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with a high success rate and low complication rate under 
ultrasound and fluoroscopic guidance [5]. However, 
because X-rays are used for fluoroscopic guidance, the 
medical staff involved in treatment cannot avoid radia-
tion exposure.

Scattered radiation occurs when the primary beam of 
X-rays scatters during irradiation, and the surrounding 
medical personnel are often exposed to this scattered 
radiation [6]. In radiography, occupational exposure 
caused by scattered radiation from a single examination 
is negligible; however, in fluoroscopy, long-term exposure 
to such scattered radiation increases the risk of cancer, 
cataracts, and skin damage [7–9].

In the intensive care unit (ICU), procedures such as 
ECMO cannulation and subsequent enteral feeding 
tube insertion typically involve emergency physicians or 

Introduction
Extracorporeal membrane oxygenation (ECMO) is effec-
tive in patients with severe pneumonia, including those 
with coronavirus disease 2019 (COVID-19) [1–4]. Veno-
venous (V-V) ECMO can be easily cannulated percu-
taneously and is widely used in emergency situations. 
Percutaneous cannulation of V-V ECMO can be achieved 
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Abstract
Objective  This study investigated the continuous risks of scattered radiation associated with a series of procedures—
from extracorporeal membrane oxygenation (ECMO) cannulation through to enteral feeding tube insertion—in an 
intensive care unit (ICU) setting by visualizing the dose distribution using a red–green–blue (RGB) color map.

Results  The scattered radiation doses were measured at 80 points around a tissue-equivalent phantom using 
calibrated nanoDot dosimeters, and an RGB color map was generated to visualize the dose intensity. Radiation doses 
near the X-ray source reached 783.6 µSv/hour at 50 cm, exceeding annual public exposure limits within 1 h. These 
findings emphasize the importance of using appropriate radiation protection equipment, suggesting that distance 
is a key factor in reducing the ICU exposure risk. They also offer practical guidance for planners involved in radiation 
safety management in hospital settings.
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intensivists, nurses, and clinical engineers. Physicians 
performing cannulation are positioned closest to the 
patient, who acts as the radiation source, and therefore 
are expected to receive the highest radiation exposure. 
Similarly, nurses assisting the procedure are also posi-
tioned relatively close to the radiation source and are at 
increased risk of radiation exposure. Therefore, they are 
generally required to wear appropriate radiation pro-
tection equipment during such procedures. In contrast, 
clinical engineers are primarily responsible for priming 
and managing the ECMO device and typically work at a 
greater distance from the radiation source. Consequently, 
they are considered to be at lower risk of exposure and 
may not always wear radiation protection gear, although 
this practice should be carefully evaluated in light of 
safety standards.

Emergency physicians, intensive care physicians, 
nurses, and clinical engineers are experts in patient man-
agement and do not necessarily have specialized knowl-
edge of radiation. Non-radiation medical professionals 
have little knowledge of radiation safety and insufficient 
awareness of risk perception [10–12], and even if they 
underwent training, it does not directly translate into 
improved behavior [13, 14]. Providing an environ-
ment wherein medical professionals without specialized 
knowledge of radiation can easily imagine the risk of 
exposure and safely concentrate on the medical proce-
dure at hand is necessary.

Previous studies have shown radiation levels using 
contour maps or numbers, making it difficult for medi-
cal professionals without specialized knowledge of radia-
tion or radiation exposure to intuitively understand risks 
[15–17]. In recent years, Monte Carlo simulations have 
been used to provide a 4D distribution of scattered radia-
tion to medical professionals without radiation expertise, 
demonstrating the effectiveness of visual information [18, 
19]. Virtual reality experiences have been proposed as a 
tool for visually grasping radiation threats, but doubts 
have been raised about their versatility, particularly due 
to the complexity of equipment setup and concerns over 
cost-effectiveness, and they have not yet been widely put 
into practical use [20].

This study measured scattered radiation during ECMO 
cannulation in the ICU and developed a versatile visual 
tool for enhancing radiation safety awareness among 
healthcare providers.

Main text
Methods
We measured the amount of scattered radiation gener-
ated during cannulation and subsequent enteral feeding 
tube insertion under fluoroscopic guidance while initiat-
ing ECMO in the ICU. The data obtained were displayed 
on a color map.

Period and measurement location
Measurements were conducted in the Fujita Health Uni-
versity Hospital ICU in Japan in September 2021. Care 
was taken not to interfere with the regular medical treat-
ment during the experiment.

Equipment and methods used
The X-ray generator used was OEC 9900 Elite (GE 
Healthcare, Chicago, IL, USA). A RAN110 RANDO 
anthropomorphic phantom (height: 175  cm, weight: 
70  kg; The Phantom Laboratory, Salem, MA, USA) was 
used as the human equivalent. Scattered radiation was 
measured using a nanoDot dosimeter (Nagase Landauer 
Co., Ltd., Ibaraki, Japan). Dose profiles and color maps 
were created using OriginPro 2019s (Lightstone Co., Ltd., 
Tokyo, Japan).

Irradiation conditions
The irradiation conditions were set based on the advice 
of three radiologists with 3–15 years of experience in this 
procedure: tube voltage, 80 kVp; tube current, 3.2  mA; 
pulse rate, 8 f/s; and exposure time, 20  min. Under 
these conditions, the Rand phantom was irradiated with 
X-rays, and the amount of scattered radiation generated 
was measured using nanodots. Under the specified irra-
diation conditions, the nanoDot dosimeter (Nagase Lan-
dauer) positioned the farthest from the irradiation field 
exhibited dose readings below the detection limit. There-
fore, the irradiation duration was extended by a factor of 
five, resulting in a total exposure time of 100  min. The 
measured dose was subsequently normalized to a stan-
dard exposure time of 20 min for analysis. This approach 
was used to minimize the measurement errors.

Measurement
For the measurement of scattered radiation, the jungle 
gym method using a paper tube and plastic joint with an 
inner diameter of 2.5 cm, thickness of 0.3 cm, density of 
0.75  g/cm3, and length of 50  cm was adopted [21]. For 
the measurements of dose, the nanoDot optically stimu-
lated luminescence dosimeters (OSL dosimeters) (Fig. 1). 
The measurement points were located 100 cm above the 
floor, corresponding to the coronal plane of the Landau 
phantom, and spaced 50 cm from the centerline (Fig. 2).

Each nanoDot dosimeter was calibrated, and the read-
ings were converted to air kerma values for analysis. The 
nanoDot dosimeter was placed with individual element 
faces facing the central ray to minimize the direction 
dependence [22]. Calibration constants of the nanoDot 
dosimeter were obtained by alternating irradiation 
under the same conditions, with the element placed on 
the surface of water, equivalent to the plate phantom, 
and ionization chamber dosimeter (model 9015; Rad-
cal, Monrovia, CA, USA) in free air. The radiation dose 
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measured using the nanoDot dosimeter represents the 
ambient dose. In this study, to estimate the personal dose 
equivalent at a depth of 1 cm, Hp(10), as an indicator of 
radiation exposure to the human body, the raw readings 
from the nanoDot dosimeter were corrected by applying 
a calibration factor and a backscatter correction coeffi-
cient of 1.4, according to the following formula:

 
Hp(10) = nanoDot reading × calibration factor × back-
scatter correction coefficient (1.4).

Heat map generation
The measurement data were represented as a red–green–
blue (RGB) color map generated using OriginPro 2019 
(Lightstone Co., Ltd.).

A two-dimensional heat map was generated based on 
the measurements obtained at 80 points (Fig. 2). To esti-
mate the values between the measured points, interpola-
tion was performed using the inverse square law of the 
distance from the center point. Herein, the “two-dimen-
sional vector from the center point” refers to a math-
ematical representation of each measurement point’s 
spatial relationship relative to the central reference point. 
This vector is defined by the coordinates of the measure-
ment and center points, where the distance between 
them is calculated using the Euclidean norm.

For interpolation, the inverse square law of distance 
was applied to adjust the weight of each measurement 
point in proportion to its distance from the center. Spe-
cifically, the interpolated value 𝐼 at a given grid location 
was calculated using the formula:
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where 𝑀𝑖 is the measured value at point 𝑖, 𝑑𝑖 is the 
Euclidean distance from the center to point 𝑖, and 𝑛 is 
the total number of measured points. This formulation 
ensures that nearby measurements exert a stronger influ-
ence than distant ones per the inverse-square principle.

This approach ensures that data points closer to the 
center contribute more heavily to the interpolation pro-
cess, whereas data points farther away have diminished 
influence. By applying this weighting scheme, the method 
produces a more accurate and spatially consistent heat 
map that reflects variations in the measurements with 
smoother transitions.

Following this interpolation step, spline interpolation 
was applied to smooth the resulting data. Spline interpo-
lation was performed in two dimensions using a bicubic 
spline method, which minimizes curvature across both 
axes and ensures continuity in the first and second deriv-
atives. Spline interpolation fits a smooth curve through 
points to remove any abrupt changes and enhances the 
visual continuity of the heat map, leading to a high-qual-
ity and visually consistent representation of the spatial 
data distribution. Finally, the heat map was output at 
a resolution of 150 dpi to ensure high graphical fidelity, 
providing an effective means of visualizing the spatial 
relationships and gradients within the dataset.

Results
Table 1 presents the measured values of scattered radia-
tion generated during fluoroscopic procedures for ECMO 
cannulation and subsequent insertion of an enteral feed-
ing tube.”

The dose distribution of scattered radiation generated 
by fluoroscopy during cannulation of an ECMO in the 
ICU was visualized in an RGB format (Fig.  3). This ini-
tiative will allow medical professionals to visually assess 
the amount of radiation that they may receive during 
treatment.

Scattered radiation was widely distributed in the 
patient’s left and right directions. However, little spread 
was observed on the patient’s head or tail. Typically, dur-
ing ECMO cannulation and the subsequent enteral feed-
ing tube insertion procedure, the surgeon is positioned 
to the right of the patient, and the first caregiver is posi-
tioned to the right of the surgeon (Fig. 2). The RGB dose 
map shows that the areas where the surgeon and care-
giver perform the procedure are exposed to the highest 
radiation dose owing to scattered radiation. The dose 
map shows that the first caregiver received a higher radi-
ation dose than the surgeon.

The highest radiation dose from the scattered radia-
tion was within 100 cm to the right of the patient. How-
ever, at a distance of 200 cm from the radiation field, the 
radiation dose was < 100 µSv/hour. Our findings highlight 

Fig. 1  Image of X-ray device, phantom, and nanodot arrangement
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the importance of distance and location in radiation 
protection.

Discussion
Scattered radiation, the primary cause of occupational 
radiation exposure, is generated by objects in the path of 
a primary X-ray beam, with the patient being the main 
source. Although the radiation dose received by medi-
cal staff during a single examination is lower than that 
received by patients, the cumulative lifetime dose can be 
significant because medical staff perform similar exami-
nations and treatments daily. The radiation dose from 
the scattered radiation generated by X-ray fluoroscopy 

during ECMO cannulation and enteral feeding tube 
insertion into the ICU was visualized using an RGB color 
map. This initiative will enable ICU staff to easily recog-
nize the risks of radiation exposure even if they do not 
have specialized knowledge of radiation. Tools for visu-
alizing scattered radiation distribution and intensity can 
also be used as part of radiation protection education, 
helping healthcare professionals optimize their position-
ing and minimize radiation exposure [7].

Radiation protection for operators
Healthcare professionals involved in radiation-related 
tasks may be exposed to low-dose radiation over 

Fig. 2  Measurement points. Dr. indicates the area where the surgeon usually works, whereas Ns. indicates the area where the first caregiver usually works
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extended periods. Prolonged exposure to low-dose radia-
tion has been associated with an increased risk of cata-
racts and elevated cancer risk in healthcare workers [23, 
24].

Medical personnel directly involved in this procedure 
are forced to work within 50–100 cm of the center of the 
incident X-ray. Healthcare workers in this location, espe-
cially surgeons and nurses, may reach the general pub-
lic exposure limit in approximately 1  h and exceed the 

Table 1  Personal dose equivalent, Hp(10), at each measurement point
Distance from the source Personal dose

equivalent (Hp 10)
Distance from the source Personal dose

equivalent (Hp 10)
X [cm] Y [cm] µSv/hr X [cm] Y [cm] µSv/hr
-350 250 2.54 -150 0 79.82
-350 200 6.78 -150 -50 70.56
-350 150 4.80 -150 -100 51.55
-350 100 6.29 -150 -150 37.11
-350 50 7.52 -150 -200 25.22
-350 0 4.87 -100 250 18.55
-350 -50 6.43 -100 200 20.96
-350 -100 5.91 -100 150 41.44
-350 -150 4.19 -100 100 51.74
-350 -200 2.69 -100 50 114.50
-300 250 10.43 -100 0 199.60
-300 200 26.90 -100 -50 193.86
-300 150 19.78 -100 -100 121.31
-300 100 25.25 -100 -150 70.28
-300 50 30.03 -100 -200 31.40
-300 0 18.50 -50 250 37.80
-300 -50 26.52 -50 200 47.40
-300 -100 23.95 -50 150 42.60
-300 -150 16.89 -50 100 69.00
-300 -200 10.80 -50 50 248.14
-250 250 4.61 -50 0 783.90
-250 200 10.29 -50 -50 676.97
-250 150 18.55 -50 -100 220.73
-250 100 26.58 -50 -150 72.96
-250 50 28.73 -50 -200 21.39
-250 0 42.90 0 250 19.80
-250 -50 27.83 0 200 31.80
-250 -100 33.58 0 150 38.40
-250 -150 40.51 0 100 64.20
-250 -200 26.84 0 50 ND
-200 250 20.29 0 0 ND
-200 200 6.15 0 -50 ND
-200 150 27.93 0 -100 ND
-200 100 40.13 0 -150 73.20
-200 50 39.89 0 -200 21.60
-200 0 47.64 50 250 25.80
-200 -50 48.25 50 200 41.40
-200 -100 32.47 50 150 31.80
-200 -150 35.20 50 100 84.60
-200 -200 25.89 50 50 248.40
-150 250 18.87 50 0 783.90
-150 200 19.76 50 -50 676.97
-150 150 22.17 50 -100 220.73
-150 100 40.58 50 -150 72.96
-150 50 51.66 50 -200 21.39
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occupational exposure limit if they perform treatment 
twice a month. The distribution intensity of the scat-
tered radiation was stronger on the patient’s foot side. If 
the first caregiver had provided care from the left side of 
the surgeon, the radiation exposure dose on the right side 
of the patient’s face would have been 248.14 µSv/hour, 
which could have reduced radiation exposure by up to 
approximately 70%.

Although reducing the radiation exposure to the left 
side of the surgeon, that is, the right side of the patient’s 

face, is possible, there is still sufficient radiation expo-
sure to cause health damage. Therefore, we recommend 
that medical professionals who directly treat patients 
use appropriate radiation protection equipment, such as 
radiation protection aprons and protective glasses. The 
use of radiation protection equipment (especially lead 
aprons) provides very high radiation shielding effects; 
depending on the thickness and material of the apron 
used, lead aprons have an average shielding efficiency of 
80–95% against 60–120  kV X-rays [25]. However, even 

Fig. 3  RGB visual of scattered X-rays when introduced into ECMO in the ICU. In the RGB dose map, areas with high exposure are represented in red, areas 
with medium exposure in green, and areas with low exposure in blue
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if radiation protection equipment is used properly, a 
risk of non-uniform exposure remains. To reduce radia-
tion exposure, completing the cannulation procedure as 
quickly as possible is important.

Radiation protection for non-operators
The scattered radiation spread strongly to the left and 
right from the center of the incident X-ray, slightly 
toward the patient’s feet, with a radius of approximately 
150  cm. Beyond a radius of 200  cm, the radiation dose 
was almost equal to the background radiation dose. The 
radiation doses at distances of 100 and 200 cm from the 
center of the incident X-rays were significantly different, 
highlighting the importance of distance.

Many medical staff members are involved in the ECMO 
cannulation. Staff should not be involved in direct cannu-
lation procedures but wait in the examination room for 
priming equipment or managing respiratory and circula-
tory care work at least 200 cm away from the patient. The 
dose received by staff who were > 200 cm away from the 
patient was only 1/1000th of the dose that can cause can-
cer [26], and it is highly unlikely that the aforementioned 
dose limit will be exceeded. As scattered radiation tends 
to be widely distributed on both sides of the patient, 
working on the head or foot side, if possible, will reduce 
the risk of exposure.

Impact and expectations of environmental factors
Data collection was conducted in a standard-sized 
single-occupancy ICU room in Japan. In cases involv-
ing patients requiring ECMO, various medical devices 
such as ventilators and multiple infusion or injection 
pumps are typically used, and these devices may par-
tially attenuate scattered radiation. However, such clini-
cal setups vary depending on individual patients, and it 
is of limited significance to replicate them precisely in a 
simulation. Rather, in situations where recreating specific 
setups is challenging, it is important to simulate under 
the assumption of a worst-case scenario [27]. In this 
case, since surrounding medical equipment and radia-
tion protective devices may attenuate but are unlikely to 
amplify scattered radiation, it was considered meaning-
ful to perform measurements in an environment with 
minimal shielding whenever possible. Therefore, the map 
generated in this study enables healthcare professionals 
involved in this procedure to work more safely without 
underestimating their own radiation exposure risk.

Other visual tools, such as virtual reality, are suitable 
for routine training as they provide a more realistic expe-
rience; however, they are not ideal for risk management 
briefings immediately before a procedure due to the time 
required for equipment setup. While the map gener-
ated in this study may appear simple at first glance, it is 
highly valuable for the final checks before task initiation. 

Therefore, it is believed that such hazard maps can be 
applied in ICUs and various radiation departments, 
including X-ray and CT examination rooms.

Limitations
This study had a limitation. The results of the dose map 
showed that the radiation dose received by the staff 
assisting the surgeon next to them may be higher than 
that received by the surgeon. In general, the cathode side 
of the C-arm has higher X-ray output; in this case, the 
cathode was located on the patient’s right leg [28]. This 
phenomenon varies depending on the equipment type 
used and the insertion angle of the C-arm. However, dis-
tance is an important factor in scattered radiation expo-
sure during examinations, and the dose is particularly 
high within 100  cm of the patient. Therefore, collecting 
more detailed data on scattered radiation intensity, espe-
cially near the patient, using equipment used in clinical 
settings, and analyzing trends are necessary. By clarify-
ing trends of scattered radiation distribution intensity, 
appropriate locations for providing treatment and assis-
tance from the perspective of radiation protection can be 
determined.

In this study, anthropomorphic phantoms were used in 
place of actual human subjects, which introduces certain 
limitations. Specifically, phantoms cannot fully replicate 
the anatomical and physiological characteristics of the 
human body, such as variations in tissue composition, 
bone density, and fat distribution, all of which influence 
radiation attenuation and scattering. Furthermore, phan-
toms are inherently static and therefore, unable to simu-
late the dynamic elements present in real clinical settings, 
including patient respiration, movement, and procedural 
adjustments made by medical staff. These differences 
may limit the direct applicability of the findings to actual 
clinical environments.

While the present study simulates a single procedure 
within a spatially static environment, it lacks reproduc-
ibility in realistic dynamic settings involving factors such 
as patient respiration, body movements, and healthcare 
provider activity. In recent years, advanced computa-
tional techniques for modeling complex network struc-
tures—namely hyperbolic geometry and graph neural 
networks (GNNs)—have garnered increasing attention 
[29]. Although these methods are not yet widely adopted 
in the medical field, they hold great promise as tools for 
visualizing and predicting scattered radiation distribu-
tion during X-ray imaging and fluoroscopic procedures, 
particularly through the integration of hyperbolic repre-
sentations, GNNs, and dynamic graph modeling.
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Conclusions
In this study, the importance of distance for radiation 
protection was reaffirmed. Thus, operators must use 
appropriate radiation protection equipment. Radiation 
exposure significantly decreased when the distance was 
> 200 cm. In particular, the spread of scattered radiation 
to the head and feet of the patients was minimal. There-
fore, non-operators could reduce radiation exposure by 
working 200 cm away from the patient and, if possible, on 
the head or foot side of the patient. The RGB dose map 
can be a useful tool for medical professionals to intui-
tively understand radiation exposure risk. This study’s 
results provide evidence-based guidance for planners and 
practitioners involved in the management of radiation 
safety in healthcare environments.
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