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P
rostatic artery embolization (PAE) is a minimally 
invasive angiographic procedure that safely and ef-

fectively treats lower urinary tract symptoms, urinary re-
tention, and gross hematuria caused by benign prostatic 
hyperplasia (1). PAE delivers clinical improvements and 
prostate gland volume reduction similar to those seen 
with surgical benign prostatic hyperplasia procedures, 
with low complication rates (2,3). Numerous studies 
have established long-term sustainability of such im-
provements (4–6), and multiple North American and 
European urology and interventional radiology societ-
ies have recently con!rmed the role of PAE by formally 

placing it in their benign prostatic hyperplasia treat-
ment algorithms (7–11).

However, the benign prostatic hyperplasia treatment 
guidelines published by the American Urological Asso-
ciation continue to cite concerns about perceived risks of 
patient radiation exposure with PAE (11). Such concerns 
also commonly persist among referring providers consid-
ering embolization procedures for their patients (12,13). 
As with any embolization procedure, "uoroscopic guid-
ance is vital to the safe practice of PAE. Fluoroscopy is 
important for real-time angiographic mapping of vascu-
lar anatomy and tracking of embolic material deposition. 

Background: Prostatic artery embolization (PAE) is a safe, minimally invasive angiographic procedure that e#ectively treats benign 
prostatic hyperplasia; however, PAE-related patient radiation exposure and associated risks are not completely understood.

Purpose: To quantify radiation dose and assess radiation-related adverse events in patients who underwent PAE at multiple centers.

Materials and Methods: $is retrospective study included patients undergoing PAE for any indication performed by experienced 
operators at 10 high-volume international centers from January 2014 to May 2021. Patient characteristics, procedural and radiation 
dose data, and radiation-related adverse events were collected. Procedural radiation e#ective doses were calculated by multiplying 
kerma-area product values by an established conversion factor for abdominopelvic "uoroscopy-guided procedures. Relationships 
between cumulative air kerma (CAK) or e#ective dose and patient body mass index (BMI), "uoroscopy time, or radiation !eld area 
were assessed with linear regression. Di#erences in radiation dose stemming from radiopaque prostheses or "uoroscopy unit type were 
assessed using two-sample t tests and Wilcoxon rank sum tests.

Results: A total of 1476 patients (mean age, 69.9 years ± 9.0 [SD]) were included, of whom 1345 (91.1%) and 131 (8.9%) 
underwent the procedure with !xed interventional or mobile "uoroscopy units, respectively. Median procedure e#ective dose was 
17.8 mSv for !xed interventional units and 12.3 mSv for mobile units. CAK and e#ective dose both correlated positively with BMI 
(R2 = 0.15 and 0.17; P < .001) and "uoroscopy time (R2 = 0.16 and 0.08; P < .001). No radiation-related 90-day adverse events were 
reported. Patients with radiopaque implants versus those without implants had higher median CAK (1452 mGy [range, 900–2685 
mGy] vs 1177 mGy [range, 700–1959 mGy], respectively; P = .01). Median e#ective dose was lower for mobile than for !xed 
interventional systems (12.3 mSv [range, 8.5–22.0 mSv] vs 20.4 mSv [range, 13.8–30.6 mSv], respectively; P < .001).

Conclusion: Patients who underwent PAE performed with !xed interventional or mobile "uoroscopy units were exposed to a median 
e#ective radiation dose of 17.8 mSv or 12.3 mSv, respectively. No radiation-related adverse events at 90 days were reported.
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Moreover, the risks of deterministic e#ects associated with "u-
oroscopic procedures, such as erythema or epilation, are ex-
ceedingly low and are primarily of concern for patients with 
high body mass index (BMI), for exceptionally challenging 
procedures, or for proceduralists unfamiliar with practices to 
reduce radiation dose (14,15). Few case reports have been 
published regarding radiation-related adverse events follow-
ing PAE (15). Furthermore, the risks of stochastic e#ects 
for embolization procedures administered to an older male 
patient population who typically undergo PAE are also esti-
mated to be low (16,17).

Nonetheless, the few reports that quantify the actual radia-
tion exposure incurred during PAE, or the associated risks of 
deterministic or stochastic e#ects, are limited by sample size 
and single-center design (15,18,19). One published systematic 
review evaluated 22 studies reporting PAE radiation exposure 
data to model the probability of stochastic injury to patients in 
de!ned age groups (17). However, substantial heterogeneity in 
the reported radiation data across those studies limited interpre-
tation of the reported calculations. $e current study aimed to 
quantify the radiation dose and radiation-related adverse events 
in patients with benign prostatic hyperplasia who underwent 
PAE performed by experienced practitioners at 10 high-volume 
PAE centers.

Materials and Methods

Study Sample and Data Collection
$is retrospective study included data from experienced PAE op-
erators (≥10 years of PAE experience, with >75 PAE procedures) 
at 10 high-volume PAE centers from Europe, South America, 
and the United States. Data were reviewed in Health Insurance 
Portability and Accountability Act–compliant fashion according 
to each institution’s review board–approved research protocol. 
Informed consent was waived because this study was retrospec-
tive. Formal data use agreements executed between the primary 
authors’ institution and each contributing institution permitted 
reporting of pooled multi-institutional data.

Abbreviations
BMI = body mass index, CAK = cumulative air kerma, PAE = prostate 
artery embolization

Summary
Patients who underwent prostate artery embolization were 
administered a median e#ective patient radiation dose of 17.8 mSv and 
reported no radiation-related adverse events at 90 days.

Key Results
■	 In this retrospective study of 1476 patients who underwent 

prostate artery embolization with a !xed interventional  
(n = 1345) or mobile (n = 131) "uoroscopy unit, the median 
e#ective radiation doses were 17.8 mSv (IQR, 10.2–27.9 mSv) 
and 12.3 mSv (IQR, 8.5–22.0 mSv), respectively.

■	 Cumulative air kerma and e#ective radiation dose both correlated 
positively with patient body mass index (R2 = 0.15 and 0.17, 
respectively; both P < .001) and "uoroscopy time (R2 = 0.16 and 
0.08, respectively; both P < .001).

Contributing centers excluded their !rst 75 PAE proce-
dures to avoid data skewing by learning curve e#ects (20). 
Included were patients age 18 years or older who underwent 
PAE between January 2014 and May 2021 by each center’s 
lead PAE operator using their !xed interventional "uoroscopic 
systems and also patients treated at center 4 using mobile "uo-
roscopy systems. PAE treating benign prostatic hyperplasia–re-
lated lower urinary tract symptoms, urinary retention, or gross 
hematuria were included. Eight centers submitted data from 
consecutive patients.

Patient age, height, body mass, BMI, year of PAE, presence 
of radiopaque hip implants, and presence of urinary catheters 
(placed for chronic retention or per procedural protocol) were 
documented. Angiographic equipment model and software, 

Figure 1: Inclusion and exclusion flow chart. Center 4 submitted data 

from 131 patients who underwent prostate artery embolization (PAE)  

procedures performed with a mobile fluoroscopy unit in addition to proce-

dures performed using a fixed interventional unit, and these patients were 

studied separately.
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procedure time (from initial arterial access to closure), "uoros-
copy time (cumulative duration of "uoroscopic imaging), "uo-
roscopy pulse rate, cumulative air kerma (CAK), "uoroscopic 
!eld area, and kerma-area product were recorded. Use of cone-
beam CT, femoral or radial access, number of access points, and 
technical success rates (de!ned as complete gland embolization 
via unilateral or bilateral prostatic arterial cannulation and from 

centers submitting consecutive procedure data) were collected. 
$e 90-day radiation-related adverse events were tabulated. Any 
procedures lacking these data were excluded (Fig 1).

Embolization Procedure
PAE technique consisted of femoral or radial arterial access. Each 
internal iliac artery was selected with a 5-F angiographic catheter. 

Table 1: Baseline Characteristics of Patients Who Underwent Prostate Artery Embolization, Stratified by Center

Center Location
No. of 
Patients Age (y) Mass (kg) Height (m) BMI

No. of 
Radiopaque 
Hip Implants

No. of 
Urinary 
Catheters

1 Europe 30 65.0 ± 7.1 78.2 ± 11.5 1.71 ± 0.1 26.8 ± 4.3 0 (0) 0 (0)

2 South America 32 63.3 ± 6.9 82.2 ± 13.8 1.74 ± 0.1 27.0 ± 3.5 0 (0) 2 (6)

3 United States 254 67.5 ± 8.7 85.4 ± 14.9 1.79 ± 0.1 26.5 ± 4.0 15 (6) 10 (4)

4

 Fixed interventional United States 75 69.5 ± 8.6 86.3 ± 14.4 1.77 ± 0.1 27.0 ± 4.0 8 (11) 7 (9)

 Mobile United States 131 69.9 ± 7.5 85.3 ± 17.0 1.79 ± 0.1 27.3 ± 5.1 8 (6) 7 (5)

5 United States 129 73.5 ± 7.7 87.7 ± 15.5 1.78 ± 0.1 27.7 ± 4.4 8 (6) 39 (30)

6 United States 40 70.5 ± 7.5 83.0 ± 12.0 1.76 ± 0.1 26.7 ± 3.3 3 (8) 5 (13)

7 United States 103 73.5 ± 9.0 83.1 ± 16.2 1.80 ± 0.1 26.9 ± 4.2 3 (3) 30 (29)

8 United States 49 72.1 ± 8.9 83.6 ± 16.6 1.76 ± 0.1 27.0 ± 5.2 4 (8) 9 (18)

9 Europe 106 68.5 ± 10.0 82.9 ± 15.5 1.75 ± 0.1 26.3 ± 4.3 0 (0) 20 (19)

10 United States 527 70.3 ± 9.2 86.2 ± 15.2 1.77 ± 0.1 27.6 ± 4.3 43 (8) 69 (13)

Note.—Continuous data are reported as means ± SDs and categorical data are reported as numbers of patients. Data in parentheses 
are percentages. Center 4 submitted data separately for !xed interventional and mobile "uoroscopy units. BMI = body mass index 
(calculated as weight in kilograms divided by height in meters squared).

Table 2: Procedural Data for Prostate Artery Embolization, Stratified by Center

Center

No. of 

Patients

Unit  

Manufacturer Unit Model

Pulse 

Fluoroscopy 

(frames per 

second)

Procedure  

Time (min)

Radial  

Access

Technical 

Success

No. of  

Access  

Points >1 Case CBCT

1 30 Philips Allura FD20 7.5 72.8 ± 21.2 20 (67) 30 (100) 1.00 ± 0.0 0 (0) 30 (100)

2 32 GE HealthCare Innova 4100 7.5 152.6 ± 32.8 0 (0) 32 (100) 1.00 ± 0.0 0 (0) 32 (100)

3 254 Siemens 

Healthineers

Axiom-Artis 7.5 118.4 ± 38.3 86 (34) 239 (94) 1.01 ± 0.1 0 (0) 175 (69)

4

 Fixed interventional 75 GE HealthCare 630/740 7.5 135.9 ± 54.6 3 (4) 71 (95) 1.00 ± 0.0 3 (4) 74 (99)

 Mobile 131 GE HealthCare OEC Elite Continuous 

low dose

95.3 ± 34.1 0 (0) 130 (99) 1.01 ± 0.1 1 (1) 0 (0)

5 129 Philips Allura Clarity 7.5 151.3 ± 35.4 1 (1) 123 (95) 1.00 ± 0.0 1 (1) 127 (98)

6 40 Siemens 

Healthineers

Artis Q 7.5 90.8 ± 30.3 38 (95) 36 (90) 1.00 ± 0.0 2 (5) 1 (3)

7 103 GE HealthCare Discovery  

IGS 741

7.5 164.0 ± 24.3 1 (1) 84 (82) 1.00 ± 0.0 15 (15) 103 (100)

8 49 Philips Azurion 7.5 132.9 ± 33.7 6 (13) 48 (98) 1.02 ± 0.1 0 (0) 42 (86)

9 106 Philips/Siemens 

Healthineers

Azurion/

Axiom-Artis

7.5 90.8 ± 30.2 3 (3) 104 (98) 1.00 ± 0.0 24 (23) 66 (62)

10 527 Siemens 

Healthineers

Artis Q 7.5 78.9 ± 37.2 474 (90) 506 (96) 1.00 ± 0.0 0 (0) 453 (86)

Note.—Continuous data are reported as means ± SDs and categorical data are reported as numbers of patients; data in parentheses are 
percentages. Center 4 submitted data separately for !xed interventional and mobile "uoroscopy units. Technical success is de!ned as 
complete gland embolization, via unilateral or bilateral prostatic arterial cannulation. Patients who required more than one prostate artery 
embolization procedure to obtain technical success are noted as “>1 case.” CBCT = cone-beam CT.
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Each prostatic artery was subselected using a coaxial microcath-
eter. Cone-beam CT was performed as needed to delineate arte-
rial anatomy. When necessary, nontarget vessels were protected 
by coil-embolization blockade. PAE to stasis was performed with 
100–300-μm or 300–500-μm trisacryl gelatin spherical particles 
(Embosphere; Merit Medical Systems). After angiographic cath-
eter removal, hemostasis was obtained with manual compres-
sion, vascular closure device, or radial compression band.

Calculation of Effective Dose
CAK (in milligrays), a surrogate for peak skin dose (in milli-
grays), was used as a predictor of deterministic radiation e#ects 
from PAE, although CAK typically overestimates peak skin 
dose (14,21). Kerma-area product (in grays per centimeters 
squared), de!ned as total dose absorbed by irradiated portions 
of the body, was used as a predictor of stochastic radiation ef-
fects (14,21). E#ective dose (in millisieverts) is a calculated es-
timate of stochastic radiation exposure risk that incorporates 
standardized weighting factors for radiation type administered 
and body tissue radiosensitivity. A conversion factor, 0.11 
mSv/Gy · cm2, derived from established normalized e#ective 
doses from abdominopelvic "uoroscopy-guided procedures 
(22,23) was used (K.G., A.M.; 3 and 25 years of experience, 
respectively) to calculate best estimates of e#ective doses for 
PAE procedures, as follows: PAE e#ective dose = (kerma-area 
product) × 0.11 mSv/Gy · cm2.

Calculated e#ective doses for PAE were compared with the 
e#ective dose of a standard contrast-enhanced abdominopelvic 
CT examination. Excess relative risk of cancer-related death 
from PAE-associated radiation exposure was calculated using an 
established extrapolation model (24,25). Center 5 also acquired 
peak skin doses using dose-tracking software (Radimetrics; Bayer 
Healthcare) to calculate peak skin dose–to-CAK ratios.

Statistical Analysis
Qualitative evaluation of baseline characteristics of the study 
population was followed by quantitative analysis of any ob-
served heterogeneity that may have a#ected study results. 
Procedure time, "uoroscopy time, CAK, and kerma-area 
product were plotted against sequential procedure number 
to screen for learning curves among centers that submitted 
sequential data, and then inputted into a piecewise linear 
segmented regression model with optimal break-point selec-
tion to determine operator learning curve in"ection points 
(20). Procedures occurring before these points were ex-
cluded. Median e#ective doses with IQRs were determined 
for each center and the overall study sample because of vari-
able center sample sizes and nonnormal data distribution 
with high-value outliers (both within and among centers) 
and to facilitate comparisons with established benchmarks 
(26). Linear regression analyses assessed relationships be-
tween CAK or e#ective dose and patient BMI (calculated as 
weight in kilograms divided by height in meters squared), 
"uoroscopy time, or radiation !eld size at each center for 
procedures performed with !xed interventional units. Sub-
group analyses assessed for e#ects on e#ective dose measure-
ments of radiopaque hip implants or indwelling urinary 
catheters (eliminating radiopaque contrast agent accumula-
tion in the bladder) using Wilcoxon rank sum tests. Because 
mobile "uoroscopy units had imaging physics fundamen-
tally di#erent from those of !xed interventional systems, 
radiation dose data from mobile units of center 4 were 
excluded from overall study sample calculations. Instead, 
two-sample t tests and Wilcoxon rank sum tests were used 
to compare intracenter di#erences in radiation doses be-
tween !xed interventional and mobile systems. An author 
(L.H.S.) and another statistician performed analyses using 

Table 3: Radiation Dosimetry during Prostate Artery Embolization Procedures, Stratified by Center

Center Patients (n)
Fluoroscopy  
Time (min)

CAK  
(mGy)

Field  
Area (cm2)

Kerma-Area  
Product (Gy · cm2)

E#ective  
Dose (mSv)

1 30 24.6 ± 9.8 1337 ± 743 158.9 ± 33.5 196.4 (146.4–248.2) 21.6 (16.1–27.3)

2 32 66.0 ± 18.2 1279 ± 656 131.1 ± 21.2 141.8 (109.1–207.3) 15.6 (12.0–22.8)

3 254 39.3 ± 15.4 1725 ± 1219 144.0 ± 160.9 178.2 (113.6–256.4) 19.6 (12.5–28.2)

4

 Fixed interventional 75 34.5 ± 11.1 1652 ± 1095 134.7 ± 23.7 185.5 (125.5–278.2) 20.4 (13.8–30.6)

 Mobile 131 33.8 ± 12.7 511 ± 318 297.1 ± 78.0 111.8 (77.3–200.0) 12.3 (8.5–22.0)

5 129 37.5 ± 10.8 2168 ± 1114 133.8 ± 26.0 246.4 (190.0–328.2) 27.1 (20.9–36.1)

6 40 36.0 ± 17.3 1165 ± 1185 216.6 ± 54.7 154.5 (90.0–273.6) 17.0 (9.9–30.1)

7 103 52.6 ± 17.5 557 ± 352 139.4 ± 35.4 61.8 (47.3–87.3) 6.8 (5.2–9.6)

8 49 46.8 ± 11.0 1281 ± 709 234.5 ± 26.0 247.2 (173.6–387.3) 27.2 (19.1–42.6)

9 106 31.5 ± 12.9 483 ± 552 186.5 ± 57.7 54.5 (37.3–82.7) 6.0 (4.1–9.1)

10 527 32.8 ± 14.4 1501 ± 1153 149.1 ± 45.6 169.1 (110.9–259.1) 18.6 (12.2–28.5)

All centers  
(excluding mobile)

1345 37.2 ± 16.1 1437 ± 1142 153.1 ± 82.7 161.8 (92.7–253.6) 17.8 (10.2–27.9)

Note.—Data are reported as means ± SDs, except e#ective dose data, which are reported as medians with IQRs in parentheses. Center 4 
submitted procedure data separately for !xed interventional and mobile "uoroscopy units. Data compiled for the mobile procedures from 
center 4 were not included in the overall means and medians. CAK = cumulative air kerma.
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software (R version 4.0.0; packages Stats 
version 4.0.0, MASS version 7.3–51.5; R 
Foundation for Statistical Computing). 
P < .05 indicated statistically signi!cant 
di#erences.

Results

Patient and Procedural Data
A total of 1557 patients with PAE proce-
dural data submitted from 10 participating 
centers were considered for inclusion in this 
study. After exclusion of 39 procedures for 
incomplete data and 42 procedures following 
operator learning curve screening, 1476 pa-
tients (mean age, 69.9 years ± 9.0 [SD]) were 
ultimately included (Fig 1). Baseline patient 
data strati!ed by each contributing center are 
in Table 1. Center 4 submitted data in two 
groups: 75 patients who underwent the pro-
cedure with a !xed interventional "uoros-
copy unit and 131 patients who underwent 
the procedure with a mobile "uoroscopy unit 
(Fig 1). Body mass, height, and BMI did not 
di#er among any of the sites. Patients from 
centers 1, 2, and 3 were younger than those 
treated at the other centers (Table 1). Among 
the centers, 92 of 1476 patients (6.2%; 
range, 0.0%–10.6%) had radiopaque hip 
implants and 198 of 1476 patients (13.4%; 
range, 0.0%–30.2%) had indwelling urinary 
catheters. No center routinely placed urinary 
catheters for procedures.

PAE procedural data strati!ed by center 
are shown in Table 2. Overall mean proce-
dure time was 119.3 minutes ± 33.0 (range, 
72.8–168.3 minutes). Mean technical suc-
cess rate was 95% ± 5 (range, 82%–100%). 
Five centers used cone-beam CT for 98%–
100% of procedures, whereas the other !ve 
centers used cone-beam CT for 3%–86% 
of procedures. $ree centers used radial ac-
cess in most procedures (range, 67%–95%); 
seven centers used it in a minority of proce-
dures (range, 0%–34%).

Radiation Dose Data
PAE radiation dose data for 1476 PAE procedures strati!ed by 
center are in Table 3. $e overall median e#ective dose was 17.8 
mSv for procedures performed with !xed interventional "uo-
roscopy units (n = 1345; IQR, 10.2–27.9 mSv) and 12.3 mSv 
for procedures performed using mobile "uoroscopy units (n = 
131; IQR , 8.5–22.0 mSv). No centers reported deterministic-
type or stochastic-type adverse events from radiation exposure 
within 90 days after PAE. CAK less than 2 Gy typically causes 
no observable adverse e#ects, whereas CAK of 2–5 Gy may cause 

temporary erythema or epilation (14). Nine of 10 centers re-
ported mean PAE CAK values less than 2 Gy, and 24 of 1476 
(1.6%) procedures had CAK greater than 5 Gy. $e Interna-
tional Commission on Radiological Protection provides extrap-
olation models for estimation of relative risk of cancer-related 
death from procedure-related radiation, estimating such risk to 
be 4.1%–4.8% per sievert of e#ective dose in adults (24,25). For 
the current study, a median 0.07%–0.09% excess relative risk of 
cancer-related death associated with PAE was calculated.

For !xed interventional unit procedures, CAK demon-
strated a positive correlation with BMI (β = 104.48; R2 = 0.15;  
P < .001) and "uoroscopy time (β = 28.19; R2 = 0.16; P < .001) 

Figure 2: Scatterplots show the relationship between cumulative air kerma (CAK) and (A) patient body 

mass index (BMI), (B) fluoroscopy time in minutes, and (C) field area in centimeters squared for fixed inter-

ventional unit prostate artery embolization procedures from all centers (n = 1345). There is a positive correla-

tion between CAK and BMI (β = 104.48; R2 = 0.15; P < .001) and CAK and fluoroscopy time (β = 28.19; 

R2 = 0.16; P < .001). There is a negative correlation between CAK and procedure field area (β = −3.84;  

R2 = 0.08; P < .001). Red dashed lines are trend lines for data from all 10 centers; smaller dotted lines are 

trend lines for individual centers.
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and a negative correlation with procedure 
!eld area (β = −3.84; R2 = 0.08; P < .001) 
(Fig 2). E#ective dose values from !xed in-
terventional unit procedures also demon-
strated a positive correlation with patient 
BMI (β = 1.50; R2 = 0.17; P < .001) and 
"uoroscopy time (β = 0.27; R2 = 0.08; P < 
.001) and a negative correlation with pro-
cedure !eld area (β = −0.003; R2 = 0.002;  
P < .03) (Fig 3). $erefore, measures of radia-
tion dose that predict both deterministic and 
stochastic e#ects correlated positively with 
BMI and "uoroscopy time. E#ective dose 
showed strong positive correlation with CAK 
(β = 0.01; R2 = 0.72; P < .001) (Fig 4).

At center 5, 20 of 129 procedures (15.5%) 
resulted in CAK values of 3000 mGy or 
higher. Calculated peak skin doses for these 
procedures were lower than the CAK values 
(2580 mGy ± 641 vs 4010 mGy ± 990, respec-
tively; P < .001). $e peak skin dose–to-CAK 
ratio decreased with increasing radiation dose  
distribution (Fig 5).

Radiopaque Implants and Fixed 
Interventional versus Mobile  
Fluoroscopy Units
Among centers from which study samples 
contained a subset of patients with radi-
opaque hip implants, median CAK was 
higher for patients with implants versus 
those without implants (1452 mGy [IQR, 
900–2685 mGy] vs 1177 mGy [IQR, 700–
1959 mGy], respectively; P < .01). Median 
CAK did not di#er when a urinary catheter 
was present versus absent (1208 mGy [IQR, 
548–1953 mGy] vs 1192 mGy [IQR, 735–
2000 mGy], respectively; P = .09).

At center 4, patient age and BMI at base-
line did not di#er between patients who un-
derwent PAE with a !xed interventional unit 
and those who did so with a mobile "uoros-
copy unit (P = .76 and P = .68, respectively) 
(Table 4). Procedure time was shorter for mo-
bile units than for !xed units (95.3 minutes ± 
34.1 vs 135.9 minutes ± 54.6, respectively; P < .001), but no dif-
ference in "uoroscopy times was observed between the unit types 
(P = .67). $e mean !eld of view size was larger for mobile versus 
!xed unit procedures (297.1 cm2 ± 78.0 vs 134.7 cm2 ± 23.7, 
respectively; P < .001). For PAE procedures performed with mo-
bile units, mean CAK (510.8 mGy ± 318.1), median kerma-
area product (112.0 Gy · cm2; range, 77.3–200.0 Gy · cm2),  
and median e#ective dose (12.3 mSv; range, 8.5–22.0 mSv) 
were lower than those from the !xed interventional unit (CAK, 
1651.6 mGy ± 1094.5; kerma-area product, 185.2 Gy · cm2 
[range, 125.5–278.4 Gy · cm2]; e#ective dose, 20.4 mSv [range, 
13.8–30.6 mSv]; P < .001 for all) (Table 4).

Discussion
To our knowledge, only small, single-center studies have re-
ported radiation doses for patients with benign prostatic hyper-
plasia undergoing treatment with prostate artery embolization 
(PAE). Our study aimed to quantify the radiation exposure in-
curred during PAE using data from procedures performed by ex-
perienced providers using a similar technique at 10 high-volume 
centers that perform PAE. $e observed median e#ective ra-
diation dose of PAE with !xed interventional "uoroscopy units 
was 17.8 mSv (range, 10.2–27.9 mSv) and 12.3 mSv (range, 
8.5–22.0 mSv) with mobile "uoroscopy units. Cumulative air 
kerma and e#ective dose both correlated positively with patient 

Figure 3: Scatterplots show the relationship between effective dose and (A) patient body mass index 

(BMI), (B) fluoroscopy time in minutes, and (C) field area in centimeters squared for fixed interventional unit 

prostate artery embolization procedures from all centers (n = 1345). A positive correlation is seen between 

effective dose and BMI (β = 1.50; R2 = 0.17; P < .001) and between effective dose and fluoroscopy time 

(β = 0.27; R2 = 0.08; P < .001). A negative correlation is seen between effective dose and procedure field 

area (β = −0.003; R2 = 0.002; P < .03). Red dashed lines are trend lines for data from the 10 centers; smaller 

dotted lines are trend lines for individual centers.
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body mass index (R2 = 0.15 and 0.17; P < .001 for both) and 
"uoroscopy time (R2 = 0.16 and 0.08; P < .001 for both).

To place these e#ective dose data in the context of a radiologic 
examination that medical practitioners and patients may be fa-
miliar with, PAE e#ective dose was compared with the e#ective 
dose of contrast-enhanced abdominopelvic CT, which images 

the same body area using a similar contrast-enhanced technique 
with a well-established e#ective dose pro!le. $e established 
achievable dose-length product of 608 mGy · cm for such an 
examination corresponds to the 50th percentile of nationally 
reported doses (26,27). Converting this value using the estab-
lished 0.015 mSv/Gy · cm conversion factor yields a derived me-
dian e#ective dose of 9.1 mSv for this type of examination (28). 
$erefore, our study’s median PAE e#ective dose of 17.8 mSv 
was less than the e#ective dose sum of two contrast-enhanced 
abdominopelvic CT examinations and less than three times the 
mean annual environmental radiation exposure of 6.2 mSv for 
a person residing in the United States (including 3.1 mSv from 
medical sources and 2.6 mSv from normal physiologic breathing 
and ingestion) (29). Moreover, our study sample demonstrated 
no 90-day deterministic e#ects from PAE radiation exposure.

A systematic review (17) of radiation exposure risks from 
22 published PAE series showed a mean kerma-area product of 
181.6 Gy · cm2 and a mean e#ective dose of 28.3 mSv, compared 
with our reported median kerma-area product of 161.8 Gy · cm2 
and median e#ective dose of 17.8 mSv. Zumstein et al (17) fur-
ther calculated that their mean e#ective dose would contribute 
0.12% excess relative risk of cancer-related death in a 66-year-
old patient. Considering our study’s lower median e#ective 
dose, lower median excess relative risk of cancer-related death of 
0.07%–0.09%, and older mean patient age, the stochastic risks 
related to PAE in this study sample would be even lower. Because 
such cancer-related deaths typically occur more than 15 years 

Figure 4: Scatterplot shows a strong positive correlation between effective 

dose and cumulative air kerma (β = 0.01; R2 = 0.72; P < .001) for fixed interven-

tional unit prostate artery embolization procedures at the 10 centers (n = 1345). The 

red dashed line is a trend line for data from all centers; the smaller dotted lines are 

trend lines for individual centers.

Figure 5: Ellipsoid graphs modeling patient radiation events from prostate artery 

embolization (PAE) procedures. Yellow shows a high radiation dose and dark red 

shows a low radiation dose. (A) Data in a 77-year-old male patient with body mass 

index (BMI), in kilograms of body weight per meters of height squared, of 25.6 (who 

underwent PAE for urinary retention) and (B) a 73-year-old male patient with a BMI 

of 29.5 (who underwent PAE for obstructive symptoms) had similar procedure cumula-

tive air kerma (CAK) values of 3037 mGy and 3136 mGy, respectively. The patient 

in A had less dose distribution and thus a higher peak skin dose of 2830 mGy (peak 

skin dose–to-CAK ratio, 0.93), whereas the patient in B had a larger dose distribution 

resulting in lower peak skin dose of 1490 mGy (peak skin dose–to-CAK ratio, 0.48). 

(C) Data in a 76-year-old male patient with a BMI of 32.6 (who underwent PAE for 

urinary retention) show high procedure CAK of 4053 mGy, but with substantial dose 

distribution and hence a correspondingly low peak skin dose of 1660 mGy (peak skin 

dose–to-CAK ratio, 0.41).
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Overall, our study showed that 
patients with benign prostatic hyper-
plasia who underwent prostate artery 
embolization (PAE) performed with 
!xed interventional or mobile "uoros-
copy units incurred a median e#ective 
radiation dose of 17.8 mSv or 12.3 
mSv, respectively, with no radiation-
related adverse events reported at 90 
days. $ese !ndings provide impor-
tant context for comparing the risks 
of PAE-related radiation exposure 
(among other risks of a minimally in-
vasive angiographic procedure) to the 
trade-o# risks of alternative surgical 
procedures, including erectile dysfunc-
tion, incontinence, and other, more 
severe surgical complications. $ese 
!ndings will allow patients, refer-
ring providers, and societal guideline 

committees to evaluate the merits of PAE more accurately as a 
procedural option for treatment of benign prostatic hyperplasia. 
Larger prospective studies stratifying data sets by imaging equip-
ment type, patient body mass index, and individual operator 
may further inform this evaluation.
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O
verarching concerns about high radiation doses that 
can lead to tissue reactions and stochastic risks for 

patients undergoing prolonged !uoroscopy-guided in-
terventional procedures are reasonable and common (1). 
"erefore, the prevailing concerns and hesitations from the 
American Urological Association (2) in their recommen-
dations for prostatic artery embolization (PAE) to treat 
benign prostatic hyperplasia (BPH) are understandable. 
However, advances in !at-panel detector technology, use 
of pulse !uoroscopy, minimal use of magni#cation mode, 
proper collimation, adequate training of !uoroscopy op-
erators, and other factors are enabling the performance 
of !uoroscopy-guided interventional procedures at much 
lower radiation risks (1,3).

In this issue of Radiology, Ayyagari et al (4) report on 
the radiation exposure data from 1476 patients (mean age, 
69.9 years ± 9.0 [SD]) who underwent PAE at multiple 
centers. Of these patients, 1345 (91.1%) and 131 (8.9%) 
underwent the procedure with #xed interventional or 
mobile !uoroscopy units, respectively. "is retrospective 
study included data from PAE procedures performed by 
experienced operators (≥10 years of experience perform-
ing PAE and >75 PAE procedures performed) collected 
from 10 high-volume centers in the United States, South 
America, and Europe for 7 years. "e data included PAE 
performed on various models and manufacturers of inter-
ventional !uoroscopy systems, which were mostly #xed 
interventional units, and one portable !uoroscopy system. 
"e mean patient age was older than 60 years, which is 
typical of those seeking treatment for BPH. All the centers 
used low–pulse rate !uoroscopy (7.5 frames per second) 
or continuous low dose (with a portable !uoroscopy unit) 
for the procedures. "e authors recorded !uoroscopy time, 
!uoroscopy pulse rate, cumulative air kerma, !uoroscopy 
#eld area, and kerma-area product for each patient, along 

with other demographic and access point information. 
Most centers performed cone-beam CT as part of the pro-
cedures in most patients (3%–100% of the time); one cen-
ter used a portable !uoroscopy unit and did not perform 
cone-beam CT during PAE procedures.

Nine of 10 centers reported mean PAE cumulative air 
kerma values of less than 2 Gy, which is a typical thresh-
old dose that would cause any temporary tissue reactions, 
and only 24 of 1476 procedures (1.6%) had cumulative 
air kerma greater than 5 Gy. According to the authors, no 
tissue (ie, adverse) e%ects were observed.

E%ective doses were estimated by multiplying the 
kerma-area product (gray-centimeters squared) by a con-
version factor of 0.11 mSv/Gy ∙ cm2 for each patient. "e 
overall median e%ective dose was 17.8 mSv (IQR, 10.2–
27.9 mSv) for procedures performed using #xed interven-
tional !uoroscopy units (n = 1345) and 12.3 mSv (IQR, 
8.5–22.0 mSv) for procedures performed using a portable 
!uoroscopy unit (n = 131). On the basis of the Interna-
tional Commission on Radiological Protection extrapola-
tion models for estimating stochastic risks (5), the authors 
estimated the stochastic risks to be 0.07%–0.09%. It is 
important to examine this with the understanding of the 
uncertainties that prevail in the stochastic risk estimations, 
especially in !uoroscopy-guided interventional procedures 
(6). In the absence of standard conversion factors for es-
timating the e%ective dose from kerma-area product, it is 
di'cult to compare e%ective dose values with other similar 
!uoroscopy-guided interventional procedures.

"e di%erences in the e%ective dose estimations for pa-
tients undergoing PAE procedures (17.8 mSv with #xed 
units vs 12.3 mSv with the portable !uoroscopy unit) can 
be inferred due to the absence of cone-beam CT with por-
table !uoroscopy systems. "is highlights the need for op-
timization of radiation dose in cone-beam CT protocols. 
Optimization of radiation dose in cone-beam CT proto-
cols may begin by either minimizing the number of frames 
needed for the procedure or by lowering the radiation dose 
per frame and, in either case, by making sure the image 
quality is not jeopardized. It has been shown (7) that by 
applying either of the strategies, a considerable dose reduc-
tion is possible with cone-beam CT protocols without im-
pacting the image quality.

"e study by Ayyagari et al (4) included data from expe-
rienced PAE operators, which may have contributed to the 
lower radiation doses in the study. Fluoroscopy operator 
experience is enhanced with appropriate training regarding 
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the principles of !uoroscopy and radiation protection, which 
are essential for the radiation dose management of !uoroscopy-
guided interventional procedures (1).

In the absence of consistent and/or standardized education 
in radiation safety for all !uoroscopy operators in the United 
States, there is a need for uniform training guidelines for !uo-
roscopy users. "e American College of Radiology convened a 
blue-ribbon panel on !uoroscopy safety to discuss the current 
state of radiation safety, quality assurance, credentialing, and 
privileging for both physician and nonphysician !uoroscopy 
operators, along with other issues related to the safe use of !uo-
roscopy (8). "e panel represents more than 20 organizations, 
regulatory agencies, and accrediting bodies. Panel members are 
developing consensus recommendations to include for teaching 
and training in !uoroscopy safety. "e National Council on Ra-
diation Protection and Measurements publication on radiation 
safety training for !uoroscopy (9) is a valuable resource that is 
part of developing the consensus recommendations.

In my opinion, the results reported by Ayyagari et al (4) are 
attributable to advances in !uoroscopic technology and, more 
importantly, enhanced operator awareness. "ey have demon-
strated that with proper training and experience, PAE can be 
performed safely with minimal or no risk to patients. "e me-
dian PAE e%ective dose in the study of 17.8 mSv was less than 
the e%ective dose sum of two contrast-enhanced abdominopelvic 
CT examinations and less than six times the mean annual natu-
ral background radiation exposure of 3.2 mSv for the average 
person living in the United States. "eir study provides ample 
evidence that an upgrade to the American Urological Associa-
tion treatment guidelines regarding the use of PAE for BPH is 
overdue. Hesitation about including PAE as a treatment option 
for BPH because of a perceived risk of radiation exposure is 

unnecessary, and this study provides su'cient evidence toward 
changing the guidelines.
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