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A Systematic Review and Meta-Analysis of
Peak Skin Dose Determination Methods
during Standard and Complex Endovascular
Aortic Aneurysm Repair Procedures

Fotios O. Efthymiou,’ Vasileios I. Metaxas," Christos F. Pitros,” Constantine N. Antonopoulos,”
Christos P. Dimitroukas,” Konstantinos G. Moulakakis,” John D. Kakisis,”
Stavros K. Kakkos,” and George S. Panayiotakis,"” Patras and Athens, Greece

Background: Endovascular aneurysm repair (EVAR) is performed under real-time fluoroscopic
guidance. Complex fenestrated and branched EVAR procedures may result in substantial local-
ized radiation exposure to the patient’s skin, with peak skin dose (PSD) being the most relevant
metric for assessing deterministic radiation risk. Despite advances in dose monitoring technol-
ogies, no comprehensive synthesis of PSD during EVAR procedures exists.

Methods: A systematic review and meta-analysis was conducted according to PRISMA guide-
lines. PubMed, Scopus, and the Cochrane Library were searched without date restrictions for
articles reporting PSD during EVAR. Risk-of-bias was assessed using Risk-of-Bias in Non-
randomized Studies of Interventions, and publication bias was evaluated with Egger’s test. A
random-effects model pooled mean PSD. Subgroup analyses compared PSD by determination
method (direct versus indirect) and EVAR technique (standard versus complex).

Results: Eleven articles comprising 19 study cohorts were included. Direct measurement
methods (radiochromic films or thermoluminescent dosimeters) were used in =57.9% of re-
ported PSD values, indirect methods (dose-area product (DAP) or reference air kerma (RAK)
estimations) in =26.3%, and hybrid approaches in =15.8%. Reported PSD ranged from
63 mGy to 6,600 mGy. Meta-analysis showed that indirect methods yielded significantly higher
pooled mean PSD than direct methods (3,115 mGy vs. 558 mGy; P < 0.001). No significant dif-
ference was observed between standard and complex EVAR (1,326 mGy vs. 2,719 mGy;
P = 0.33). Heterogeneity was substantial (/2 > 94.9%).

Conclusion: A substantial discrepancy between indirect and direct PSD measurement
methods during EVAR has been revealed. Indirect DAP- or RAK-based estimations yield signif-
icantly higher PSD values than direct measurements. No significant difference in PSD was
observed between standard and complex EVAR procedures. Future research should prioritize
prospective, multi-center studies with standardized, directly validated PSD measurement
protocols.
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INTRODUCTION

Compared to traditional open surgery, endovascular
aneurysm repair (EVAR) has emerged as a mini-
mally invasive alternative for treating progressive
aortic dilatations.' Accurate stent-graft deployment
and complete exclusion of the aneurysm sac require
EVAR procedures to be performed under real-time
fluoroscopic guidance. Nevertheless, reliance on
ionizing radiation raises concerns, as it poses poten-
tial health risks to both patients and the operating
room staff.” ©

Fluoroscopy in lengthy or complex fenestrated/
branched EVAR (F/BEVAR) procedures can result
in substantial localized radiation exposure to the pa-
tient’s skin, potentially causing deterministic effects
such as transient erythema, epilation, or, in extreme
cases, necrosis.”* Deterministic radiation effects, or
tissue reactions, occur only above a threshold
dose, with severity increasing with dose. In fluoro-
scopically guided procedures, peak skin dose (PSD)
is the most relevant metric for assessing skin tissue
reaction risk, as it reflects localized energy deposi-
tion. The National Council on Radiation Protection
and Measurements and the International Atomic
Energy Agency recommend that PSD should be
determined and monitored to guide follow-up and
improve radiation safety.”'® The magnitude of
PSD during endovascular interventions is influ-
enced by multiple factors, including patient-
specific characteristics, procedure duration and
complexity, field size, beam angulation, and over-
lapping projections.” "'

PSD has been typically assessed using either
direct or indirect methods. Direct measurement
techniques include thermoluminescent dosimeters
(TLDs) and radiochromic films, the latter often
considered the gold standard due to their high
spatial resolution and acceptable uncertainty.'”
However, routine clinical use of direct methods is
limited by practical constraints including calibra-
tion, handling, and time requirements.”'* Indirect
methods, on the other hand, rely on surrogate
dose metrics such as dose-area product (DAP) or
reference air kerma (RAK), which are automatically
reported by modern fluoroscopy systems. Advanced
software integrated into modern C-arm systems en-
ables PSD estimation and mapping using radiation
dose structured report data and geometric parame-
ters.””®'" These systems provide either real-time
feedback or retrospective analysis, supporting intra-
operative dose optimization and postprocedural
assessment.”' "' Their accuracy, however, depends
on appropriate calibration, patient modeling, and
the quality of recorded dose data, requiring
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independent verification prior to clinical implemen-
tation.””'” Monte Carlo-based radiation transport
simulations, which are widely recognized as a
high-fidelity approach for dose modeling, have
increasingly been used as a benchmark for evalu-
ating clinically implemented dose estimation
algorithms."’

Despite the increasing recognition of skin dose as
an important parameter for patient safety, there is
no comprehensive synthesis of the existing evidence
on PSD in EVAR procedures. The current work rep-
resents the first systematic review and meta-analysis
focused specifically on PSD during standard and
complex EVAR interventions, aiming to summarize
the reported PSD values, evaluate and compare PSD
determination methods, identify key contributors to
radiation exposure, and highlight strategies to mini-
mize deterministic radiation effects while maintain-
ing procedural effectiveness.

MATERIALS AND METHODS

Following the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guide-
lines, the peer-reviewed literature on PSD in
standard and complex EVAR procedures was sys-
tematically assessed.'®

Electronic Databases and Search Strategy

A comprehensive search strategy was employed to
identify articles, combining electronic database
searches with manual screening of reference lists
from relevant work. The following databases were
searched: the National Library of Medicine’s MED-
LINE database (via PubMed), the Cochrane Library,
and Scopus. No date restrictions were applied, and
the final search was executed on April 1, 2026. No
language restrictions were imposed during the initial
screening phase to ensure broad coverage. The
search strategy incorporated database-specific
controlled vocabularies, including Medical Subject
Headings (MeSH) for PubMed and the Cochrane Li-
brary, as well as both MeSH and Emtree terms for
Scopus. A combination of exploded MeSH terms
and free-text keywords was used, with terms linked
using the Boolean operators "AND" and "OR" to opti-
mize retrieval of relevant records. The complete
search syntax for each of the 3 databases is presented
in Table I. The review protocol was developed a pri-
ori, specifying the research question, search strategy,
eligibility criteria, data extraction items, and statisti-
cal analysis plan. The protocol was registered in an
International Prospective Registry of Systematic Re-
views prior to initiation to ensure methodological
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Table I. Systematic search strategy and retrieved records.

Search strategy Results
MEDLINE (PubMed)
1 ("Aortic Aneurysm, Abdominal"[Mesh] OR "Aortic Aneurysm, Thoracic"[Mesh] 414,603
OR "Aortic Diseases"[Mesh] OR aortic[All Fields] OR aorta[All Fields] OR
aortoiliac[All Fields] OR thoracoabdominal[All Fields])
2 ("Endovascular Procedures"[Mesh] OR endovascular[All Fields] OR EVAR[AIl 713,601
Fields] OR TEVARJAII Fields] OR FEVARJ[AIIl Fields] OR BEVAR[AIl Fields] OR
fenestrated[All Fields] OR branched[All Fields] OR "stent graft"[All Fields] OR
stent-graft[All Fields] OR endograft[All Fields])
3 ("Radiation Dosage"[Mesh] OR "Fluoroscopy"[Mesh] OR "Radiography, 85,786
Interventional"[Mesh] OR fluoroscopy[All Fields] OR radiation[All Fields] OR
dosimetry[All Fields] OR dose[All Fields] OR "air kerma"[All Fields] OR
"reference air kerma"[All Fields] OR "cumulative air kerma"[All Fields] OR
"dose area product"[All Fields] OR "dose-area product"[All Fields] OR "kerma
area product"[All Fields]) AND ("Radiodermatitis"[Mesh] OR "Radiation
Injuries"[Mesh] OR "peak skin dose"[All Fields] OR "skin dose"[All Fields] OR
"entrance skin dose"[All Fields] OR "equivalent skin dose"[All Fields] OR
"reference air kerma" [All Fields] OR "cumulative air kerma"[All Fields] OR "air
kerma"[All Fields] OR "dose area product"[All Fields] OR "kerma area
product"[All Fields] OR "deterministic effect"[All Fields] OR "deterministic
effects"[All Fields] OR "radiation skin injury"[All Fields] OR "radiation-
induced skin injury" [All Fields])
4 #1 AND #2 66,600
5 #1 AND #2 AND #3 247
Scopus
1 TITLE-ABS-KEY: (skin dose OR PSD OR peak skin dose OR radiation) 371,915
2 TITLE-ABS-KEY: aortic aneurysm 25,616
3 #1 AND #2 286
Cochrane Library
1 aortic aneurysm (All text) 2,422
2 skin dose (All text) 20,117
3 #1 AND #2 39

transparency and avoid effort duplication (PROS-
PERO registration number: CRD420261348100).

Record Selection Process

All records retrieved from the database search were
imported into a reference management software
(Mendeley; Elsevier B.V., Amsterdam, The
Netherlands). Duplicate entries were identified
and removed using a dedicated tool (Ablebits Dupli-
cate Remover, 4Bits Ltd, Gomel, Belarus) within
spreadsheet software (Microsoft Excel; Microsoft
Corp., Redmond, WA, USA). Article selection was
conducted independently by 2 reviewers (F.E. and
C.P.) following a standardized, unblinded approach.
Initially, titles and abstracts were screened to
identify potentially relevant articles, followed by
full-text evaluation to confirm eligibility. Any dis-
agreements arising during the selection process
were resolved through discussion between the 2 re-
viewers. When consensus could not be reached, a

third senior reviewer (K.M.) was consulted to adju-
dicate and provide the final decision.

Risk-of-Bias and Publication Bias
Appraisal

The methodological quality and risk-of-bias
(ROB) of the included articles were assessed using
the Risk-of-Bias in Non-randomised Studies of In-
terventions (ROBINS-I)'” tool and graphically
represented using the robvis visualization tool.'®
The presence of small-study effects and potential
publication bias was evaluated by visual inspec-
tion of funnel plot asymmetry and statistically
assessed using Egger’s regression test. Egger’s
regression test was used to quantify small-study
effects by regressing the standardized effect esti-
mate against its standard error (SE), where the
beta coefficient (8) represented the slope of this
regression line (indicating the direction and
magnitude of bias) and the z-statistic (z) tested
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Table II. Inclusion and exclusion criteria applied during study selection.

Category Criteria

Inclusion criteria

Population: Studies involving human subjects undergoing standard or complex endovascular

aortic repair (including EVAR, EVARIib, FEVAR, BEVAR, TEVAR), as well as phantom-based
experiments or computational simulations (e.g., Monte Carlo modeling) relevant to these

procedures.

Outcome: Studies that report PSD, including methods for its calculation, measurement, or

estimation.

Study characteristics: Full-text original research articles published in English, with no
restriction on publication date, providing sufficient quantitative or methodological data for

analysis.
Exclusion criteria

Animal studies: Preclinical or experimental studies conducted on non-human subjects were

excluded due to limited clinical applicability.

Insufficient or non-extractable data: Studies lacking useable or clearly reported data on PSD,
preventing meaningful extraction or analysis.

Irrelevant procedure type: Studies not involving aorta-related endovascular repair (e.g.,
coronary, carotid, peripheral, or neurointerventional procedures).

Nondisaggregated EVAR data: Studies where EVAR results were combined with those of
other procedures and could not be analyzed separately.

Nonprimary research formats: Letters to the editor, editorials, conference abstracts,
presentations and unpublished studies lacking sufficient methodological detail.

Language restriction: Studies not published in English.

EVAR, endovascular aneurysm repair; EVARIib, endovascular aneurysm repair with iliac branch; FEVAR, fenestrated endovascular
aneurysm repair; BEVAR, branched endovascular aneurysm repair; TEVAR, thoracic endovascular aneurysm repair; PSD, peak skin

dose.

the null hypothesis that 8 equaled zero (i.e., no
asymmetry).

Inclusion and Exclusion Criteria

The predefined inclusion and exclusion criteria
applied during the article selection process are sum-
marized in detail in Table II. Review articles were
excluded from the final analysis; however, their
reference lists were screened to identify additional
pertinent research.

Radiation Dose Metrics and EVAR
Classification

PSD, defined as the maximum absorbed dose (D) to
a localized area of the patient’s skin during a single
procedure, was used as the primary dosimetric
endpoint. PSD (also known as Dgin, max) Was re-
ported in units of gray (Gy). Additional radiation
dose metrics reported herein included DAP (also
referred to as kerma-area product, KAP) and RAK.
DAP represents the integral of air kerma over the
area of the X-ray beam and provides an estimate of
total radiation energy delivered to the patient,
with units of Gycm.” RAK (also referred to as cumu-
lative air kerma or reference air kerma, K, ,), re-
ported in Gy, corresponds to the air kerma
accumulated at the interventional reference point
under standardized geometric conditions and is

commonly used as a surrogate for patient radiation
exposure and for triggering skin dose alerts in inter-
ventional suites."'’

EVAR procedures were categorized into standard
and complex techniques. Standard EVAR included
conventional infrarenal EVAR and thoracic endo-
vascular aortic repair (TEVAR). TEVAR was classi-
fied as a standard procedure based on its relatively
low technical complexity, straightforward endograft
deployment, and short fluoroscopy times (FTs), as
supported by findings from a recent work.” Complex
EVAR comprised F/BEVAR procedures.

Data Synthesis and Statistical Analysis

Data extraction was performed using a standardized
approach, capturing article characteristics (first
author, year of publication and study type), EVAR
technique, PSD values and PSD assessment
approach. All PSD values were extracted directly
from the original articles as reported by the study in-
vestigators; no conversions to PSD were performed
by the review authors. When articles reported mul-
tiple cohorts, each cohort was treated as an indepen-
dent study. Given the heterogeneity in reporting of
PSD values across articles, several datasets were not
presented as mean + standard deviation (SD), but
instead as medians with ranges (minimum-
maximum) or interquartile ranges (IQRs). To enable
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Fig. 1. PRISMA flow diagram of article selection for publications reporting peak skin dose in EVAR procedures.

inclusion in the meta-analysis, these data were con-
verted to approximate mean and SD values using
established methods proposed by Wan et al.'” The
choice of the conversion method was based on the
type of the available summary statistics and the cor-
responding sample size. Pooled mean PSD estimates
with corresponding 95% confidence intervals (CIs)
were calculated using a random-effects model with
restricted maximum likelihood estimation. Sub-
group analysis was performed to compare PSD
values between direct and indirect determination
methods as well as between standard and complex
EVAR techniques. Articles reporting a single PSD
value derived using both direct and indirect
methods were classified as hybrid. These articles
were included in the qualitative synthesis but
excluded from the quantitative meta-analysis to
minimize methodological heterogeneity. Similarly,
research reporting a single PSD value derived from
both standard and complex EVAR procedures were
excluded from the meta-analysis. All statistical ana-
lyses and forest plot generation were performed us-
ing Stata software (version 18; StataCorp LP, USA).
Statistical significance was defined as a two-sided
P < 0.05.

RESULTS
Literature Search and Cohort Overview

A systematic search of the peer-reviewed litera-
ture identified 572 records, of which 11 articles
met the predefined inclusion criteria by reporting
PSD during standard or complex EVAR proced-
ures, forming the core evidence base for the pre-
sent analysis (Fig. 1). A total of 19 distinct PSD
study cohorts were extracted from the 11 included
articles, with publication dates ranging from 2008
to 2024 (Table III). Among the 19 reported PSD
values, 11 (approximately 57.9%) were obtained
using direct measurement methods,?’** 2¢253¢
specifically passive dosimeters (radiochromic films
and/or TLDs placed on the patient’s back); no opti-
cally stimulated luminescence dosimeters
(OSLDs) or active real-time dosimeters were
employed. Indirect determination methods, based
on DAP or RAK estimations, accounted for 5
values (approximately 26.3%),””***° while the
remaining 3 values (approximately 15.8%) were
derived using a hybrid approach (combination of
direct and indirect techniques).?*?**” Regarding
procedural  complexity, 11  PSD  values
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Table III. EVAR studies reporting PSD values.

Annals of Vascular Surgery

Dosimetry method

Author (year of publication) (assessment approach) EVAR technique (sample) PSD (mGy)
Clauss et al.?° (2024)° Direct (Radiochromic Standard EVAR (n = 24) <RT — 375
films on patient) EVARib (n = 7) 150—750
F/BEVAR (n = 8) 480—975
TEVAR (1 = 2) <RT — 350
Kirkwood et al.>! (2015)®  Indirect (RAK-derived FEVAR (n = 21) 4,800 + 2,000
estimation) (2,300—10,400)
Hertault et al.>* (2014)° Hybrid Direct (Radiochromic Standard EVAR (n = 44) 63 (44—103)
films on patient)
Indirect (DAP-derived
estimation)
Kirkwood et al.”*> (2014)°  Hybrid Direct (Radiochromic FEVAR (n = 50) 6,600 + 3,600

Howells et al.>* (2012)¢

Maurel et al.?” (2012)¢

Walsh et al.?® (2012)¢

Kalef-Ezra et al.>” (2011)°

Panuccio et al.”® (2011)"

Kalef-Ezra et al.?” (2009)¢

Weiss et al.’® (2008)¢

films on patient)
Indirect (RAK-derived
estimation)
Direct (Radiochromic
films on patient)
Indirect (DAP-derived
estimation)

Direct (Radiochromic
films on patient)
Direct (Radiochromic
films on patient)
Indirect (DAP-derived estimation)
Hybrid Direct (Radiochromic
films and TLDs
on patient)
Indirect (DAP-derived
estimation)
Direct (Radiochromic
films on patient)
Direct (TLDs on patient)
Direct (Radiochromic
films on patient)

Standard EVAR (n = 9)
F/BEVAR (n = 1)
Standard EVAR (n = 630)
TEVAR (1 = 232)
F/BEVAR (n = 53)
Standard EVAR (n = 10)
F/BEVAR (1 = 4)
Standard EVAR (n

8)

Standard EVAR (n = 111)
Standard EVAR (17 = 91)

BEVAR (n = 47)

Standard EVAR (n = 5)
Standard EVAR (n = 12)

(3,700—18,000)

600 (500—850)

710 (440—13,700)
800 (460—1,440)
1,300 (710—8,700)
110 (30—230)

430 (150—750)
1,010 (650—1,990)

690 (NA — 3,150)
226 (56—1,066)

2,500

227 (NA — 773)
750 (270—1,250)

PSD, peak skin dose; EVAR, endovascular aneurysm repair; EVARib, endovascular aneurysm repair with iliac branch; F/BEVAR,

Fenestrated/branched

endovascular

aneurysm repair; TEVAR,

thoracic

endovascular

aneurysm repair; RT,

reading

threshold = 100 mGy; RAK, reference air kerma; DAP, dose-area product; NA, not available; TLD, thermoluminescent dosimeter.

“PSD reported as range.

°PSD reported as mean + standard deviation (range).
“PSD reported as median (interquartile range).
94PSD reported as median (range).

°PSD reported as mean (range).
PSD reported as mean.

(approximately 57.9%) corresponded to standard
EVAR (infrarenal and TEVAR),*"?%2% 272930 ¢
(approximately 31.5%) to complex EVAR (F/
BEVAR),*"?"?>72>2% 1 (approximately 5.3%) to
EVAR with an iliac branch device,?° and 1
(approximately 5.3%) to a combined standard
and complex EVAR.?"* Across all included cohorts,
reported PSD values ranged from 63 mGy to
6,600 mGy.

Risk-of-Bias

ROB was evaluated at the article level (n=11), even
when multiple study cohorts were extracted from a
single publication. The results are graphically repre-
sented as "traffic light" plots (Fig. 2) and weighted
summary bar charts (Fig. 3). The majority of studies
exhibited serious overall ROB (Fig. 2). Specifically, 7
out of 11 articles (approximately 63.6%) were rated
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Risk of bias domains
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Fig. 2. Per-record risk-of-bias assessment across domains, displayed as a “‘traffic light”” plot.

Bias due to confounding
Bias due to selection of participants
Bias in classification of interventions

Bias due to deviations from intended interventions

Bias due to missing data

Bias in measurement of outcomes

Bias in selection of the reported result

Overall risk of bias

25%

o
X

50% 75% 100%

B wowisk [ Moderaerisk [l serious risk

Fig. 3. Distribution of risk-of-bias judgments across domains, presented as a weighted bar plot.

as having serious overall ROB,”* %> while the

remaining 4 articles (approximately 36.4%) were
rated as having moderate overall ROB.****°° No
study was judged to have low or critical overall
ROB. Across individual domains, bias due to con-
founding, and bias due to selection of participants
were the most common sources of serious ROB,
each affecting 7 studies (approximately
63.6%).”Y"?” In contrast, bias in classification of in-
terventions was consistently rated as low across all

studies. A detailed breakdown of domain-specific
ROB is presented in the weighted summary bar
chart (Fig. 3).

Publication Bias

The funnel plot for PSD (Fig. 4) exhibited asymme-
try, with points scattered beyond the pseudo-95%
CIs, particularly at higher SEs, suggesting potential
under-reporting of smaller or nonsignificant effects.
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Fig. 4. Funnel plot of peak skin dose values across
included studies.

Egger’s test confirmed the presence of significant
small-study effects (8 = 8.96, SE = 3.601, z= 2.49,
P = 0.0129), providing evidence of publication
bias across the included studies.

Meta-Analysis and Forest Plots

A total of 8 individual studies from 5 articles?!-24 2630

were included in the meta-analysis, whereas the
remaining 11 studies from 8 articles®” > >**¢72"
were excluded due to insufficient reporting of sum-
mary statistics, as the mean and/or SD could not be
reliably estimated from the available data. Subgroup
analysis was performed according to PSD determina-
tion method (direct versus indirect), with the corre-
sponding forest plot shown in Figure 5. Studies
employing indirect dosimetry (DAP- or RAK-
derived estimations)?'** reported a significantly
higher pooled mean PSD compared with those using
direct measurement (radiochromic films or
TLDs)*>**?% 3,115 mGy (95% CI: 1,465—4,765)
versus 558 mGy (95% CI: 171—945). The difference
between the 2 groups was statistically significant
(Qy = 8.74, P < 0.001). A second subgroup analysis
compared PSD between standard and complex
EVAR procedures, with the forest plot presented in
Figure 6. No statistically significant difference was
observed between standard EVAR®* ?%*Y (pooled
mean PSD: 1,326 mGy; 95% CI: 33—2,619) and com-
plex EVAR?"**?* (pooled mean PSD: 2,719 mGy;
95% CI: 234—5,205), with a test for subgroup differ-
ences yielding Q, = 0.95, P = 0.33.

DISCUSSION
Novelty and Key Findings

To our knowledge, no previous report has
appraised the methodologies for PSD determina-
tion during EVAR procedures, nor has any meta-
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analysis compared PSD values derived from direct
versus indirect dosimetry approaches in this
setting. The present work addresses this gap by sys-
tematically evaluating the available evidence,
guided by the established framework provided by
the Society of Interventional Radiology (SIR)
guidelines on patient radiation dose manage-
ment.”' According to these guidelines, PSD repre-
sents the most relevant metric for assessing
deterministic skin injury risk. The SIR explicitly
cautions that estimated skin doses may differ
from actual PSD by a factor of 2 or more. With
this authoritative context in mind, the present
meta-analysis quantitatively assessed the discrep-
ancy between direct and indirect PSD determina-
tion methods in EVAR procedures.

Impact of Dosimetry Method and
Procedure Type on PSD

The most important finding is the substantial
discrepancy between PSD values obtained through
indirect estimation methods versus direct measure-
ments. Indirect methods produced a pooled mean
PSD nearly 6 times higher than that derived from
radiochromic films or TLDs (3,115 mGy vs.
558 mGy; P < 0.001). According to the SIR guide-
lines, the threshold for patient follow-up is
3,000 mGy. The pooled mean PSD from indirect
methods exceeds this threshold, whereas the mean
from direct measurements remains well below it.
This suggests that reliance on surrogates such as
DAP or RAK may systematically overestimate the
risk of deterministic skin effects in EVAR patients,
potentially leading to unnecessary clinical follow-
up and patient anxiety. One explanation is that
indirect methods rely on conversion factors and as-
sumptions regarding beam geometry, patient posi-
tioning, and backscatter that may not fully capture
the dynamic nature of EVAR procedures. Direct
dosimetry measures actual skin dose, whereas indi-
rect methods may provide conservative overesti-
mates. The extreme heterogeneity observed
(F > 94.9%) further supports this concern, reflect-
ing variability in dosimetry protocols, patient char-
acteristics, procedural factors, and equipment
configurations.

Regarding procedure type, standard and complex
EVAR did not differ significantly in terms of pooled
mean PSD (1,326 mGy vs. 2,719 mGy; P = 0.33).
However, this finding must be interpreted with
caution. The CIs for both groups were extremely
wide, and heterogeneity was near-complete. Other
factors, such as steep beam angulation, number of
digital subtraction angiography (DSA) runs,
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Fig. 5. Forest plot of peak skin dose stratified by direct versus indirect determination methods.

operator experience, body mass index (BMI), and
dose-reduction techniques, may be more influential
determinants of PSD than procedural complexity
alone.

PSD Range and Implications for
Deterministic Risk

The reported PSD values across the included studies
ranged from 63 mGy to 6,600 mGy, representing a
nearly 100-fold difference. Understanding the fac-
tors that contributed to these extremes is essential
for interpreting the findings of this report. The min-
imum reported PSD of 63 mGy was documented by
Hertault et al.”” in a cohort of 44 standard EVAR
procedures. This remarkably low value can be
attributed to several factors: the exclusive use of
standard infrarenal EVAR procedures (which are
associated with shorter FT and fewer DSAs), the
implementation of strict dose optimization proto-
cols, and the fact that the reported value was

primarily derived from indirect PSD-to-DAP ratio
estimations rather than direct film measurements
on all patients. Additionally, the study was conduct-
ed using a modern C-arm system with advanced
dose reduction features, and the operators were
experienced in radiation-saving techniques.

In contrast, the maximum reported PSD of
6,600 mGy was reported by Kirkwood et al.>” in a
cohort of 50 FEVAR procedures. This substantially
higher value reflects the inherent complexity of
FEVAR procedures, which requires prolonged FTs,
multiple DSA runs, and frequent use of steep
beam angulations (particularly left anterior oblique
projections) for cannulation of target vessels.
Furthermore, the majority of patients in this cohort
were obese (BMI: 31 + 6), which increases radiation
dose due to greater X-ray attenuation. The PSD
values in this study were derived from custom soft-
ware calculations validated against Gafchromic film
measurements on only 5 patients, and the authors
themselves reported a mean PSD of 6.6 Gy with a
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Fig. 6. Forest plot of peak skin dose stratified by standard versus complex EVAR technique.

wide range (3.7—18 Gy), reflecting substantial inter-
patient variability. Notably, the mean PSD of 6.6 Gy
exceeds the established threshold for transient ery-
thema (2 Gy) and falls within the range for tempo-
rary epilation (3—6 Gy), while the maximum
value of 18 Gy exceeds even the threshold for
desquamation (>10 Gy) and necrosis (>15 Gy).”'
Based on these dose distributions, the authors
acknowledged that they would have expected to
observe grade 1 to grade 3 skin injuries. Remark-
ably, however, no radiation-induced skin injuries
were documented in any patient, despite rigorous
follow-up including clinical examinations at 2 and
6 weeks, 3 and 6 months, and 1 year, as well as tele-
phone interviews. Several explanations may ac-
count for this discrepancy, including individual
biologic variation in radiation sensitivity, the pro-
traction of exposure over time allowing for partial
skin recovery, and the possibility that minor skin in-
juries were underrecognized or misdiagnosed. These
findings suggest that current PSD threshold-based

predictions may overestimate the actual risk of clin-
ically significant skin injury in complex endovascu-
lar procedures.

Surrogate Skin Dose Metrics

A notable finding of the present systematic review is
that certain studies which addressed the risk of
deterministic skin effects during EVAR procedures
did not employ PSD as their primary dosimetric
endpoint, instead relying on alternative quantities
such as entrance surface dose (ESD), entrance sur-
face air kerma (ESAK), or K,,r. This practice raises
concerns because these surrogates do not accurately
reflect the maximum dose absorbed at a single point
on the patient’s skin, which is the critical determi-
nant of tissue reactions. Fossaceca et al.”” calculated
ESD from DAP values for 153 EVAR procedures and
discussed the risk of skin injuries, noting that the
2 Gy threshold for transient erythema was exceeded
in 42% of patients when using mobile angiography
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and in 56% when using fixed angiography, while
explicitly acknowledging that their ESD estimates
were neither precisely measured nor specific to indi-
vidual patients. Similarly, Weerakkody et al.’’
calculated ESD from DAP values for 96 patients
and reported that the 2 Gy threshold for possible
skin damage was exceeded in 29% of procedures.
Efthymiou et al.”* calculated ESD from KAP values
and reported that the 2 Gy threshold for skin ery-
thema was exceeded in up to 66 procedures depend-
ing on the assumed focus-to-skin distance. Likewise,
Blaszak and Juszkat’® reported ESAK values of
517 mGy for males and 374 mGy for females, using
ESAK as a surrogate for skin dose without direct PSD
measurement. Bannazadeh et al.”® reported "esti-
mated skin dose" values calculated from FT using
an assumed dose rate of 30 mGy/min, acknowl-
edging that direct skin dose monitoring would be a
stronger approach. Rolls et al.”” reported a reduction
in K,,r -which they referred to as "skin dose"- from
4.4 Gy to 1.6 Gy after introducing a team-based
approach to radiation safety. Haga et al.’® reported
that 6% of patients undergoing TEVAR or EVAR
in a hybrid operating room received K,,r values
exceeding 2 Gy, yet relied on this surrogate metric
rather than PSD to assess deterministic risk. Budtz-
Lilly et al.’” reported "accumulated skin dose"
values ranging from 0.97 Gy to 7.63 Gy for standard
and complex EVAR procedures; however, their
methods provide no description of how this quantity
was obtained.

Methodological Limitations and Gaps in
the Literature

In hybrid studies combining direct and indirect
methods, direct measurements were performed on
only a small subset of patients, with results extrapo-
lated to the larger cohort.?***?” This raises concerns
about accuracy and generalizability. Beyond this, no
included studies employed physical phantoms,
Monte Carlo simulations, OSLDs, or MOSFETs for
PSD determination during EVAR. Physical phan-
toms and Monte Carlo approaches could serve as
valuable benchmarks for validating dose estimation
algorithms, while OSLDs and MOSFETs offer prac-
tical advantages including reusability and real-time
readout. Notably, Nasr et al.*’ recently employed
OSLDs during EVAR, though their study focused
on Monte Carlo validation rather than PSD report-
ing, and measurements were limited to 4 anatomical
points without full skin mapping. The absence of
these complementary methodologies represents a
significant gap. Future research should explore
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these approaches to enhance accuracy, standardiza-
tion, and comparability of PSD assessment in EVAR.

Commercial and Open-Source Dose
Management Software

Several commercial dose management systems have
incorporated PSD estimation and skin dose map-
ping, reflecting growing recognition of this quantity
as a critical safety metric.*'”** Commercial plat-
forms such as DoseWatch, DoseWise Portal, Radia-
tion Dose Monitor (RDM), and NovaDose offer
automated skin dose mapping and outlier detec-
tion.*'** Hadid-Beurrier et al.*’> validated RDM
against film measurements in cardiac (—4.5%),
abdominal (—21.9%), and neurologic (—10.2%)
procedures, but no EVAR-specific data were re-
ported. Similarly, the vendor-independent applica-
tion SkinCare demonstrated PSD accuracy within
16—17% in non-EVAR settings.’® Open-source al-
ternatives, including PySkinDose,”” OpenREM
with OpenSkin,”®*” PyMCGPU-IR,”’ and the
FDA’s Virtual Dosimeter,”’ provide customizable
options, though validation has been limited to gen-
eral angiography or laboratory setups.’”>*

Importantly, none of these tools have been spe-
cifically validated for EVAR procedures, which
involve unique challenges including prolonged FT,
steep beam angulations, and variable patient body
habitus.*”**>? Future research should prioritize
prospective validation against gold-standard direct
measurements during EVAR. Until then, clinical
users should interpret software-generated PSD esti-
mates with caution and corroborate them with
direct dosimetry in a subset of patients.

The 8-Year Gap and Emerging Protocols

A notable gap in published PSD data occurred be-
tween 2016 and 2023, possibly due to the labor-
intensive nature of direct measurements, ethical
challenges, or a shift toward validating indirect
methods. Del Carmen et al.”” recently published a
prospective protocol for monitoring radiation expo-
sure during endovascular procedures, relying exclu-
sively on indirect PSD determination without direct
validation. Given that the present meta-analysis
found indirect methods yield significantly higher
PSD than direct methods, continued validation of
software-based estimates remains necessary.

Practical Recommendations for Skin
Dose Reduction and Emerging Strategies

Based on the findings and existing literature, several
practical strategies can reduce PSD during EVAR
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without compromising efficacy. Operators should
optimize technical factors: increase table height, uti-
lize tight collimation, employ C-arm angulation to
spread skin dose, use DSA sparingly, and select the
lowest possible frame rates.”* Removing the anti-
scatter grid for low-to-medium BMI patients may
reduce PSD by up to 54%, though this has not
been specifically examined in EVAR.”” >’ Modern
C-arm systems and dose management software offer
4D skin dose mapping and automated outlier detec-
tion; establishing PSD-specific alert criteria (e.g.,
>3 Gy) enables systematic follow-up.''”® Monte
Carlo approaches using ICRP voxel phantoms can
estimate organ and skin doses with improved accu-
racy.'””” Institutional protocols, staff education,'’
patient-specific simulation training,°” and emerging
X-ray-free navigation technologies®®® represent
additional strategies. Until these are fully validated,
adherence to directly validated PSD measurement
protocols remains the most effective approach.

Limitations

Several limitations of the current work should be
acknowledged. Substantial statistical heterogeneity
was observed across all analyses, which limits the
generalizability of the pooled estimates and reflects
considerable variability in patient populations,
dosimetry protocols, and equipment configurations
across the included studies. Significant publication
bias was also detected, suggesting that studies with
null or negative findings may be underrepresented
in the literature, potentially inflating the pooled
PSD estimates. The use of validated statistical
methods to estimate means and SDs may have intro-
duced bias, particularly for studies with small sam-
ple sizes or skewed PSD distributions, although
such approaches are generally accepted in meta-
analyses of heterogeneous data. The majority of
included studies exhibited serious ROB, particularly
in domains related to confounding and participant
selection, limiting the ability to draw causal infer-
ences. Furthermore, the predominance of single-
center studies restricts the generalizability of the
findings to broader clinical practice. Finally, 11 of
the 19 identified cohorts were excluded from the
quantitative synthesis due to insufficient reporting
of summary statistics, highlighting the need for
more standardized PSD reporting in future studies.

CONCLUSION

This first systematic review and meta-analysis on
PSD during EVAR procedures reveals a substantial
discrepancy  between indirect and  direct
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measurement methods. Indirect DAP- or RAK-
based estimations yield significantly higher PSD
values than direct measurements with radiochromic
films or TLDs. No significant difference in PSD was
observed between standard and complex EVAR pro-
cedures. Critical gaps in the literature include an 8-
year publication hiatus and the absence of studies
employing phantoms, Monte Carlo simulations, or
active dosimeters. Future research should prioritize
prospective, multicenter studies with standardized,
directly validated PSD measurement protocols.
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