ’f’ indicates the balloon of the Foley catheter in all images. CEUS images are in axial plane.
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[bookmark: OLE_LINK1580][bookmark: OLE_LINK1581]Table 1 Summary of the ultrasonography modalities which are applied for evaluation of prostatic artery embolization 
	Modality
	Parameter/feature evaluated
	Approach
	Technique/methodology
	Expected finding after successful PAE

	Gray-scale US
	PV
	t.a., t.r.
	Measurement at 3 planes, ellipsoid formula
	PV reduction

	
	IPP
	t.a., t.r.
	Unidimensional measurement
	IPP reduction

	
	PVR
	t.a.
	Measurement at 3 planes, ellipsoid formula
	PVR reduction

	CEUS
	Prostatic enhancement and infarction
	t.a., t.r.
	Bolus i.v. injection of 2nd generation US contrast agent.
Measurement at 3 planes, ellipsoid formula
	Prostatic infarcts preferably exceeding 10% of PV

	US-elastography
	Tissue stiffness (YM, EM, SWV)
	t.r.
	Shear-wave elastography
	YM, EM, SWV reduction 

	
	Tissue stiffness Elasticity (E) index
	t.r.
	Strain elastography
	E-index reduction 

	Intraprocedural gray-scale US
	Prostate echogenicity
	t.a.
	Visual assessment
	Multiple strong echoes at the embolized area

	Intraprocedural CEUS-i.a.
	Distribution of contrast enhancement within and/or around prostate
	t.a.
	i.a. administration of diluted US contrast agent. Scanning as for CEUS post-PAE
	Rapid, intense enhancement of the targeted prostatic lobe. Absence of extraprostatic enhancement

	Intraprocedural CEUS-i.v.
	As for CEUS post-PAE
	t.a.
	As for CEUS post-PAE
	As for CEUS post-PAE


US: Ultrasound; CEUS: Contrast-enhanced ultrasound; PV: Prostate volume; PVR: Post-void residual volume; IPP: Intravesical prostatic protrusion; t.a.: Transabdominal; t.r.: Transrectal; i.v.: Intravenous; i.a.: Intraarterial YM-Young modulus; EM: Elastic modulus; SWV: Shear-wave velocity; PAE: Prostatic artery embolization.
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