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Abstract: Background: Due to the drastic reduction of the eye lens dose limit from 150 mSv per year to
20 mSv per year since 2018, the prospective investigation of the estimated dose of the eye lens by
radiological imaging procedures at the surgical site during trauma surgery in the daily work process
was carried out. This was also necessary because, as experience shows, with changes in surgical
techniques, there are also changes in the use of radiological procedures, and thus an up-to-date
inventory can provide valuable information for the assessment of occupationally induced radiation
exposure of surgical personnel under the current conditions. Methods: The eye lens radiation exposure
was measured over three months for five trauma surgeons, four hand surgeons and four surgical
assistants with personalized LPS-TLD-TD 07 partial body dosimeters Hp (0.07). A reference dosimeter
was deposited at the surgery changing room. The dosimeters were sent to the LPS (Landesanstalt
fir Personendosimetrie und Strahlenschutzausbildung) measuring institute (National Institute
for Personal Dosimetry and Radiation Protection Training, Berlin) for evaluation after 3 months.
The duration of the operation, occupation (assistant, surgeon, etc.), type of surgery (procedure,
diagnosis), designation of the X-ray unit, total duration of radiation exposure per operation and
dose area product per operation were recorded. Results: Both the evaluation of the dosimeters by
the trauma surgeons and the evaluation of the dosimeters by the hand surgeons and the surgical
assistants revealed no significant radiation exposure of the eye lens in comparison to the respective
measured reference dosimeters. Conclusions: Despite the drastic reduction of the eye lens dose
limit from 150 mSv per year to 20 mSv per year, the limit for orthopedic, trauma and hand surgery
operations is well below the limit in this setting.

Keywords: eye lens dose; eye dosimetry; fracture; C-arm X-ray; trauma surgeon; hand surgeon;
surgical assistant; dosis area product

1. Introduction

Directive 2013/59/EURATOM [1] of the Council of the European Union, published in 2014, provides
for a significant reduction in the dose limit for the ophthalmic lens under occupational radiation
exposure from 150 mSv/year to 20 mSv/year. The directive was transposed into national law in the form
of the German Radiation Protection Law [2] in combination with the German Radiation Protection
Ordinance [3] and thus the dose limit values of 20 mSv per year or 100 mSv in 5 years in occupationally
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exposed persons must not be exceeded, in the latter case 50 mSv per year may not be exceeded.
The recommendations of the International Commission on Radiation Protection of 2012 [4] are hereby
implemented. The background to this was radiobiological and epidemiological findings, which pointed
out that the risk of cataracts after exposure to ionized radiation has been underestimated.

To date, the International Commission on Radiological Protection has assumed that cataract is
clearly a deterministic effect with threshold doses of 0.5-2 Gy after acute exposure and 5-6 Gy after
long-term exposure [5]. These previous thresholds were the basis for the previous limit of 150 mSv/year.
However, more recent studies have shown that there are specific suspected cases below 100 mGy [6].

Inrecent years, a large number of radiological exposure studies have been published by radiological
imaging procedures of surgical medical personnel [6-48]. The largest share was related to interventional
cardiology and gastroenterology, while significantly fewer studies were found for orthopedic and
trauma surgery [7]. So the data situation is limited to the examination of the radiation exposure of
the eye lens dose during trauma/orthopedic interventions, especially against the background of the
reduced limit of 20 mSv/year [12].

The first time, in 1977, Wahl and Even showed that critical levels of ocular radiation exposure are
achieved with longer turn-on times during osteosynthesis, and they explicitly warned against frequent
use for this reason [8]. Miller et al. described an average radiation exposure in the eye area of 0.2 mSv
per operation with a mean fluoroscopic time of 330 seconds in 1983 [20].

By the end of the 1990s, Fuchs et al. [9-11] presented results of a prospective study on the
radiographic exposure of the surgeon in 24 trauma operations (8-K wire osteosynthesis at the radius,
8 lumbar fixator internal (LWS) and eight intramedullary nail osteosynthesis on the femur) by
perioperative radiographic imaging procedures. For the lens of the eye, a maximum radiation dose of
93.1 uSv was recorded for the treatment of the lumbar spine using an internal fixator. The authors
came to the conclusion that even with a high frequency of operation for the surgeon, there is no danger
of exceeding the statutory limit of 150 mSv per year.

In 2005, Muzzafar et al. [21] reported in the same year an average measured dose of 0.09 mSv
for an intramedullary nail osteosynthesis in the femur, with a mean fluoroscopic time of 233 seconds.
According to the new limit, this would allow a maximum of 220 operations of this kind per year.

In 2010, Konig et al. [12] published results of a prospective study measuring and evaluating the
radiation exposure of eyes, hands and legs for three surgeons, individually for each of them using
intraoperative radiographic imaging techniques. A comparatively high level of radiation exposure to
the eyes was found in forearm, ankle and knee joint operations, with the eye lens dose being sometimes
twice that of the hand [12].

Kim et al. [7] and Kesavachandran et al. [14] came to a similar conclusion regarding the large
variation of the measured radiation doses.

Strohmaier et al. [23] showed in 2017 that no correlation can be established between the measured
dose of the lens dose and the applied dose area product. Many other influencing factors (position of
the personnel during the procedure, height, experience, the patient as a scattering body, etc.) are so
interlocked here that the estimation of the eye lens dose on simple correlation is not possible. The study
also showed that the exposed radiation goggles were not used due to the weight and impracticable
handling of the subjects—with a few exceptions [23]. It is therefore recommended in the medical field
to sensitize the medical staff regarding the radiation exposure. Self-critically, the authors describe that
in orthopedics and trauma surgery, a significant portion of medical staff using perioperative imaging
techniques has not been considered [23].

Against this background, the question arises as to how far the future dose limit will be adhered to
trauma surgery in the day-to-day work of the surgical staff, or whether greater emphasis on preventive
measures may be required.
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2. Materials and Methods

Between February and October 2018, five trauma surgeons, five hand surgeons and five surgical
assistants of the BG Klinikum Hamburg were included in the prospective study. The study was
endorsed by the Ethics Committee of the University of Liibeck (Aktenzeichen 18-069 (11/4/18)) and
each subject has agreed in writing to participate.

The measurement of the radiation exposure of the eye lens was carried out with personalized partial
body dosimeters Hp (0.07) of the brand LPS-TLD-TD 07 (Landesanstalt fiir Personendosimetrie und
Strahlenschutzausbildung, Berlin, Germany). The nominal range is 12 keV- 1250 keV. The evaluation is
carried out by the automatic TLD (thermoluminescent dosimeter) reader (model Thermo Scientific
HARSHAW 6600plus CCD, Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA).

The contribution to the measurement uncertainty due to the energy and angular dependence of
the response is taken into account. At the measuring point (National Institute for Personal Dosimetry
and Radiation Protection Training, Berlin, Germany) five reference dosimeters per participant group
were used to determine the zero effect.

The dosimeter was fixed with a headband and worn above the eyes (Figure 1). The participants of
the study carried the dosimeter constantly during their time in the operating area. The loading and
unloading and storage of the dosimeter took place in the operating room. One reference dosimeter
was deposited for each group at the repository (staff member changing room) and left there for the
entire period of three months.

The personal protective equipment (PPE) of the participants consisted of an X-ray apron and a
thyroid protection. The study participants wore no radiation goggles. Fluoroscan InSight2 Mini C-arm
(Hologic, Marlborough, Massachusetts, USA) and Philips BV Endura mobile C-arm devices (Philips,
Hamburg, Germany) were used as X-ray devices. The dosimeters were sent to the LPS measuring
institute for evaluation after three months.

One participant of the study each from the groups of hand surgeons and the surgical assistants
lost the dosimeter, so data from five trauma surgeons, four hand surgeons and four surgical assistants
could be evaluated. The loss of the two dosimeters was due to the small size and low weight of
the dosimeter; two participants of the study threw away the dosimeter by mistake unnoticed when
removing the surgical cap.

Figure 1. Way of wearing the eye dosimeter.

The duration of surgery, function (assistant, surgeon, surgical assistant), surgical type (procedure,
diagnosis), designation of the X-ray system, total duration of fluoroscopy per operating room and dose
area product per operating room were recorded from the hospital’s information system.

The dose area product (DAP) (unit Gy x cm?) is a measure of dosimetry and basis for calculating
the radiation exposure during an X-ray with an X-ray device (e.g. fluoroscopy, mobile C-arm, etc.)
and corresponds to the product of dose and area irradiated. The absorbed dose is a physical quantity
that indicates the energy imparted by ionizing radiation per unit of mass (unit Gy), whereby the
different biological effects of the different types of radiation are not taken into account. The Gray (gie1)
(unit symbol Gy) is a quantity derived from the International System of Units (SI) units Joule (J) and



Int. ]. Environ. Res. Public Health 2019, 16, 3850 40f 13

Kilogram (kg). It indicates the absorbed dose caused by ionizing radiation and describes the energy
absorbed per mass. The unit is the quotient of the absorbed energy and the mass of the body. 1 Gy =
1]/kg. In order to better compare the absorbed dose of different types of radiation with regard to the
harmful effects on organisms, it is multiplied by a weighting factor, the radiation weighting factor.
It takes into account the relative biological effectiveness of the radiation. Since the radiation weighting
factor is a dimensionless number, the equivalent dose and the absorbed dose have the same dimension.
However, to emphasize the difference between the dose sizes for practical use and since the numerical
value of the dose size may also change due to the radiation weighting factor, Gray is used for energy
doses, and Sievert for weighted dose sizes. For photons, in general, 1 Sievert is equal to 1 Gray, except
in cases of low energy, e.g. radiographic imaging (C-arm) used in the study where the photoelectric
effect dominates.

Statistics: The statistical analysis of the collected data was done with the software SAS 9.2 (SAS
Institute Inc., Cary, NC, USA). From the collected data, mean, standard deviation, median, 1st quartile
and 3rd quartile as well as minimum and maximum were calculated descriptively. Boxplots were
made using the SAS 9.2 software (SAS Institute Inc., Cary, NC, USA). All other graphs were made
using the Microsoft Excel®software (Microsoft, Redmont, USA).

3. Results

During the study period, a total of 1100 surgeries were performed by the probands involved,
including 655 operations using radiological imaging techniques.

3.1. Results—Trauma Surgeons

In 249 surgeries with intraoperative X-rays, maximum dose area products occurred for trauma
surgeons in thoracic fractures of 4.6 Gy x cm?, followed by lumbar fractures of 3 Gy * cm? and femur
fractures of 1.8 Gy * cm? (Figure 2). The mean dose area product was 1.95 Gy * cm? for spinal surgery
and 0.08 Gy * cm? for fracture reduction (Figure 3). The X-ray devices issue the dose area product with
the fourth decimal place. This is not necessary for the reader, so we have limited the values to two
decimal places.

Malleolar fracture 0.16

Tibial plateau fracture 0.19

Femoral fracture

-
@
o

Fracture type

0.0 0.5 1.0 1.5 20 25 3.0 35 4.0 4.5 5.0
Maximum dose area product (DAP) (Gy*cm?)

Figure 2. Maximum dose area product for trauma surgeons, according to fracture type.
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Figure 3. Mean dose area product for trauma surgeons, according to procedure type.

3.2. Results—Hand Surgeons

In 169 surgeries with intraoperative X-rays, maximum dose area products occurred for hand
surgeons in fractures of the Os scaphoid with 0.57 Gy x cm?, followed by 0.45 Gy X cm? fractures of
the metacarpals and 0.39 Gy x cm? fractures of the ulna and radius (Figure 4). Most procedures with
intraoperative X-ray diagnostics were reduction of fractures (n = 76), operations on other bones (1 = 40)
and manual operations (1 = 30). The mean dose area product was 0.12 Gy X cm? for fracture reduction,
0.07 Gy x cm? for arthroscopic joint surgery and 0.04 for manual surgery Gy x cm? (Figure 5).

Traumatic ligament rupture hand 0.12

Fracture collum intermediate hand 0.18

Fracture ulna+radius - 0.39
Fracture metacarpal bones - 0.45
Fracture os scaphoideum hand - 0.57

0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Maximum dose area product (DAP) (Gyxcm?)

Fracture type

Figure 4. Maximum dose area product for hand surgeons, according to fracture type.
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Figure 5. Mean dose area product for hand surgeons, according to procedure type.

3.3. Results Surgical Assistants

60of 13

In 237 surgeries with intraoperative X-rays, maximum dose area products occurred for surgical
assistants in 4.5 Gy x cm? in thoracic fractures, followed by lumbar fractures of 3 Gy x cm? and femur
fractures of 1.5 Gy X cm? (Figure 6). The mean dose area product was 0.6 Gy X cm? for surgery on the

spine, 0.6 Gy x cm? for access to craniocervical junction and cervical spine surgery and 0.1 Gy X cm

for fracture reduction (Figure 7).

Fracture phalanx other finger

Femoral neck fracture

Fracture type

Femoral fracture _ 1.50

Thoracic fracture

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0

Figure 6. Maximum dose area product for surgical assistants, according to fracture type.
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Figure 7. Mean dose area product for surgical assistants, according to procedure type.
3.4. Comparison of Results

Table 1 shows the statistical characteristics of fluoroscopy time, dose area product and duration of
surgery, in which intraoperative X-ray was performed.

Table 1. Statistical characteristics of fluoroscopy time, dose area product and duration of surgery.

Surgeries with Intraoperative X-Rays

Statistical Trauma Surgeons Hand Surgeons Surgical Assistants
Characteristics (n =249) (n =169) (n =237)
Duration of radioscopy (Sec)

Median 8 29 11
Quartil 1 3 9 4
Quartil 3 21 63 36

Minimum 1 1 1
Maximum 230 305 407
Dose area product (Gy X cm?)

Median 0.02 0.03 0.02
Quartil 1 0.01 0.01 0.01
Quartil 3 0.04 0.08 0.08

Minimum <0.00 <0.00 <0.00
Maximum 4.6 0.57 447
Duration of the surgery (Min)

Median 59 70 69
Quartil 1 38 42 42
Quartil 3 81 119 102

Minimum 10 5 10
Maximum 229 512 638

Both the evaluation of the dosimeters by the trauma surgeons and the evaluation of the dosimeters
by the hand surgeons and the surgical assistants revealed no significant radiation exposure of the eye
lens in comparison to the respective measured reference dosimeters (Figure 8, Table 2).
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Figure 8. The mean of eye lens dose of the three participant groups (mid-blue) before deduction of
the zero effect (measuring point measuring institute LPS) each compared to the mean and standard
deviation of the reference dosimeter dose (light blue). The graphic is scaled to the eye lens dose limit of
20 mSv (red line). The values are extrapolated to 1 year.

Table 2. Annual radiation exposure.

Hand Surgeons Trauma Surgeons Surgical Assistants
. Participants  Reference  Participants Reference  Participants Reference
Statistical
. (mSv) (mSv) (mSv) (mSv) (mSv) (mSv)
Characteristics

n=4 n=>5 n=>5 n=>5 n=4 n=>5

Mean 1.20 1.06 1.22 1.29 1.22 0.84
Standard deviation 0.10 0.26 0.16 0.08 0.04 0.04

The evaluated reference dosimeters, that were in the surgeons changing room during the three
months, showed the same measured values as the measured zero effect at the measuring point
LPS (National Institute for Personal Dosimetry and Radiation Protection Training, Berlin, Germany).
The zero effect represents the measured natural radiation exposure. After subtracting the measured
zero effect (measuring point measuring institute LPS), very low to negligible net values with respect
to the radiation exposure of the eye lens were found, with the highest load of 0.1 mSV + 0.03 in the
surgical assistants. The hand surgeons’ reference dosimeter showed a value of 0.266 + 0.065 mSv
over the three-month measurement period, so 1.065 mSv are assumed when extrapolated for the year.
The trauma surgeons’ reference dosimeter showed a value of 0.323 + 0.02 mSv over the three-month
measurement period, so 1.292 mSv are assumed when extrapolated for the year. The surgical assistants’
reference dosimeter showed a value of 0.209 + 0.011 mSv over the three-month measurement period,
so 0.836 mSv are assumed when extrapolated for the year. Because of the fact that the duration of the
measurement period is different for all three groups (the time from the erasure of the dosimeter to the
readout), the three zero effects of our reference dosimeters differ.

4. Discussion

Intraoperative X-ray diagnostics were used in 655 operations of our study. The fluoroscopy time
varied on average between 19 and 49 seconds. In addition, maximum dose area products were found to
be 4.6 Gy * cm? in thoracic fractures, followed by lumbar fractures of 3 Gy * cm? and femur fractures of
1.8 Gy * cm?. Despite the fluoroscopy time and the sometimes-high radiation dose administered, it was
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not possible to detect an increased radiation dose to the eye lens compared to the reference dosimeters.
This suggests that the individual behaviors of the surgeons and surgical assistants of the BG Klinikum
Hamburg (hospital of The Hospital Group of the Statutory Accident Insurance, Berlin, Germany) are
efficient with regard to compliance with the radiation protection measures. Limiting to the study are
certainly the small number of study participants and the short examination period of only three months.
Due to the diversity of the examined surgeries covering the entire spectrum of orthopedics, trauma
surgery and hand surgery, a standardized description of the operating room and operating behavior is
not possible. Depending on the surgical procedure (microscopic hand surgery, trauma spine surgery
etc.), the surgeon’s position relative to the radiation source as well as the viewing direction during
image acquisition always changed. Also, a standardized distance between the operator and imager
cannot be specified, which is also due to the diversity of the examined operations and the differences
between the specializations of the surgeons. Since there is no interventional cardiology, radiology
or gastroenterology in our facility, to which the surgical assistants involved in the study could be
assigned, the study is only transferable to trauma hospitals with the same spectrum of operations.

Medical personnel, specifically operating personnel who are exposed to perioperative X-rays,
as the literature shows, are subject to a significantly increased risk of radiation-induced cataracts.
For this reason, the limit value for the eye lens in 2018 has been drastically reduced from 150 mSv/year
to 20 mSv/year [3]. Strohmaier et al. showed in 2017 that there is neither a correlation between
the measured dose of the eye lens nor the applied dose area product (in Gy) nor the number of
interventions [23].

Investigations at the beginning of the use of intraoperative X-ray diagnostics (non-radiologist
imaging) have shown that high doses of radiation are delivered to the patient and medical staff so that
immediate or long-term radiogenic effects can be caused [8,20].

Since the introduction of the first C-arm in 1955, not only the technology has evolved rapidly.
Through automatic dose rate control, dose rate limitation, pulsed fluoroscopy, improved detection
technology with effective beam limitation on image intensifier diameter and digital image processing,
the applied dose has been significantly reduced in recent years with improved image quality. At the
same time, more attention has been paid to the topic of radiation protection, especially in the case
of operationally active personnel, at the beginning of training (specialist in radiation protection
“Fachkunde Strahlenschutz”). In radiation protection, structural measures can be distinguished from
apparatus-related and personnel-operational measures. The use of classical C-arms in the operating
room presents more difficult conditions in terms of radiation protection compared to the fixed
radioscopy units: little own shielding, no spatially limited control area, no constructional protective
measures for the OR (Operating Room) staff, little distance between staff member and patient, often
above table arrangement of the radiation source and often long fluoroscopy times. Therefore, in
particular the personnel-operational protective measures have been optimized as a focus for the
prevention of radiation damage. In terms of fluoroscopy time, the use of interval-pulse fluoroscopy
and load-image-hold technology can be significantly reduced perioperatively. In addition, the laser
aiming device of modern C-arms greatly reduces orientation radiation.

Various studies have shown that in addition to a minimization of fluoroscopy time, a large distance
to the radiation source is the most effective protection, since a further decisive point of radiation
protection is compliance with the inversed square law: The dose is reduced quadratically with the
distance from the radiation source.

For a long time, the over-table position of the radiation source in the operating room was
considered to be the better, especially as it ensured the surgeon’s working height. Modern new
flat-panel image detectors can be significantly space-saving and thus solve the problem of working
height at under-table position. But not only the anterior-posterior orientation of the C-arm plays a
crucial role—the positioning in the lateral beam path is also a key factor. Rampersaud et al. evaluated
that the dose to the torso of the surgeon may be very high in spine surgery with lateral orientation of
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the C-arm, particularly on the side of the X-ray source. On the detector side, i.e. in the direction of
radiation, the dose area product to the torso of the surgeon is much lower [48].

Surgery on the spine, with a mean dose area product of 1.95 Gy * cm? per procedure, is by far the
highest radiation exposure for our hospital. This has also been described in previous studies [8-13].
A 2005 study by Harstall et al. [21] reported an equivalent dose of 11.9 mSv per year for 2 spinal
surgeons, who had performed 32 vertebroplasties together during this period. This would correspond
to approximately 60% of the new limit of 20 mSv/year. As another limiting factor of our study, it should
be noted that, despite the high number of evaluated surgeries using intraoperatively native radiographic
imaging techniques, the spinal interventions represent only a relatively small percentage (3%). This is
certainly due to the operational portfolio of our company as a maximume-care, trans-regional trauma
center. For smaller clinics, where the percentage of age trauma or elective minimally invasive spine
surgery is significantly higher, the radiation exposure of surgeons and surgical assistants be significantly
increased. Therefore, the strict compliance with the radiation protection measures should be even
more important for these departments. Here it would certainly be useful in a further investigation to
firmly investigate the radiation exposure of the lens in spine surgery.

5. Conclusions

In conclusion, it can be stated that mainly the individual radiation protection measures of the
participants of the study have led to a reduction of the measured eye lens dose to an absolute minimum.
The studied participants represent a mixed collective that can be transferred to other trauma hospitals
that provide emergency care. It shows that the new limit value of 20 mSv/year is clearly not being
met and that the new limit of 20 mSv/year does not require any additional action. Because the risk
of cataract formation cannot be ruled out in principle, wearing X-ray goggles should nevertheless be
considered as worthwhile.

A limitation could be given in special cases, however; surgical interventions on the spine play a
crucial role here. In conclusion, it can thus be stated that the new (reduced) limit value of 20 mSv/year
for the surgeon and his surgical team is complied with, provided that the aforementioned radiation
protection measures are considered and applied.

Author Contributions: Conceptualization, Data curation, Writing—Original draft, Data analysis, Investigation,
Revisions, C.A.; Conceptualization, Formal analysis, Methodology, Data curation, Visualization, B.K;
Conceptualization, Funding acquisition, Project administration, Writing—Review & editing, N.W.; Supervision,
Validation ].D.; Supervision, Writing—Review & editing, A.N.; Conceptualization, Validation, Writing—Review &
editing, K.S.; Conceptualization, H.M.; Funding acquisition, Project administration, C.J.

Funding: This research was funded by the German Social Accident Insurance Institution for the health and
welfare services (BGW).

Acknowledgments: We thank our colleagues from BG Klinikum Hamburg for their participation in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Council Directive 2013/59/Euratom of 5 December 2013 Laying Down Basic Safety Standards for Protection
Against the Dangers Arising from Exposure to Ionising Radiation, And Repealing Directives 89/618/Euratom,
90/641/Euratom, 96/29/Euratom, 97/43/Euratom and 2003/122/Euratom. Available online: https://eur-lex.
europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32013L0059 (accessed on 19 August 2019).

2. Strahlenschutzgesetz vom 27. Juni 2017 (BGBL. IS. 1966), Das Durch Artikel 2 des Gesetzes Vom 27. Juni
2017 (BGBL. IS. 1966) Gedndert Worden Ist. Available online: http://www.gesetze-im-internet.de/strlschg/
StrlSchG.pdf (accessed on 19 August 2019).

3. Strahlenschutzverordnung Vom 29. November 2018 (BGBL. I S. 2034, 2036). Available online: http:
/[www.gesetze-im-internet.de/strlschv_2018/5trlSchV.pdf (accessed on 19 August 2019).


https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32013L0059
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32013L0059
http://www.gesetze-im-internet.de/strlschg/StrlSchG.pdf
http://www.gesetze-im-internet.de/strlschg/StrlSchG.pdf
http://www.gesetze-im-internet.de/strlschv_2018/StrlSchV.pdf
http://www.gesetze-im-internet.de/strlschv_2018/StrlSchV.pdf

Int. |. Environ. Res. Public Health 2019, 16, 3850 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Stewart, FA.; Akleyev, A.V.; Hauer-Jensen, M.; Hendry, ].H.; Kleiman, N.J.; MacVittie, T.].; Aleman, B.M.;
Edgar, A.B.; Mabuchi, K.; Muirhead, C.R; et al. International Commission on Radiological Protection
(ICRP). ICRP Statement on Tissue Reactions / Early and Late Effects of Radiation in Normal Tissues and
Organs—Threshold Doses for Tissue Reactions in a Radiation Protection Context. ICRP Publication 118.
Ann. ICRP 2012, 41, 1-322. [CrossRef]

International Commission on Radiological Protection (ICRP). The 2007 Recommendations of the International
Commission on Radiological Protection. ICRP Publication 103. Ann. ICRP. 2007. Available online:
http://www.icrp.org/publication.asp?id=ICRP%20Publication%20103 (accessed on 19 August 2019).

Little, M.P; Kitahara, C.M.; Cahoon, E.K.; Bernier, M.-O.; Velazquez-Kronen, R.; Doody, M.M.; Borrego, D.;
Miller, J.S.; Alexander, B.H.; Simon, S.L.; et al. Occupational radiation exposure and risk of cataract incidence
in a cohort of US radiologic technologists. Eur. ]. Epidemiol. 2018, 33, 1179-1191. [CrossRef] [PubMed]
Kim, K.P; Miller, D.L.; De Gonzalez, A.B.; Balter, S.; Kleinerman, R.A.; Ostroumova, E.; Simon, S.L.; Linet, M..S.
Occupational radiation doses to operators performing fluoroscopically-guided procedures. Health Phys.
2012, 103, 80-99. [CrossRef]

Wahl, H.G.; Ewen, K. 138. Strahlenbelastung bei unfallchirurgischen Operationen. Langenbeck’s Arch. Surg.
1977, 345, 607-608. [CrossRef]

Fuchs, M.; Schmid, A.; Eiteljorge, T.; Modler, H.; Stiirmer, K.M. Strahlenbelastung des Chirurgen durch
intraoperatives Rontgen: Risiken und Dosismanagement im OP. In Vielfalt und Einheit der Chirurgie Humanitit
und Wissenschaft; Springer: Berlin/Heidelberg, Germany, 1998; pp. 1111-1113.

Fuchs, M.; Schmid, A.; Eiteljorge, T.; Modler, M.; Stiirmer, K.M. Exposure of the surgeon to radiation during
surgery. Int. Orthop. 1998, 22, 153-156. [CrossRef] [PubMed]

Fuchs, M.; Modler, H.; Schmid, A.; Dumont, C.; Modler, H.; Stiirmer, K.M. Messung der intraoperativen
Strahlenexposition des Unfallchirurgen. Unfallchirurg 1999, 102, 371-376. [CrossRef] [PubMed]

Konig, B.; Freude, T.; Miiller, B.; Renker, F,; Figel, M.; Stockle, U. Lokalisations-Bezogene Strahlenbelastung
fiir Unfallchirurgen im OP—Prospektive Auswertung Separater Einzelmessungen fiir Augen, Hande und
Streustrahlung. Available online: https://www.egms.de/static/en/meetings/dkou2010/10dkou291.shtml
(accessed on 19 August 2019).

Mariscalco, M.W.; Yamashita, T.; Steinmetz, M.P.; Krishnaney, A.A.; Lieberman, I.H.; Mroz, T.E. Radiation
exposure to the surgeon during open lumbar microdiscectomy and minimally invasive microdiscectomy,
a prospective; controlled trial. Spine 2011, 36, 255-260. [CrossRef]

Kesavachandran, C.N.; Haamann, F; Nienhaus, A. Radiation exposure of eyes, thyroid gland and hands in
orthopaedic staff: a systematic review. Eur. |. Med. Res. 2012, 17, 28. [CrossRef] [PubMed]

Lonjon, N.; Le Corre, M.; Le Roy, ]J.; Greffier, J.; Fuentes, S.; Tonetti, J.; Charles, Y.P.; Blondel, B.;
Kouyoumdjian, P. Surgeon’s and Patient’s Radiation Exposure Through Vertebral Body Cement Augmentation
Procedures: A Prospective Multicentric Study of 49 Cases. World Neurosurg. 2016, 93, 371-376. [CrossRef]
Romanova, K.; Vassileva, J.; Alyakov, M. Radiation exposure to the eye lens of orthopaedic surgeons during
various orthopaedic procedures. Radiat. Prot. Dosim. 2015, 165, 310-313. [CrossRef]

Schiitz, U.; Beer, M.; Wild, A.; Oehler, S.; Kraus, M. Radiation protection during C-arm based spine
interventions in orthopedics and traumatology. OUP 2016, 4, 224-237. [CrossRef]

Bera, G.; Gellie, G.; Jamet, E.; Entine, F.; Michel, X. Eye lens radiation exposure of workers during medical
interventional procedures and surgery. Radiat. Prot. Dosim. 2018, 182, 323-328. [CrossRef] [PubMed]
Coppeta, L.; Pietroiusti, A.; Neri, A.; Spataro, A.; De Angelis, E.; Perrone, S.; Magrini, A. Risk of
radiation-induced lens opacities among surgeons and interventional medical staff. Radiol. Phys. Technol.
2019, 12, 26-29. [CrossRef] [PubMed]

Miller, M.E.; Davis, M.L.; MacClean, C.R.; Davis, ].G.; Smith, B.L.; Humphries, J.R. Radiation exposure and
associated risks to operating-room personnel during use of fluoroscopic guidance for selected orthopaedic
surgical procedures. J. Bone Jt. Surg. Am. Vol. 1983, 65, 1-4. [CrossRef]

Harstall, R.; Heini, P.F; Mini, R.L.; Orler, R. Radiation exposure to the surgeon during fluoroscopically
assisted percutaneous vertebroplasty: A prospective study. Spine 2005, 30, 1893-1898. [CrossRef] [PubMed]
Muzaffar, T.S.T.; Imran, Y.; Iskandar, M.A.; Zakaria, A. Radiation exposure to the surgeon during femoral
interlocking nailing under fluoroscopic imaging. Med. J. Malays. 2005, 60, 26-29.


http://dx.doi.org/10.1016/j.icrp.2012.02.001
http://www.icrp.org/publication.asp?id=ICRP%20Publication%20103
http://dx.doi.org/10.1007/s10654-018-0435-3
http://www.ncbi.nlm.nih.gov/pubmed/30151727
http://dx.doi.org/10.1097/HP.0b013e31824dae76
http://dx.doi.org/10.1007/BF01305583
http://dx.doi.org/10.1007/s002640050230
http://www.ncbi.nlm.nih.gov/pubmed/9728306
http://dx.doi.org/10.1007/s001130050420
http://www.ncbi.nlm.nih.gov/pubmed/10409910
https://www.egms.de/static/en/meetings/dkou2010/10dkou291.shtml
http://dx.doi.org/10.1097/BRS.0b013e3181ceb976
http://dx.doi.org/10.1186/2047-783X-17-28
http://www.ncbi.nlm.nih.gov/pubmed/23111028
http://dx.doi.org/10.1016/j.wneu.2016.05.070
http://dx.doi.org/10.1093/rpd/ncv122
http://dx.doi.org/10.3238/oup.2016.0224-237
http://dx.doi.org/10.1093/rpd/ncy068
http://www.ncbi.nlm.nih.gov/pubmed/30590843
http://dx.doi.org/10.1007/s12194-018-0487-9
http://www.ncbi.nlm.nih.gov/pubmed/30478501
http://dx.doi.org/10.2106/00004623-198365010-00001
http://dx.doi.org/10.1097/01.brs.0000174121.48306.16
http://www.ncbi.nlm.nih.gov/pubmed/16103862

Int. |. Environ. Res. Public Health 2019, 16, 3850 12 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Strohmaier, J.; Naber, C. Untersuchungen zur Strahlenexposition der Augenlinse von beruflich
Strahlenexponiertem Personal.  Available online: https://www.bmu.de/fileadmin/Daten_BMU/Pools/
Forschungsdatenbank/fkz_3613_s_40011_strahlenexposition_augenlinse_bf.pdf (accessed on 19 August 2019).
Pugliese, M.; Amatiello, A.; Correra, M.; Stoia, V.; Cerciello, V.; Roca, V.; Loffredo, F; Fiore, E; La Verde, G.
Evaluation of the current status of the eye lens radiation exposure in an Interventional Radiology department.
Med. Lav. 2018, 109, 471-477. [CrossRef]

Nowak, M.; Sans-Merce, M.; Lemesre, C.; Elmiger, R.; Damet, ]. Eye lens monitoring programme for medical
staff involved in fluoroscopy guided interventional procedures in Switzerland. Phys. Medica 2019, 57, 33-40.
[CrossRef]

Boulffler, S.; Peters, S.; Gilvin, P,; Slack, K.; Markiewicz, E.; Quinlan, R.; Gillan, J.; Coster, M.; Barnard, S.;
Rothkamm, K.; et al. The lens of the eye: exposures in the UK medical sector and mechanistic studies of
radiation effects. Ann. ICRP 2015, 44, 84-90. [CrossRef]

Carinou, E.; Ferrari, P.; Bjelac, O.C.; Gingaume, M.; Merce, M.S.; O’Connor, U. Eye lens monitoring for
interventional radiology personnel: Dosemeters, calibration and practical aspects ofHp(3) monitoring.
A 2015 review. . Radiol. Prot. 2015, 35, R17-R34. [CrossRef]

Covens, P;; Dabin, J.; De Troyer, O.; Dragusin, O.; Maushagen, J.; Struelens, L. Track, calculate and optimise
eye lens doses of interventional cardiologists using mEyeDose and mEyeDose_X. J. Radiol. Prot. 2018, 38,
678-687. [CrossRef] [PubMed]

Yoder, R.C.; Dauer, L.T.; Balter, S.; Boice, ].D.; Grogan, H.A.; Mumma, M.T.; Passmore, C.N.; Rothenberg, L.N.;
Vetter, R.J.; Yoder, R.C. Dosimetry for the study of medical radiation workers with a focus on the mean
absorbed dose to the lung, brain and other organs. Int. J. Radiat. Biol. 2018, 1-12. [CrossRef] [PubMed]
Cretti, F. Assessment of occupational radiation dose in interventional settings. Med. Lav. 2018, 109, 57-67.
[CrossRef] [PubMed]

Domienik-Andrzejewska, ] K.; Ciraj-Bjelac, O.; Askounis, P.; Covens, P.; Dragusin, O.; Jacob, S.; Farah, J.;
Gianicolo, E.; Padovani, R.; Teles, PM.P; et al. Past and present work practices of European interventional
cardiologists in the context of radiation protection of the eye lens—Results of the EURALOC study. J. Radiol.
Prot. 2018, 38, 934-950. [CrossRef] [PubMed]

Alejo, L.; Koren, C.; Corredoira, E.; Sanchez, F.; Bayon, J.; Serrada, A.; Guibelalde, E. Eye lens dose correlations
with personal dose equivalent and patient exposure in paediatric interventional cardiology performed with
a fluoroscopic biplane system. Phys. Medica 2017, 36, 81-90. [CrossRef] [PubMed]

Bahruddin, N.A; Hashim, S.; Karim, M.K.A; Sabarudin, A.; Ang, W.C.; Salehhon, N.; Bakar, K.A. Radiation
dose to physicians’ eye lens during interventional radiology. J. Phys. Conf. Ser. 2016, 694, 12035. [CrossRef]
Behrens, R.; Hupe, O.; Busch, F; Denk, J.; Engelhardst, J.; Giinther, K.; Hodlmoser, H.; Jordan, M.; Strohmaier, J.
Intercomparison of eye lens dosemeters. Radiat. Prot. Dosim. 2017, 174, 6-12. [CrossRef]

Héusler, U.; Czarwinski, R.; Brix, G. Radiation exposure of medical staff from interventional x-ray procedures:
A multicentre study. Eur. Radiol. 2009, 19, 2000-2008. [CrossRef]

Hartmann, J.; Distler, E.A.; Baumdiiller, M.; Guni, E.; Pahernik, S.; Wucherer, M.; Baumueller, M.; A Pahernik, S.
Risk of Radiation-Induced Cataracts: Investigation of Radiation Exposure to the Eye Lens During
Endourologic Procedures. J. Endourol. 2018, 32, 897-903. [CrossRef]

Khan, D.Z.; Lacasse, M.C.; Khan, R.; Murphy, K.J. Radiation Cataractogenesis: The Progression of Our
Understanding and Its Clinical Consequences. J. Vasc. Interv. Radiol. 2017, 28, 412-419. [CrossRef]
Krisanachinda, A.; Srimahachota, S.; Matsubara, K. The current status of eye lens dose measurement in
interventional cardiology personnel in Thailand. Radiol. Phys. Technol. 2017, 10, 142-147. [CrossRef]
[PubMed]

Matsubara, K.; Lertsuwunseri, V.; Srimahachota, S.; Krisanachinda, A.; Tulvatana, W.; Khambhiphant, B.;
Sudchai, W.; Rehani, M. Eye lens dosimetry and the study on radiation cataract in interventional cardiologists.
Phys. Medica 2017, 44, 232-235. [CrossRef] [PubMed]

Mendelsohn, D.; Strelzow, J.; Dea, N.; Ford, N.L.; Batke, J.; Pennington, A.; Yang, K.; Ailon, T.; Boyd, M.;
Dvorak, M.; et al. Patient and surgeon radiation exposure during spinal instrumentation using intraoperative
computed tomography-based navigation. Spine J. 2016, 16, 343-354. [CrossRef] [PubMed]
Piwowarska-Bilska, H.; Supinska, A.; Iwanowski, J.; Birkenfeld, B. Should Personnel of Nuclear Medicine
Departments Use Personal Dosimeters for Eye Lens Dose Monitoring? Radiat. Prot. Dosim. 2018, 183,
393-396. [CrossRef] [PubMed]


https://www.bmu.de/fileadmin/Daten_BMU/Pools/Forschungsdatenbank/fkz_3613_s_40011_strahlenexposition_augenlinse_bf.pdf
https://www.bmu.de/fileadmin/Daten_BMU/Pools/Forschungsdatenbank/fkz_3613_s_40011_strahlenexposition_augenlinse_bf.pdf
http://dx.doi.org/10.23749/mdl.v110i6.7286
http://dx.doi.org/10.1016/j.ejmp.2018.12.001
http://dx.doi.org/10.1177/0146645314560693
http://dx.doi.org/10.1088/0952-4746/35/3/R17
http://dx.doi.org/10.1088/1361-6498/aab2e4
http://www.ncbi.nlm.nih.gov/pubmed/29488905
http://dx.doi.org/10.1080/09553002.2018.1549756
http://www.ncbi.nlm.nih.gov/pubmed/30451566
http://dx.doi.org/10.23749/mdl.v109i1.5753
http://www.ncbi.nlm.nih.gov/pubmed/29405178
http://dx.doi.org/10.1088/1361-6498/aac64b
http://www.ncbi.nlm.nih.gov/pubmed/29780037
http://dx.doi.org/10.1016/j.ejmp.2017.03.015
http://www.ncbi.nlm.nih.gov/pubmed/28410690
http://dx.doi.org/10.1088/1742-6596/694/1/012035
http://dx.doi.org/10.1093/rpd/ncw051
http://dx.doi.org/10.1007/s00330-009-1388-4
http://dx.doi.org/10.1089/end.2018.0324
http://dx.doi.org/10.1016/j.jvir.2016.11.043
http://dx.doi.org/10.1007/s12194-017-0403-8
http://www.ncbi.nlm.nih.gov/pubmed/28551839
http://dx.doi.org/10.1016/j.ejmp.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29054516
http://dx.doi.org/10.1016/j.spinee.2015.11.020
http://www.ncbi.nlm.nih.gov/pubmed/26686604
http://dx.doi.org/10.1093/rpd/ncy118
http://www.ncbi.nlm.nih.gov/pubmed/30053275

Int. |. Environ. Res. Public Health 2019, 16, 3850 13 of 13

42.

43.

44.

45.

46.

47.

48.

Rathmann, N.; Kostrzewa, M.; Kara, K.; Bartling, S.; Haubenreisser, H.; O Schoenberg, S.; Diehl, S.J. Radiation
exposure of the interventional radiologist during percutaneous biopsy using a multiaxis interventional
C-arm CT system with 3D laser guidance: A phantom study. Br. ]. Radiol. 2015, 88, 20150151. [CrossRef]
[PubMed]

Seals, K.F; Lee, EW.; Cagnon, C.H.; Al-Hakim, R.A.; Kee, S.T. Radiation-induced cataractogenesis, a critical
literature review for the interventional radiologist. Cardiovasc. Intervent. Radiol. 2016, 39, 151-160. [CrossRef]
[PubMed]

Silva, E.H.; Struelens, L.; Covens, P; Ueno, S.; Koguchi, Y.; Vanhavere, F; Buls, N. Optimization
of a radiophotoluminescent glass dosimeter for occupational eye lens dosimetry in interventional
radiology/cardiology. Radiat. Prot. Dosim. 2018, 182, 177-183. [CrossRef]

Struelens, L.; Dabin, ].; Carinou, E.; Askounis, P.; Ciraj-Bjelac, O.; Domienik-Andrzejewska, J.; Berus, D.;
Padovani, R.; Farah, J.; Convens, P. Radiation-Induced Lens Opacities among Interventional Cardiologists,
Retrospective Assessment of Cumulative Eye Lens Doses. Radiat. Res. 2018, 189, 399-408. [CrossRef]
Suzuki, A.; Matsubara, K.; Sasa, Y. Measurement of radiation doses to the eye lens during orthopaedic
surgery using an C-arm X-ray system. Radiat. Prot. Dosim. 2018, 179, 189-195. [CrossRef]

Yamashita, K.; Higashino, K.; Wada, K.; Morimoto, M.; Abe, M.; Takata, Y.; Sakai, T.; Fukui, Y.; Sairyo, K.
Radiation Exposure to the Surgeon and Patient During a Fluoroscopic Procedure: How High Is the Exposure
Dose? A Cadaveric Study. Spine 1976, 41, 1254-1260. [CrossRef]

Rampersaud, Y.R.; Foley, K.T.; Shen, A.C.; Williams, S.; Solomito, M. Radiation exposure to the spine surgeon
during fluoroscopically assisted pedicle screw insertion. Spine 2000, 25, 2637-2645. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1259/bjr.20150151
http://www.ncbi.nlm.nih.gov/pubmed/26370153
http://dx.doi.org/10.1007/s00270-015-1207-z
http://www.ncbi.nlm.nih.gov/pubmed/26404628
http://dx.doi.org/10.1093/rpd/ncy046
http://dx.doi.org/10.1667/RR14970.1
http://dx.doi.org/10.1093/rpd/ncx250
http://dx.doi.org/10.1097/BRS.0000000000001542
http://dx.doi.org/10.1097/00007632-200010150-00016
http://www.ncbi.nlm.nih.gov/pubmed/11034650
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Results—Trauma Surgeons 
	Results—Hand Surgeons 
	Results Surgical Assistants 
	Comparison of Results 

	Discussion 
	Conclusions 
	References

