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Converging Solutions 
for Sustainable Safety in 
the Interventional Lab
Integrating technologic innovation and cultural shifts to achieve durable reductions in 

radiation exposure and musculoskeletal strain.

By Stéphan Haulon, MD, PhD

Radiation exposure and musculoskeletal (MSK) 
strain remain persistent occupational hazards in 
endovascular practice, despite decades of opera-
tor awareness, routine monitoring, extensive sci-

entific publications, and technical innovations. Acute 
radiation-induced DNA damage has been documented 
in operators during complex aortic repairs, with target-
ed leg shielding shown to mitigate this risk.1 A recent 
systematic review further consolidated evidence linking 
chronic occupational exposure with genomic instabil-
ity, cataracts, and increased cancer prevalence among 
endovascular specialists,2 especially as case complexity 
increases, urging the need for robust dose optimization 
strategies.2-7

MSK morbidity is similarly widespread. Between 60% 
and 80% of interventionalists report MSK pain at some 
point in their career, most commonly cervical and lum-
bar degeneration. These symptoms are strongly associ-
ated with prolonged use of heavy lead aprons, high 
procedural volumes, and ergonomically unfavorable 
positions, including frequent neck flexion and trunk 
rotation due to constrained access around traditional 
C‑arm geometries, as well as poor lab setup and subop-
timal monitor sight lines.8-11 

In this context, making the transition from aware-
ness about radiation safety and MSK health to sus-
tained, measurable improvements in daily practice 
emerges as a critical challenge for the endovascular 
field, requiring a timely combination of technologic 
and cultural factors.  

EVOLUTION OF THE INTERVENTIONAL 
TECHNOLOGIC ENVIRONMENT 
Advanced Imaging, Hybrid Operating Rooms (ORs), 
and the Expanding Role of Cone-Beam CT (CBCT)

Recent generations of interventional and hybrid ORs 
have enabled substantial radiation dose reductions by 
combining low-dose imaging presets, artificial intelligence 
(AI)–assisted imaging optimization,12,13 continuous dose 
monitoring, real-time operator feedback with intuitive 
management settings for dose/image quality (Figure 1A), 
digital zoom to avoid dose-intensive magnification, and 
augmented fusion imaging guidance from tableside to limit 
digital subtraction angiography (DSA) use and allow x-ray–
free centering and angulation optimization (Figure 1B).

Figure 1.  Real-time dose-rate meter providing visual operator 
feedback (AutoRight cockpit, GE HealthCare) (A). Overlay 
of 3D procedural planning to augment live fluoroscopy 
guidance, with digital zoom (EVAR ASSIST, GE HealthCare) (B). 
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In complex aortic procedures, modern hybrid ORs have 
enabled 45% reductions in cumulative air kerma (CAK) 
and dose area product (DAP) and 55% to 60% reduction 
in operator dose compared with older systems and mobile 
C‑arms, consistently achieving the lowest radiation levels 
when ALARA (as low as reasonably achievable) workflows 
are enforced.14-16 Increased adoption of fusion imaging, 
facilitated by improved hybrid OR usability, has also been 
associated with significant reductions in operator expo-
sure, despite increasing procedure complexity.17 A recent 
10-year multicenter, prospective study similarly reported 
a significant decrease in radiation dose levels over the past 
decade despite increasing anatomic complexity, informing 
updated diagnostic reference levels but also revealing sig-
nificant variability among interventional systems, including 
among contemporary labs, with some platforms desig-
nated as more protective compared to others.18 

CBCT has also been associated with lower overall 
radiation exposure by replacing multiple DSA runs, allow-
ing procedural planning and facilitating guidance, and 
enabling immediate intraoperative assessment. However, 
CBCT adoption remains limited due to setup complexity 
and significant variability between interventional systems. 

In a single‑operator study of prostate artery emboliza-
tion, CBCT use increased from 31% to 85% after transition 
to a wide-bore interventional system designed to facili-
tate CBCT use, including with the patients’ arms down; 
substantial decreases in CAK and DAP were also noted.19 
DAP is strongly correlated with operator exposure, and 
operators leave the room during CBCTs but often remain 
tableside for DSAs. Thus, the significant increase in CBCT 
use, associated decrease in number of DSAs, and reduc-

tion in patient radiation exposure likely yielded a greater 
decrease in personnel radiation exposure. In complex aor-
tic repairs, CBCT has been shown to improve intraopera-
tive technical assessment while reducing iodine contrast 
volumes and patient radiation exposure compared with 
completion DSA and predischarge CTA.20 

In parallel, the introduction of AI-based CBCT recon-
struction aims to overcome image quality barriers by 
limiting artifacts linked to pulsatility, further supporting 
routine use of intraoperative CBCT by improving its diag-
nostic confidence (Figure 2).21

Although variability remains between platforms, inter-
ventional and hybrid ORs have significantly evolved in 
the past decade, enabling default low-dose, high-quality 
imaging along with routine adoption of easy-to-use CBCT, 
three-dimensional (3D)/two-dimensional fusion imaging, 
and digital zoom. 

Ergonomic Improvements
Operator comfort has also improved, with modern 

interventional labs redesigned with a focus on workspace 
ergonomics. Fingertip-accessible, tableside controls from all 
working positions (including on the detector) minimize the 
need for operators to twist and reach. Screen positioning is 
being optimized via articulating monitors. Augmented real-
ity (AR) secondary displays to avoid neck flexion are emerg-
ing, as are wide-bore, fully mobile gantries with preset 
room layouts to allow fast, easy, and versatile room setup 
with any patient access or imaging needs, while facilitating 
smooth, collision-free x‑ray acquisitions in intubated or 
arms-down patients (Figure 3). These ergonomic improve-
ments complement radiation-reduction strategies by limit-

Figure 2.  Wide-bore gantries (Allia Moveo, GE HealthCare) facilitate steep angulations, smoother CBCT workflow, and 
more routine adoption (A). Conventional reconstruction (B) compared to AI-based CBCT reconstruction (CleaRecon DL, 
GE HealthCare) (C) after fenestrated/branched endovascular aortic repair. The AI-based reconstruction is designed to limit 
artifacts linked to pulsatility, significantly improving image quality and diagnostic confidence of CBCT. 
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ing time spent in awkward, load‑bearing postures, thereby 
limiting MSK strain. 

Low-Dose Navigation Technologies
In the broader interventional lab, robotic solutions are 

emerging to support device navigation, allowing operators 
to perform procedures seated, away from the radiation 
field, and without wearing lead aprons. Early feasibility 
studies in coronary and peripheral interventions have 
reported 70% to 97% reduction in operator radiation 
exposure and improved operator comfort, yielding con-
current MSK and radiation safety gains.22-28

X-ray–free endovascular navigation solutions such as fiber 
optic or electromagnetic-guided catheters are also being 
explored for complex aortic repairs, with early feasibility 
studies suggesting reduced fluoroscopy dependence during 
navigation tasks, yielding reduction in operator radiation 
exposure.29-33 However, these systems require intermittent 
x‑ray use and the operator’s presence at tableside; therefore, 
they do not eliminate the need for personal lead protection. 

Advanced Shielding Systems
Finally, advanced radiation shields—including sus-

pended, lightweight, exoskeleton-supported, and zero-
gravity systems—are increasingly being adopted and 
have demonstrated significant reductions in operator 
radiation exposure and MSK pain.34-39 When combined 
with room shields and consistent ALARA governance 
to address residual exposure zones (eg, left axilla), self-
supporting lead systems provide a meaningful ergonomic 
benefit, reducing shoulder load by 74% to 84% compared 
with traditional one- and two-piece aprons.40

Future Directions: Toward Automation and 
Workflow Integration

As these technologies continue to be made easier to use 
and more automated to be less dependent on operator 
vigilance, future innovations such as voice-controlled imag-
ing instead of the foot pedal and the integration of more 
established, affordable robotic solutions and x-ray–free 
navigation systems into the interventional suite will provide 
additional technologic foundation for sustainable improve-
ments in operator radiation safety and MSK health.

IMPACT OF THE INTERVENTIONAL 
CULTURAL ENVIRONMENT 

Department culture is as important as equipment in lim-
iting operator exposure and MSK strain. By influencing how 
consistently safety behaviors are adopted, senior staff and 
leadership play a key role in supporting the entire team’s 
safety.41,42 This is particularly challenging in the interven-
tional lab, where procedural pressure, time constraints, and 
long-standing behaviors can normalize the gradual erosion 
of protective practices. As a result, creating an environment 
in the interventional lab that promotes a positive culture in 
safety is not only beneficial but essential.

In particular, continuous operator dose monitoring 
should be prioritized and reviewed by radiation physicists 
and the equipment supplier to ensure imaging protocols, 
room setups, and protection equipment are maximizing 
radiation safety and MSK health. Benchmarking and coach-
ing may help install a positive emulation within teams to 
behave safely.

Senior staff have a key role in driving cultural change by 
consistently using shields, following the ALARA principles, 

Figure 3.  Workspace ergonomics in modern vascular labs, with fingertip-accessible controls including on the detector (A), gan-
try mobility and flexibility offering multiple options for patient access (B) and imaging (C), as well as optimized screen position-
ing with articulating monitors and the emergence of AR virtual displays (D) (Allia with OmnifyXR, GE HealthCare). (Figure 3D 
courtesy of GE Healthcare.) 
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supporting continuous monitoring and coaching of 
operator dose and MSK health, calling out unsafe pat-
terns, investing in modern technologies that support 
staff safety, and empowering nurses and technologists to 
actively facilitate team safety in the lab. Finding ways to 
incentivize leadership and senior staff to help drive and 
sustain this culture may also help solidify radiation safety 
practices and MSK health as a core performance metric, 
moving safety from individual awareness to an inherent 
structure embedded across every level of the interven-
tional and surgical teams.

SYNTHESIS OF TECHNOLOGY AND CULTURE
Radiation and MSK morbidity are interdependent 

occupational risks, and solutions that reduce radiation 
time or proximity to the x‑ray source simultaneously 
reduce MSK strain. Encouragingly, we have a credible 
path toward durable, structural improvements in opera-
tor safety: the convergence of a team-wide cultural shift 
and modern interventional systems, including easy-to-
use, low-dose, high-quality imaging; wide-bore CBCT; 
routine fusion imaging; and advanced shielding solutions 
with emerging robotic and x-ray–free navigation.  n
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