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Abstract

Introduction: While the operator radiation dose rates are correlated to patient radiation dose rates, discrepancies may
exist in the effect size of each individual radiation dose predictors. An operator dose rate prediction model was developed,
compared with the patient dose rate prediction model, and converted to an instant operator risk chart. Materials and
Methods: The radiation dose rates (DR, for the operator and DR . for the patient) from 12,865 abdomen X-ray
acquisitions were selected from 50 unique patients undergoing standard or complex endovascular aortic repair (EVAR) in
the hybrid operating room with a fixed C-arm. The radiation dose rates were analyzed using a log-linear multivariable mixed
model (with the patient as the random effect) and incorporated varying (patient and C-arm) radiation dose predictors
combined with the vascular access site. The operator dose rate models were used to predict the expected radiation
exposure duration until an operator may be at risk to reach the 20 mSv year dose limit. The dose rate prediction models
were translated into an instant operator radiation risk chart. Results: In the multivariate patient and operator fluoroscopy
dose rate models, lower DR . than DR . effect size was found for radiation protocol (2.06 for patient vs |.4 for
operator changing from low to medium protocol) and C-arm angulation. Comparable effect sizes for both DR . and
DR ienc Were found for body mass index (1.25 for patient and 1.27 for the operator) and irradiated field. A higher effect size
for the DR . than DR . was found for C-arm rotation (.24 for the patient vs 1.69 for the operator) and exchanging
from femoral access site to brachial access (1.05 for patient vs 2.5 for the operator). Operators may reach their yearly 20
mSv year dose limit after 941 minutes from the femoral access vs 358 minutes of digital subtraction angiography radiation
from the brachial access. Conclusion: The operator dose rates were correlated to patient dose rate; however, C-arm
angulation and changing from femoral to brachial vascular access site may disproportionally increase the operator radiation
risk compared with the patient radiation risk. An instant risk chart may improve operator dose awareness during EVAR.
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radiosensitive tissue than previously considered.* The
International Commission of Radiological Protection (IRCP)
has used this evidence to propose a new occupational dose
limit for the eye lens of 20 mSv (vs 150 mSv previously),
averaged over a defined period of 5 years, with no single

Introduction

Endovascular aortic repairs (EVARs) are now primarily
performed in hybrid operation rooms (ORs) because of the
high level of intraoperative sterility, 3-dimensional (3D)
imaging systems, and improved image quality, but at the
cost of higher patient and staff radiation dose hazards.!?
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These radiation hazards are the highest for the first and sec-
ond operators who are standing closest to the X-ray source.
They are exposed to both, ionizing radiation dose scattered
from the patient and radiation leakage from the X-ray
tube.® Epidemiologic studies on radiation-induced cataract
formation have shown that the eye lens may be a more
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year exceeding 50 mSv.> These new dose limits are also
affecting operators performing EVARs and primarily those
who perform fenestrated and branched EVARs. Without
appropriate radiation protection and training in the use of
the protective devices, operators are now at a higher risk for
reaching their yearly dose thresholds if not adequately
protected.®

The occupational radiation dose rates fluctuate during
and between EVAR procedures in the hybrid OR and
depend on various radiation predictors, including patient
radiation dose fluctuation, the operating position, the type,
how, and where the available shielding is applied.”® Current
radiation dose software and hardware developments pro-
vide measurements of the patient and staff’s specific radia-
tion dose during each image or X-ray acquisitions.’ These
strategies do provide a more thorough analysis to identify
each radiation predictor's effect sizes instead of being
restricted to the cumulative radiation dose outcomes or
phantom studies only.

In this study, we analyze the estimated effective radia-
tion dose hazard as measured for each X-ray acquisition
and determine the effect sizes for the various radiation
dose rate predictors for the operator measured during
EVAR procedures. The outcome of the prediction model is
used to develop an instant operator risk chart to visualize
the predictors of the exposed radiation dose rates that can
be expected during EVAR in the hybrid OR.

Materials and Methods
Study Design

The intraoperative patient and occupational radiation dose
rates were recorded between February 2015 and April 2016
during all EVARs acquired in a hybrid OR, of which the
cumulative radiation dose per procedure and per procedural
step has previously been published.” All patients undergo-
ing thoracic EVAR, patients for whom the first operator
(FO) or the second operator (SO) were missing, and patients
in whom X-ray acquisitions acquired during femoral access
and those acquired during brachial access could not be dis-
tinguished were excluded. We excluded X-ray acquisitions
from all of the included patients with a run time of <1 sec-
ond, X-runs acquired in a protocol other than the abdomen
protocol. The X-ray acquisitions with missing (or zero) val-
ues for both first and second operator for the same X-ray
acquisitions were also excluded. Distribution analysis was
performed between included (nonzero) and excluded (zero
or missing) X-ray acquisitions.

Dose Measurements

All X-ray acquisitions and patient dose rate measurements
were acquired with the Philips AlluraClarity Xper FD20

Flexmove system (Philips Medical Systems, Best, the
Netherlands) while the operator dose rates were measured
with the Dose Aware Xtend (DAX, Philips Medical
Systems).

The personal dose meter (PDM) of the DAX was
attached on top of the lead apron of the right breast of both
the FO and SO. The PDMs have been calibrated for per-
sonal dose equivalent Hp(10) (ISO 4037) at a depth of
10 mm and have a dose range between 40 puSv/h and
500 mSv/h (Supplementary Data). Because the hybrid OR
facilitates working on both sides of the operating table, all
radiation protection equipment is present for both sides
while working from the femoral access site, including 2
ceiling-mounted lead screens, 2 radiation-absorption blan-
kets (Radpad; Worldwide Innovations & Technologies Inc,
Kansas City, MO; US type 5511A), and 2 table skirts
attached to the table. Only a single ceiling-mounted lead
screen could be used during brachial access (Figure 1). The
first included patient in this study was treated 18 months
after our transition to the hybrid OR, and thus, all staff
were familiar with the radiation equipment and using the
radiation shielding materials, as well as a focus on using
active collimation, and minimize the air gap. Also, the
operators were aware of the higher dose rates during digital
subtraction angiography (DSA) acquisitions, as was previ-
ously shown.? Cone-beam computed tomography—based
3D image fusion was utilized during fenestrated and
branched EVAR to assist target vessel cannulation and
stenting. Operators remained primarily at the tableside dur-
ing 2 fps (frames per second; which were generally shorter)
and fluoroscopy roadmaps but took additional distance
from the table during longer 3 fps acquisitions (primarily
acquired posttreatment to evaluate the novel graft on poten-
tial endoleaks).

Dosimetry

Patient radiation dose rates and C-arm characteristics and
settings were extracted from the structured dose (SR) digi-
tal imaging and communications in medicine (DICOM)
reports as submitted by the C-arm. The operator dose rates
were extracted from the SR DICOM as created by the Dose
Aware Xtend using Matlab 2016a software (Mathworks,
Natick, MA, USA). The patient and operator radiation dose
rates of each acquisition were merged based on the match-
ing X-ray timestamps. Additionally, the vascular access site
was manually noted during the procedures, including a
change in the vascular access site from femoral to brachial
access.

The mean dose area product (DAP) per X-ray acquisi-
tions was chosen as the primary predictor for the patient
radiation dose rates, DR, ,,, which was further referred to
as DR e, in Gy-cm?/s. DAP is a stochastic metric that rep-
resents the cumulative radiation dose given to the patient.
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Figure |. Overview of our hybrid operation room setting during brachial access. FO, first operator; SO, second operator; SN, sterile
nurse; NSN, nonsterile nurse; AN, anesthesiologist; RT, radiation technologist.

In addition, the operator (estimated) effective (E) radia-
tion doses rate (DR ) Was established by taking the
highest dose rate as that was measured from either the FO
or the SO for each X-ray acquisition and was measured in
mSv/h. This method’s rationale is that the FO and SO are
not fixed to the patient’s left or right sight but frequently
change operating positions during and between patients,
especially during longer procedures such as fenestrated or
branched EVAR. This outcome is also referred to as the
maximum operator dose but is further referred to as the
operator dose. The effective dose is a tissue-weighted sum
of the irradiated organs’ absorbed dose and represents the
stochastic radiation risks.

Radiation Predictors

The radiation predictors included in the uni- and multivari-
ate patient and operator dose models have been described in
more detail in Supplemental Table S1. Of the included radi-
ation predictors, the radiation protocols, the absolute C-arm
angulation and rotation (ranging from 0° to 90° for rotation
and from 0° to 40° for angulation), the field size and body
mass index (BMI), and the air gap [which is 120 cm minus
the source-to-image distance (SID)], have been evaluated in
a patient radiation dose model before.!? In the current study,
the vascular access site (femoral vs brachial access) was
added to the patient and operator dose rate models. In

addition, a third DSA protocol was added besides the 2 and
3 fps, which was referred to as a roadmap. During this pro-
tocol, the contrast was injected combined with fluoroscopy-
based acquisition parameters.

Statistical Analysis

Statistical analyses were performed using R 2.15.1 software
(R Core Team, 2012), using /me4 packages (version 1.1-8).
Radiation dose rates were nonnormally distributed and are
presented as median with the interquartile range (IQR).
Medians were compared using the Mann-Whitney test, and
significance levels were set at an o of <0.05. For further
analysis, data were stratified between fluoroscopy X-ray
acquisitions and DSA X-ray acquisitions.

First, the distribution of all the predictors was tested
between all X-ray acquisitions where operator (thus SO and
FO) values were 0 or were missing compared with the
X-ray acquisitions that were included in the model, under-
standing whether there was a trend in the amount of radia-
tion runs where the operator dose was missing.

Second, we conducted a univariable and multivariable log-
linear regression analysis, using a (hierarchic) mixed-effects
model, with the radiation predictors (BMI, air gap, rotation,
angulation, access site, and protocol) as the fixed effect and
patient as the random effect, similar to the analysis described
previously.!® This mixed model was chosen because runs
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acquired in a similar patient are not independent, and a mixed
model accounts for patient-level clustering. All predictors
were incorporated in the multivariable model independent of
significance from the univariable model.

Visual inspection of the residual plots was done on
apparent deviations from homoscedasticity or normality.
The variance inflation factor was assessed to identify any
multicollinearity; outliers in each model were checked to
find a pattern. P values were obtained by likelihood ratio
tests of the full model with the predictor against the model
without the predictor in question. The intraclass correlation
coefficient and goodness of the fit (2) were obtained for
each model.

B-Estimates and bootstrapped confidence intervals,
obtained from univariable and multivariable models, were
back-transformed to a nonlogarithmic scale and are pre-
sented as odds ratios. An odds ratio of 1 does not influence
the radiation dose, whereas an odds ratio of >1, for exam-
ple, 1.5, increases the radiation dose with a 50% per increase
step value. In addition, step sizes were increased for larger
continuous variables: for angulation and rotation, 1 step
consisted of a 30° C-arm angulation or rotation; for field
size, 1 step consisted of a 200 cm? decrease in field size
toward maximum collimation; and for the air gap, 1 step
consists of a 5-cm decrease in the air gap toward detector is
maximum extended.

Odds of patient and operator’s prediction models were
visually compared to analyze discrepancies and similarities
between effect size and effect direction of each radiation
predictor on dose rate.

Prediction Model

The estimates of the multivariable DR . were used to
predict the operator radiation dose hazards under varying
radiation predictors in mSv/h. Next, the predicted operator
dose rates were converted to the number of radiation dose
minutes that the operator can work under this configuration
until the operator may reach the annual effective radiation
dose year limit of 20 mSv. For example, at a dose rate of 1
mSv/h, operators could work 1200 minutes (or 20 hours)
until they reach their maximum annual dose limit of 20
mSyv. The predicted operator dose rates were translated into
an operator dose rate risk chart, similar to a previously
reported patient radiation risk chart.'

Results

Patient and operator radiation dose rates from 24 noncom-
plex EVAR and 26 complex (fenestrated or branched)
EVAR procedures were included, after excluding 2 patients
for missing radiation dose date from both FO and SO, 4
patients for missing radiation dose date SO, and 2 patients

for missing the vascular access site. The mean BMI of the
included patient population was 26.6+3.2 kg/m?. Within
the complex EVAR group, 88 target vessels were stented,
on average 3.4+0.5 per intervention, divided by 74 (88%)
from the femoral access and 14 (12%) from the brachial
access site.

From the 19,317 X-ray acquisitions in the 50 patients,
6452 X-ray acquisitions were excluded (n=3072 for X-ray
acquisitions of <1 second, n=73 non-abdomen protocol,
n=158 missing vascular access site, n= 871 thoracic
region). Besides, the DR .. was zero (or below the
measurement range) for 2272 (15.7%) of the fluoroscopic
acquisitions and for 6 (1%) of the DSA acquisitions, which
were excluded from the univariate and multivariate
analysis.

A comparison between the included and excluded X-ray
acquisitions can be found in Supplemental Table S2. A
higher percentage of runs were excluded for the lower dose
fluoroscopy runs protocol compared with the higher dose
fluoroscopy protocol.

Protocols

A total of 12,226 (95%) fluoroscopy and 639 (5%) DSA
acquisitions were included (Tables 1 and 2). During fluo-
roscopy, the median DR . was 0.119 mSv/h, while the
median DR . during DSA was 0.833 mSv/h. The corre-

lation between the patient and operator dose rates for the
included X-ray acquisitions is shown in Figure 2.

Body Mass Index

The median DR . was 0.104 mSv/h for X-ray runs
acquired in patients with a BMI between 20 and 25 kg/m?

and was 0.226 mSv/h for patients with a BMI of >35 kg/m?.

C-Arm Rotation and Angulation

The median DR, increased approximately 4 times
when rotating the C-arm from 0° to 15° to 75° to 90°, from

0.104 mSv/h to 0.443 mSv/h.

Field Size
was measured

For field size, the highest median DR | perator
between 1000 and 1200 cm?, at 0.194 mSv/h, whereas the
lowest DR ..., Was measured between 0 and 200 cm at

0.101 mSv/h.

Vascular Access Site

The femoral access site corresponded with a median
DR, of 0.111 mSv/h vs 0.379 mSv/h for the brachial

operator
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Table |. Fluoroscopy X-Ray Distribution, Median Operator Dose Rate, and Median Amount of Minutes Until 20 mSv Is Reached.

Fluoroscopy,

DR , mSv/h,

operator’

Median [IQR]

Minutes Until Reaching 20 mSy,

Median [IQR]

n (%)
Fluoroscopy 12,226 (95)
Protocol
Fluoroscopy: Low 6395 (49.7)
Fluoroscopy: Medium 4869 (37.8)
Fluoroscopy: Normal 962 (7.5)
Rotation (°)
0-15 7197 (55.9)
15-30 1869 (14.5)
3045 896 (7.0)
45-60 405 (3.1)
60-75 522 (4.1)
75-90 1337 (10.4)
Angulation (°)
0-15 11,246 (87.4)
15-30 936 (7.3)
3045 44 (0.3)
BMI (kg/m?)
20-25 3391 (26.4)
25-30 7 349 (57.1)
30-35 1178 (9.2)
>35 308 (2.4)
Field (cm?)
12001400 239 (1.9)
10001200 491 (3.8)
800-1000 923 (7.2)
600-800 1745 (13.6)
400-600 2400 (18.7)
200400 3822 (29.7)
0-200 2606 (20.3)
Vascular access site
Femoral 10,369 (80.6)
Brachial 1857 (14.4)

0.119 [0.054-0.258]

0.099 [0.043-0.189]
0.141 [0.066-0.359]
0.226 [0.088-0.642]

0.100 [0.046-0.185]
0.102 [0.046-0.205]
0.115 [0.042-0.267]
0.209 [0.097-0.445]
0.221 [0.115-0.640]
0.414 [0.178—1.040]

0.118 [0.053-0.257]
0.122 [0.054-0.252]
0.414 [0.132-0.561]

0.099 [0.039-0.217]
0.129 [0.062-0.294]
0.100 [0.039-0.166]
0.205 [0.122-0.368]

0.129 [0.06—0.2240]
0.177 [0.072-0.344]
0.150 [0.064-0.315]
0.127 [0.057-0.266]
0.126 [0.060-0.276]
0.118 [0.057-0.272]
0.097 [0.041-0.182]

0.106 [0.048-0.207]
0.340 [0.128-0.864]

10110 [4658-22369]

12070 [6347-27589]
8523 [3340-18240]
317 [1870-3569]

11976 [6501-26339]

11820 [5858-26191]

10430 [4489—28386]
5742 [2699-12427]
5428 [1875-10457]
2898 [1153-6725]

10154 [4672-22442]
9829 [4764-22275]
2902 [2142-9111]

12124 [5527-30618]
9302 [4082—19380]
12019 [7237-30873]
5854 [3265-9806]

9319 [5352-20083]
6768 [3493—16625]
7994 [3815-18801]
9434 [4517-21164]
9530 [4353-20060]
10177 [4417-21231]
12361 [6605-29281]

11357 [5808-25195]
3528 [1388-9374]

Abbreviations: BMI, body mass index; DR, dose rate; IQR, interquartile range.

site. Tables 1 and 2 summarize all estimated effective dose
rates specific for fluoroscopy and DSA.

Univariate and Multivariable Dose Rate
Prediction Model

Fluoroscopy. The overall predictive value of the fluoroscopy
DR multivariate model was 0.82 (p<<0.001), while the

patient
overall predictive value of the fluoroscopy multivariate

DR, model was 0.38 (p<<0.001).

operator

Apll included radiation dose predictors for fluoroscopy
were significant for both DR .. and DR . in both the
univariable (Supplemental Table S3) and multivariable pre-
diction models (Figure 3). In the multivariate model, lower

operator than patient effect sizes were observed for the

selected X-ray protocol and C-arm angulation. A similar
operator and patient effect size were observed for BMI and
irradiated field size. Higher operator compared to patient
effect size were observed for C-arm rotation and vascular
access site.

Primary discrepancies between patient and operator dose
rate effect size were observed for protocol (higher for
patient dose rates), C-arm rotation, and vascular access site
(both higher for operator does rates).

For C-arm rotation, the DR .. was 1.69 (correspond-
ing to a 69% increase) vs DR .. 1.24 (corresponding with
a 24% increase) per 30° increase in rotation toward 90°.
While the DR ., increased by 250% (corresponding with

an OR [95% CI] of 2.5 [2.32-2.67] when changing vascular
access site from femoral to brachial access.
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Table 2. Digital Subtraction Angiography (DSA) X-Ray Distribution, Median Operator Dose Rate, and Median Amount of Minutes

Until 20 mSv Is Reached.

X-Ray Acquisitions,

D Roperator' mSV/h’
Median [IQR]

Minutes Until Reaching
20 mSv, Median [IQR]

n (%)
Stationary acquisition 639 (5)
Protocol
DSA: 2 fps 548 (4.3)
DSA: 3 fps 51 (0.4)
DSA: Roadmap 40 (0.3)
Rotation (°)
0-I5 303 (24)
15-30 154 (1.2)
3045 53 (0.4)
45-60 24 (0.2)
60-75 28 (0.2)
75-90 77 (0.6)
Angulation (°)
0-15 525 (4.1)
15-30 107 (0.8)
3045 7 (0.1)
BMI (kg/m?)
20-25 189 (1.5)
25-30 366 (2.8)
30-35 60 (0.5)
>35 24 (0.2)
Field size (cm?)
12001400 11 (0.1)
10001200 35(0.3)
800-1000 54 (0.4)
600-800 92 (0.7)
400-600 129 (1.0)
200400 199 (1.5)
0-200 119 (0.9)
Vascular access site
Femoral 543 (4.2)
Brachial 96 (0.7)

0.833 [0.281-2.469]

0.879 [0.314-2.673]
0.681 [0.153—1.558]
0.480 [0.217-1.741]

0.402 [0.194—1.242]
0.674 [0.277-1.607]
1.214 [0.591-3.654]
3.706 [1.938-5.617]
5.341 [2.33-12.754]
3.466 [1.715-9.680]

0.767 [0.277-2.469]
0.914 [0.296-2.353]
1.251 [0.295-2.763]

0.477 [0.206—1.661]
0.974 [0.365-2.776]
0.633 [0.279-1.920]
3.296 [1.517-5.057]

0.121 [0.05-0.689]
0.646 [0.281—1.505]
0.768 [0.358—1.500]
0.560 [0.238—1.709]
0.849 [0.265-2.468]
1.230 [0.380-5.065]
0.862 [0.268-2.501]

0.637 [0.251-1.82]
3.818[1.281-10.639]

1440 [486—4274]

1366 [449-3826]
1762 [771-7870]
2506 [690-5537]

2985 [967—6192]

1781 [747-4339]
988 [328-2030]
326 [214-620]
225 [94-533]
346 [124-700]

1565 [486-4327]
1312 [510-4051]
960 [434—4161]

2518 [723-5839]

1232 [432-3284]

1897 [625-4297]
365 [240-804]

9916 [1903-24855]
1857 [801-4278]
1562 [801-3362]
2145 [702-5050]
1413 [486-4523]
976 [237-3155]
1392 [480-4479]

1884 [659—4772]
317 [113-937]

Abbreviations: BMI, body mass index; DR, dose rate; IQR, interquartile range.

Digital Subtraction Angiography

The overall predictive value of the DSA DR ... multi-
variate model was 0.78 (p<<0.001), while the overall pre-
dictive value of the DR ., multivariate model was 0.48
(p<<0.001). In the multivariable DSA prediction model,
only “2 fps to roadmap”, C-arm rotation, BMI, and access
site and air gap were significant predictors for DR .
Changing from “2 fps to roadmap” corresponded with an
effect size of 0.45, comparable to a 55% reduction in the
operator dose rate. Also, C-arm rotation and vascular
access site correlated with higher operator dose-effect
size (85% increase in DR ... per 30° of C-arm rotation
toward 90°) and vascular access site (300% increase
in DR when changing from femoral to brachial

operator

access site).

Operator Risk Chart

Figure 4 illustrates the operator risk charts based on the pre-
dicted radiation dose rates according to the operator radia-
tion dose rate prediction models. Green corresponds to low
operator radiation dose rates between 0 and 0.2 mSv/h,
orange corresponds to medium dose rates between 0.2 and
2 mSv/h, and red corresponds to dose rates >2 mSv/h.
The operator risk charts reveals that a patient with a BMI of
30 kg/m?, using the fluoroscopy “medium” protocol, at
800 cm? irradiated field, a 45° C-arm rotation, and femoral
access results in a predicted operator dose rate of 0.28
[0.07—-1.11] mSv/h, which corresponds with 4297 [16889—
1077] minutes or radiation exposure until the 20 mSv oper-
ator dose limit may be reached. Changing the access site
from femoral to brachial access would result in a predicted
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Figure 2. Scatter and density plot of DR

patient

(in Gy-cm?s) and DR

operator

(in mSv/h) divided by fluoroscopy (A) and DSA (B).

Additionally, colors correspond with the varying fluoroscopy radiation protocols that can be chosen (“levels | or “low,” vs level
2 “Medium” vs Level 3 Normal”) and for DSA (“2 fps” vs “3 fps” vs “Roadmap”). Dashed lines in de the density plots correspond
with the median dose rate for these protocols for the patient (upper density plots) and operator (right density plots). DSA, digital

subtraction angiography; fps, frames per second; DR, dose rate.

operator dose rate of 0.7 [0.18-2.72] mSv/h, which corre-
sponds with 1724 [6657—441] minutes of radiation expo-
sure until the 20 mSv dose limit may be reached.

Switching from fluoroscopy to a DSA acquisition at a
1000 cm? field size, using “2 fps” DSA protocol, while
accessing through a femoral access site, results in a pre-
dicted DR erator of 1.28 [0.26-6.95] mSv/h. This dose rate
can be translated to approximately 941 [4622—173] minutes
of radiation exposure until the operator is at risk for reach-
ing the 20 mSv year dose threshold. Exchanging from fem-
oral to brachial access site, operators may reach their yearly
20 mSv year dose limit after 358 [1691-72] minutes.

Discussion

In this study, the discrepancies between the predictive value
of patient BMI, C-arm settings, and vascular access site to
the operator effective dose rates during EVAR in the hybrid
OR have been assessed. It was shown that C-arm rotation
and vascular access sites have a much higher effect on the
exposed first or second operator effective radiation dose
rates, as would have been expected from interpreting the
patients exposed radiation dose rates in both fluoroscopy
and DSA acquisitions.

We have shown that each 30° of additional C-arm rota-
tion increases the operator dose by 69% (for fluoroscopy)

and 85% for DSA imaging, whereas only a 24% (for fluo-
roscopy) or 37% (for DSA) increase would be expected
when accounting for the increased dose rate to the patient.
These results are consistent with previous radiation dose
studies on C-arm rotation and correlative dose increase to
the operator.'!!2

The current fluoroscopy and DR ..., prediction model’s
predictive value was compared with the previously
reported DAP patient prediction models predictive value
and the novel operator dose rate model’s predictive value.
Unfortunately, the operator dose rate models were much
less predictive (0.38 for fluoroscopy and 0.48 for the DSA
operator dose rate model) than the patient dose rate predic-
tion models. A lower overall predictive value of the model
is expected for the operator models, as the patient radiation
dose is strictly controlled by the system and the defined pro-
tocol settings, whereas dose limits are not restricted for the
operator. The operator dose rate is much more multifacto-
rial as many factors are affecting operating doses that were
not included in this study, including variance in the bed
position location, variance in the operator’s location, vari-
ance in badge sensitivity, location of the operator at the bed-
side, and so on. Data may also have been skewed as many
radiation acquisitions were excluded as the PDM did not
measure a dose rate, probably when the dose rate was below
or above the calibrated dose ranges of the PDM. If the
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Figure 3. Odds ratio (OR) of multivariate models for DR .. (in Gy-cm“/h) in gray and DR . (in mSv/h) in red for fluoroscopy

(A) and digital subtraction angiography (B). An OR of 3 corresponds to a 300% increase in DR compared with the reference. ICC,
intraclass correlation coefficient; OR, operation risk; Cl, confidence interval; DSA, digital subtraction angiography; fps, frames per
second; DR, dose rate; BMI, body mass index.
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Figure 4. Operator risk chart of the predicted DR for fluoroscopy femoral access (A), fluoroscopy brachial access (B), digital
subtraction angiography femoral access (C), and digital subtraction angiography brachial access (D). The color coding represents the
predicted amount of radiation minutes that can be acquired until the operator will reach his yearly dose limit of 20 mSv. Each risk
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radiation dose rates were actually zero, or if the PDM did
not record a dose rate due to a measurement error of the
equipment or PDM position is unknown. The prediction
model may overestimate the dose rates during these settings
as a higher volume of X-ray acquisitions more runs were
excluded in the “lower” dose protocols. Therefore, the gen-
eralization of this operator dose prediction model may be
limited as compared to the patient radiation dose models.

Noticeable, but not significant, was the opposite effect
that was observed for the operator’s effective dose rate dur-
ing the 3 fps DSA imaging. Compared with 2 fps DSA, a
reduction in exposed dose rate to the operator was observed
with the 3fps DSA (although not significant), whereas an
increase in the patient-exposed dose rate is provided with
the increase in framerate.

The operator radiation protection habit of leaving the
operating table during these longer acquisitions at a higher
frame rate, whereas the operator remains at the operating
table during the 2 fps standard DSA, may explain this effect.
However, one can consider replacing the 2 fps DSA run
with a fluoroscopy roadmap run to effectively reduce both
patient and operator radiation hazards by 50% when leaving
the operating table is not feasible. These “fluoroscopy road-
map” acquisitions are also accompanied by a lower signal-
to-noise contrast and thus may only be feasible for a limited
number of acquired DSAs in specific areas. This setting was
primarily used during fenestrated and branched EVAR to
evaluate whether the correct target vessel was cannulated.

Notable was the reduction in field size (by collimation or
magnification), which significantly reduced the operator
dose rates (as expected) during fluoroscopy, but this effect
was not significant during DSA. Two explanations for this
effect may be that generally larger field sizes are used dur-
ing DSA or that DSA already accords for very high dose
rates, and field size may become less critical. It has been
shown that DSA acquisition, BMI, and rotation are the most
important factors in defining the patient’s exposed radiation
dose.

More concerning are the much higher operator radia-
tion dose rates when working from brachial access sites,
which exceed 2.5 to 3 times those of femoral access.
Approximately 15% of the total runs were acquired from
the brachial site. These higher dose rates are in line with
the randomized trials on the cardiac catheterization access
site, showing higher radiation doses for the operator dur-
ing radial access.!*> While brachial access was the only
method to gain successful vessel cannulation at the time of
the study, a recent study has shown that the use of steer-
able guiding sheaths may reduce the need for brachial
access in complex EVAR.'#

An unexpected finding was the increase in patient dose
rates when changing from femoral to brachial vascular
access site. One reason could be that the brachial access site
may also correlate with the use of higher magnifications, a

known cofounder that was unknown in this study because
the magnification and SID were not reported in the SR
DICOM files. While the operators are able to reach the
maximum amount of shielding during femoral access, the
shielding may not be optimal during brachial access. The
design of a hybrid OR with the intention to perform brachial
access site procedures should focus on the integration of
additional radiation shielding that are more efficient for the
operators who are working from the brachial access site.

Although we did not measure the operator eye lens dose
in this study, previous research shows a 20% deviation in
the lens dose from the measured radiation dose on top of
the lead apron may be relevant. Therefore, the models’
coefficients may change, but the expected effect size of an
incorporated radiation predictor may still be relevant to
accord with the eye lens’s radiation risk hazards. That the
occupational eye lens dose has been estimated as approxi-
mately 20% lower than the average radiation dose mea-
sured at chest level should be noted, but this factor depends
on the position of the over-apron dosimeter and other geo-
metric factors during the procedures.'’

The dose rate of the dose aware PDM ranges between
40 uSv/h and 500 mSv/h, and the badge response is angular
and temperature-dependent, meaning that an additional
variation in accuracy can be expected between 5% * 30%
at 50° of angulation, until within 180° of angulation of the
badge in accordance with the C-arm source. From our pre-
diction model, dose rates less than 40 puSv/h can also be
expected. In particular, the operator dose rates in the lower
dose ranges were missing or were too low to measure and
were therefore excluded from the model but could have
affected the model. Other inhomogeneity in our staff mea-
surement dose rates may result from the different surgeons
and the different operation positions. For example, our two
primary operators differ in height, and therefore, badges are
not at consistently similar heights. The surgeons may also
differ in their working habits and strategies, in the amount
of the shielding, or how they stand in relation to the patient.

We did not incorporate the exact position or changes in
positions of the ceiling-mounted lead screens. It is known
that the operator who is standing on the opposite obliquity
of the C-arm may be exposed to lower radiation doses
compared to the operator standing next to the C-arm. In
this study, FO and SO frequently changed positions during
most procedures, but their exact position related to their
badges were not recorded in this study but could have
affected the radiation dose model. A second validation
radiation dose badge for each operator was absent, which
could have helped to identify interoperator-based radiation
dose rates difference between the operators.

A limitation of this study was that operators were allowed
to track their real-time radiation dose on in-room dose
tracking screens. An operator who may observe a very high
radiation dose may have changed the shielding material
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without changing C-arm characteristics, such as using addi-
tional collimation, but these effects were not included in the
study. Although the current prediction model provides an
estimated operator dose rate, especially for doses in ORs
without real-time operation feedback, the proposed chart
may still underestimate those radiation doses in the inter-
ventional suites and hybrid ORs where there is no real-time
dose monitoring system. Awareness of radiation dose expo-
sure rates is mandatory for all operators during EVARs in
the hybrid OR at all times.

The predicted operator radiation risk hazard is just one
method to improve the understanding of the model’s pre-
dictors. A risk chart increases the awareness that dose rates
are not fixed but vary during and between a multivariable
model of predictors. Personal dose tracking for every oper-
ator in a hybrid operating room, combined with tracking
cumulative radiation doses over time, is recommended for
all staff.

One or both of the operators were exposed to measurable
low-dose radiation during at least 80% of the fluoroscopy,
and 99% of the DSA runs. Chronic exposure to low radia-
tion dose rates may be less noticeable but may increase
long-term stochastic risk.

New radiation reducing techniques that are efficient in
reducing radiation doses but have not been evaluated in this
study are image fusion, Fiber Optic RealShape navigation,
and endovascular robotics. '

Except for 3D image fusion, these techniques are not yet
commercially available on a larger scale and still need to
be proven to be safe and effective. Also, novel machine
learning techniques and artificial intelligence may improve
radiation dose prediction models in the hybrid operation
room or perform radiation dose tracking more accurately.
Computer vision combined with augmented reality could
integrate a real-time track to improve real-time awareness
of personal radiation dose rates in the operating room.

Conclusions

This study revealed the discrepancies in the effect size
between the patient radiation dose rates in relation to the
operator radiation dose rates. Primary discrepancies where
the operators were at a relatively higher radiation risk
compared to the patient radiation risk was found for
C-arm rotation and switching from femoral to brachial
access site. An operator radiation dose rate risk chart of
the dose rate prediction models may facilitate increased
dose awareness among operators.
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