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Abstract

Computed tomography (CT) is a routinely employed diagnostic tool for the
detection and diagnosis of disease processes. Despite the primary focus of
radiation dose reduction and improvements in CT scanners, radiation dose
exposure remains an ever-increasing concern. Scanning protocol optimisation
relative to body weight and scanner manufacturer still lags behind the dia-
gnostic reference levels (DRLs) that are set on an international scale. The aim
of this systematic review is to evaluate the current status of adult DRLs in
head, chest and abdominopelvic CT over time on a global scale. A search was
carried out in early 2019 using the Medline, PubMed, EMBASE, SCOPUS and
manual databases. The reference lists of published articles were also assessed
to identify further articles. The preferred reporting items for systematic reviews
and meta-analyses (PRISMA) methodology was employed to evaluate articles
for relevance. Articles were included if they assessed the DRL in head, chest
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and abdominopelvic scans. The search resulted in 6079 articles, of which
67 were included after a thorough screening process. The literature demon-
strates a wide dose variation in reported head, chest and abdominopelvic dose
length product (DLP) DRL, ranging from 700-1359, 330-707 and 550-1486
mGy-cm, respectively. Where reported, the volumed CT dose index (CTDI,))
DRL in the head, chest and abdominopelvic studies ranged from 30.4-85.5,
9-15 and 12.3-31 mGy-cm, respectively. The global means were shown to
be slightly lower and significantly lower than the reported values of DLP and
CTDI,, values for the American College of Radiology and European Com-
mission, respectively. This review emphasises the need for an international
standardisation for head and body DRL establishment methods, to provide a
more comparable global measurement of dose variations across CT sites as
well as regular monitoring of delivered radiation dose to patients.

Keywords: dose length product (DLP),

volumed computed tomography dose index (CTDI,),

diagnostic reference level (DRL), computed tomography (CT), radiation
protection and radiation dose

(Some figures may appear in colour only in the online journal)
1. Introduction

The number of computed tomography (CT) scanners and examinations performed have grown
considerably in the last decade, with an estimated growth of 10% every year for both scan-
ner installation and examinations [1]. The probability of inducing harmful stochastic effects
increases with the increased utilisation of CT, the most hazardous effect potentially being can-
cer [2]. Even with the as low as reasonably achievable (ALARA) principle and the intention of
reducing radiation dose exposure and maintaining optimal quality, the radiation dose delivered
is still ever-increasing [1]. The question remains: how much have we reduced the radiation
dose with the employment of diagnostic reference levels (DRLs)?

The DRL is a concept that was first introduced in 1996 by the International Commission of
Radiation Protection (ICRP) in their 73rd publication [3]. In their 135th issue, it was defined
as ‘a form of investigation level used to identify situations where optimisation of protection
may be required in the medical exposure of patients’ [3]. This concept is seen as an indic-
ator for optimal imaging techniques and to tailor the examination according to the patient’s
body habitus and clinical information [4]. In order to combat the risk of developing radiation-
induced biological effects (mainly cancer), the DRL should be regularly monitored [3].

There are several methods to quantify the radiation dose delivered in CT. CT dose
index (CTDI ) is one measure of radiation output. It represents the average absorbed dose
in the z-axis from a series of scans. In particular, CTDI,, (volume) is the common meas-
urement taken and utilised by The American College of Radiology (ACR) for accreditation
purposes [5]. CTDI,, calculates the dose using specialised, ionisation-chamber dosimeters,
the ratio of slices and the pitch factor [3]. Although easily accessible to radiologists, it provides
information on the intensity of the radiation rather than the dose quantity. CTDI,,, is calculated
using the following formula:

CTDl,, = CTDI,/pitch,
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where pitch is the ratio of the table increment per gantry rotation to the total nominal beam
width [3].

Dose length product (DLP) is another common measurement that calculates the total dose
given from a scan acquisition by multiplying the CTDI,; with scan length:

DLP (mGy-cm) = CTDI,, (mGy) - scan length (cm).

DLP provides more accuracy in reflecting the potential biological effect from radiation
exposure [3].

DLP and CTDI,, are found in post-scan dose reports most of the time and are accessible to
radiologists. They are often embedded in articles for the purpose of comparing and calculating
dose averages in different countries or areas and reflect the total amount of radiation absorbed,
and thus estimate probable risks to the body [3].

The aim of this systematic review is to gather all the available data to date and determine
the current status of adult DRL in head, chest, and abdominopelvic CT. The 75th percentile
of the proposed DRL will be used because it allows the detection of outliers due to potential
extreme high or low doses [6]. The rationale is to lay out the current information on DRL,
given by each country’s practices, and address certain gaps that are underlying today’s prac-
tices in CT scanning, including the variation and reporting of data. The aim of this study is to
ascertain whether or not improvement in the global DRL, the inter-variation of nations, and
the advancements in CT scans and technology have produced a reduction in global DRL.

2. Methodology

2.1 Search strategy

We conducted this review using the preferred reporting items for systematic reviews and meta-
analyses (PRISMA) methodology, recommended for conducting systematic reviews in accord-
ance with the PRISMA checklist for including all items that applied to this review [7, 8]. A
search for relevant studies was conducted on the following databases: MEDLINE (OVID SP)
(Ovid MEDLINE(R) and Epub Ahead of Print, In-Process & Other Non-Indexed Citations and
Daily 1946 to 5 February 2019); Embase.com; PubMed; and Scopus. The search strategies are
reported in full in the appendix.

The search strategy combined the controlled vocabulary ‘Medical Subject Headings’
(MeSHs) in Medline (OVID), Pubmed, and Emtree in Embase.com, with keywords of the
three different concepts in our topic: DRL, CT and reference levels. Limitations in terms of
publication years, gender, publication types, or age were not applied to keep the search as
broad and highly sensitive as possible. We did not perform grey literature searches or refer to
unpublished documents because of time constraints and a lack of resources.

Results from Medline (OVID) (4219 results), Embase (5869 results), Pubmed (2822 res-
ults) and Scopus (4388 results) were exported to the citation manager tool Endnote Client for
the screening process. We focussed on articles that covered national studies; for multiple stud-
ies in the same nation, we collected data from the most recent article for up-to-date information
and directly preceding studies for comparison purposes. All studies were original papers con-
ducted to assess national DRL (NDRL). Two reviewers reviewed and agreed upon all papers
individually based on the inclusion and exclusion criteria mentioned below; a third reviewer
reviewed any paper disagreed upon by the first two reviewers. The screening process started
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DRL
(Only
Radiation Reference levels CT keywords)
Radiometry Reference val- Tomography DRL
ues
Radiation dosage Reference X-ray tomography NDRL
standards
Radiation monitoring X-ray computed DLP
Radiation exposure Tomography, spiral Diagnostic
computed reference
level®
Radiation absorption Imaging, three-
dimensional
Radiation protection Tomography scanners
Radiation scatter Multidetector CT
Radiodiagnosis Computed assisted
tomography

2((MeSH terms used in the combined search strategy along with the keywords for DRL))

in early 2019 and took a period of two months to complete. The two reviewers performed calib-
ration exercises after title and abstract screening, and then 177 articles were eligible/identified
for full-text screening.

2.2. Inclusion criteria

A preliminary screening of titles was performed to identify and include studies that discuss
the radiation doses in routine CT examinations of the brain, chest, abdomen and pelvis. The
screening initially included abstracts that discussed DLP and CTDI, in the previously listed
CT examinations performed on adults (>18 years old) with average weight. For the full-text
review, the reviewers collected data from articles that established only NDRLs in original
studies. The data collected included third quartile and mean DLP, CTDI,, and CTDI,.

2.3. Exclusion criteria

Studies that have been excluded are examinations with specialised protocols, such as colono-
graphy, angiographies and urography, as well as cardiac and extremities examinations. Studies
that focussed on population exposure, trauma, pediatrics, obese patients, or those performed
with low or high resolution protocols were eliminated. Contrast studies were not included.
Non-English-language studies were also excluded.

3. Results

Figure 1 shows the methodology for the study selection process demonstrated via the PRISMA
flowchart. The combined search strategy identified 6075 articles (4148 from Medline, 2822
from Pubmed, 5869 from Embase and 4388 from Scopus) after removing duplicates. An
additional four articles were identified through a manual search, 177 articles were eligible
for full-text review after screening titles and abstracts, and 67 articles were included for data
extraction. We assessed the Cohen’s kappa coefficient to be 99.8% agreement and a coefficient
of 0.996.
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17,227 articles identified 4 articles identified
5 through database search. through manual search
©
L)
[%2]
w 6,079 articles screened by
g title after duplicates
g removed.
5 | 5,332 articles excluded by
e * papers that do not discuss
L DRLs.
747 articles assessed
] through abstract
screening.
fy | 570 articles excluded by
° + papers that do not discuss
2 CT DRLs.
177 articles eligible for
L full-text screening.
| 110 articles excluded
c v through exclusion criteria.
Rel
%]
2 67 articles included.
c

Figure 1. PRISMA flowchart for the selection of studies. The outcomes of the
systematic review of the literature through record identification, screening and analysis
in the PRISMA statement flow diagram.

A summary of the demographic information for the most recently published NDRL articles
is demonstrated in table 1. The variation in the availability of data showed a lack of consistency
in the presentation of information between countries. While some countries had missing demo-
graphic information, others lacked demographics completely. There were varying acceptance
rates ranging from 10% to 100%. Greece [9], Egypt [10], Serbia [11] and Luxembourg [12]
had a 100% acceptance rate. Moreover, the number of scanners spanned from as few as three
scanners [13] to as many as 880 scanners [14]. Other countries did not provide independ-
ent demographics but this information was delivered as a collective by international projects
[15, 16].

The DRL published in each nation’s most recent study is summarised in table 2. The data
listed are third quartile and mean DLP, CTDI,, and CTDI,, values. NDRLs in some nations
were established via multinational projects [15, 16]. On the other hand, some nations estab-
lished more recent DRLs on a local or provincial level, such as Canada [44] and India [4].
However, we only included previous studies that provided national data for the purpose of
this review. Some countries, such as Brazil [45], have only provincial DRL without a national
study and so were excluded.

The DRLs collected in this review showed a wide range of dose values. The following
values were taken from the 75th percentile values. The DRL values for head DLP ranged from
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700-1359 mGycm, with the lowest from Iran and the highest from Japan and Egypt. The DRL
values for CTDI,, ranged from 30.4—85.5 mGycm with the lowest being Egypt and the highest
being Japan.

The DRL values for chest DLP ranged from 289-707 mGy-cm, with the lowest being Tur-
key and the highest being Korea. The DRL values for CTDI,, ranged from 9-20, with the
lowest being Finland and the highest being Republic of Belarus.

Last but not least, the DRL values for abdominopelvic DLP ranged from 470-1486 mGy-cm
with the lowest being Bulgaria and the highest Nigeria. Taking into consideration the variation
in reported abdominopelvic values, some countries reported abdominal and pelvic values sep-
arately. Turkey reported the lowest DLP for the abdomen, 204, and pelvis, 421. The DRL
values for CTDI, ranged from 10-31 mGy-cm with the lowest being Iran and the highest
Egypt.

We compared the changes in DLP and CTDI,, between the most recent and preceding
studies for countries that have established an NDRL in more than one survey, for the purpose
of analysing the difference in dose values over the years. We were able to compare a total of 14
countries due to the availability of values adequate for reliable comparisons in older studies,
shown in table 3. A negative difference implies that the DLP or CTDI,, has decreased over the
years while a positive difference indicates an increase. Australia, France, Kenya, Korea, Ireland
and Finland have shown a complete reduction in their DRL. We were able to compare only
head values for the United States, which showed a reduction in the DRL. Poland, Switzerland
and Taiwan have shown an increase in their head DRL, and a reduction in the other values.
Bulgaria, Serbia and the UK have shown an increase in their DRL compared to previous years.
Japan has shown an increase in the head CTDI, value but a reduction in all the other values.
The availability of comparative data in only 14 countries calls attention to the need for constant
updating of the NDRL in every country.

Finally, we conceptualised a global means value where all available mean DRLs were aver-
aged. This was used to compare the value to the ACR guidelines [57]. The results of the global
means for DLP and CTDI,, are shown in table 4. When comparing the global means to the
ACR 2016 DRL guidelines [57], we found that the global means of both DLP and CTDI,
were below or almost similar to the ACR DRL with a DLP decrease of 11%, 1% and 18%,
for the head, chest and abdomen/pelvis, respectively. A minimal reduction in CTDI,, was
observed with a decrease of 3.5% and 1% for the head and abdomen/pelvis, respectively, and
no change in chest CTDI,,,. In addition, the global mean of the DLP and CTDI,, for the head,
chest, abdomen and pelvis were lower than the European Commission (EC) 2004 guideline
[6] with a DLP decrease of 18%, 31%, 15% and 8%, respectively, and a CTDI, decrease of
10%, 60%, 48.5% and 60%, respectively.

4. Discussion

This study is aimed at collecting all available data on NDRLs for routine head, chest and
abdominopelvic studies of adult patients. For a reliable systematic review, we included all
the most recent national studies or those considered representative through a small sample
of institutions or scanners. Having a larger sample size gives the study more credibility for
measurements, while having a small sample can result in many uncertainties [3]. Apart from
having an optimal number of CT scanners for representation, other factors such as selecting
several model types and the number of patients are important for higher precision and accuracy
[3, 58]. Several countries in this study failed to report scanner demographics, which brings the
reliability of their studies into question.
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Table 4. Averaged global means of all recent studies. SD: standard deviation.

Head Chest Abdomen  Pelvis A-P

Global mean DLP (SD) 854 (198) 449 (170) 665 (326) 525 (222) 641 (180.5)
Global mean CTDly; (SD) 54 (13) 12(3.1) 18(13) 14(4)  15(7)
ACR 2016 DLP 962 (56) 443 (12) — — 781 (16)
(CTDILyo) [57]

EC 2004 DLP (CTDI,) [6] 1050 (60) 650 (30) 780 (35) 570 (35) —

The technology in medical imaging is constantly evolving to meet new demands in the
field [58]. The changes introduced include several reconstruction algorithms that play a part
in regulating dose and image quality. In one systematic review, iterative reconstruction (IR)
has been shown to surpass filtered-back projection (FBP) which was commonly used in redu-
cing radiation dose and enhancing image quality [59]. However, it is uncertain which types of
reconstruction methods institutions are using and who is using what [59]. This, along with the
time the national study was conducted, are vital factors in establishing an appropriate DRL [3].
This poses an issue for countries that fail to update their NDRL due to outdated, unreliable data
[3]. The ICRP and EC recommend constant updating of the NDRL to set optimised protocols
and achieve a further reduction in ionising radiation dose for patients [3, 6]. Furthermore, the
new European Directive 2013/59/Euratom obliges the Member States to establish a DRL and
emphasises the need for continuous reviews to ensure appropriate radiation dose delivery and
take corrective actions when they are exceeded [60].

Within the scope of this study, data were collected from 51 countries in individual and col-
lective studies. Only 23 (45%) countries have established NDRLSs in the past 5 years. Some
countries have not updated their NDRL in over 10 years, such as Oman [61] and India [46].
Of the current 195 countries on Earth, only 26% have established an adult NDRL, which is
alarming. Jarvinen et al proposed some explanations for the lack of efforts in some countries
to establish NDRLs or to regularly update them [62]. The main problems might be associ-
ated with a lack of funding and policies, the awareness of staff about radiation protection, or
the appropriateness of dose-collecting systems [62]. In addition, patient dose recording and
documentation is not required in some countries, which makes data validation difficult [62].
On the other hand, a few nations update their NDRL regularly through established govern-
mental online platforms, such as Australia [17] and the UK [63]. According to Jarvinen et
al, these countries demonstrated extensive cooperation between authorities and professional
medical teams [62].

Multiple nations, such as Austria [64], reported measurements such as effective doses rather
than CTDI,,; or DLP in their most recent studies. Such measurements are not as reliable as
DLP or CTDI,, due to the difficulty in radiation dose evaluation and differences in calculation
methods [3]. Consequently, this lack of standardisation makes it difficult to compare the DRL
values on an international level.

Local DRLs (LDRL) have been established by several institutions or provinces. The EC
urges LDRLs to be compared to the NDRL or European DRL to ensure they do not exceed the
established values [6]. In case the LDRL exceeds a newly updated NDRL, further monitoring
or abiding by the NDRL should be required [6]. The ICRP also brought forth the concept of
clinical DRL, based on clinical indications. While existing DRLs mostly focus on anatomical
locations, clinical indications could present different protocols that correspond to different
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radiation doses delivered. As there remainseveral countries that are yet to establish a NDRL,
implementing clinical DRL still seems far-fetched [65].

The global means give us an idea of how all nations are performing altogether. The values
reported are shown to be below the proposed DRL provided by the EC and ACR. The next step
for nations is to revisit their NDRLSs and establish updated ones based on the technology they
are performing with. This would include the type of scanners and reconstruction methods that
are being utilised. Studies in Japan [25] and Australia [66] have established previous DRLs
based on reconstruction methods. From these studies, the authors emphasised the importance
of using dose-reducing technology, such as IR, by portraying the resultant decrease in radiation
dose. Additionally, consistency in reporting DRL should be established for body regions, as
several studies report the abdomen and pelvis as a whole while others as separate regions. This
could be in correspondence to systemic protocols and should further be assessed.

The literature displays a range of NDRL values that varies greatly from country to country.
With countries that have established multiple NDRLs, there was an observed reduction or
increase in dose values over time, as displayed in table 3. A reduction in radiation dose is
explicable for a few reasons. Technological advancements such as the implementation of IR
algorithms was shown to play a major role in reducing radiation dose and is reported by some
countries [25, 59, 66]. Although several studies failed to report this information, it can be
assumed that these innovations contributed to the dose reduction; however, the lack of data in
these studies cannot support this claim. Another explanation for this reduction could be due
to the establishment of previous DRLs that have set a standard for modern CT protocols and
examinations. This can be seen by comparing the current DRL to the previous NDRL, shown
in table 3, and to the earlier DRL set by the ACR and EC, showing how the implementation of
the DRL contributed to dose reduction. The International Atomic Energy Agency highlighted
this point by pointing out the two-fold decrease of UK DRL over the last 20 years.

Within the searched literature, there were gaps in knowledge and research that need to be
addressed. To begin with, there are still many countries that have not established an NDRL,
which leaves room for plenty of research. From those that have established an NDRL, several
have failed to provide the necessary data for full data collection, analysis and interpretation.
This includes demographic data, the type of technology (if) used and the type of dose reported
(i.e. effective dose versus DLP). These are gaps in knowledge that should be addressed by
researchers, not only to study the effectiveness and reliability of the collected data within the
study, but to accurately analyse and determine the underlying factors behind the dose outcomes
and benchmark them to international standards. These factors should be assessed to allow
international organisations to establish global reference levels for institutions depending on
technology, parameters and patient demographics. Achieving a global standard for routine
protocols is the first step that brings us a step closer to standardising protocols based on clinical
indications, technology and other factors.

4.1. Limitations

Despite the extensive searches in multiple databases and after careful review of the articles,
there were shortcomings to our study. First, there were several countries that presented effect-
ive doses in their most recent studies; however, when recording data, these were not standard-
ised measured values. Second, there is a probability of missing some data from studies that
have not come up in our search. Third, not all studies reported the type of CT scanners and
image reconstruction algorithms employed, which could potentially bias the results between
the FBP and IR techniques. Fourth, due to the variation in the presented data, we were unable
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to provide the statistical significance between countries and determine the current status of
change in NDRLs. Finally, the calculation of the global means for the DLP and CTDI,,; val-
ues does not include all countries, since some countries have not established an NDRL.

4.2. Conclusion

This systematic review is aimed at collectively gathering the available data on NDRL. Several
studies failed to report data in areas such as demographics and the type of technology used
(if any) and it is shown that some countries fail to update NDRL regularly. This brings their
current data into question and also whether techniques to reduce the delivered radiation dose
are being practiced. The global means calculated from the available data were shown to be
slightly lower and significantly lower than the reported DLP and CTDI,, values of the ACR
and EC, respectively. This brings forth the need for an international standardisation for head
and body DRL for improved comparable global measurement of dose variations across CT
sites and radiation delivery monitoring.

Appendix

Scopus

(((TITLE-ABS-KEY ((gray OR sv OR sievert OR gy) W/2 (unit OR units OR radiation)))
OR (TITLE-ABS-KEY ((radiation W/2 (monitor* OR protection OR scatter* OR count®
OR measur® OR value* OR amount OR dose? OR dosage? OR exposure® OR absorb®* OR
absorption?)) OR radiometer OR radiometry OR dosimeter OR dosimetry))) AND ((TITLE-
ABS-KEY (((dose OR reference OR normal) W/2 (range* OR value* OR standard* OR
level® OR product®)))) OR (TITLE-ABS-KEY (standard W/2 (range* OR value* OR level*)))
OR (TITLE-ABS-KEY (((radiodiagnos® OR radio-diagnos* OR diagnos*) W/2 (dose* OR
dosage))))) AND (TITLE-ABS-KEY (tomograph* OR ct OR cts OR tomodensitometr® OR
tomo-densitometr* OR (multi-detector W/4 ct) OR (multidetector W/4 ct) OR (multi W/1
detector W/4 ct) OR (multi W/3 slice W/4 ct) OR (multislice W/4 ct)))) OR ((TITLE-ABS-
KEY (tomograph* OR cts OR tomodensitometr* OR tomo-densitometr* OR (multi-detector
W/4 ct) OR (multidetector W/4 ct) OR (multi W/1 detector W/4 ct) OR (multi W/3 slice W/4
ct) OR (multislice W/4 ct))) AND (TITLE-ABS-KEY (drl OR drls OR ndrl OR ndrls OR dlp
OR dlps OR (length W/2 product™) OR ‘diagnostic PRE/O reference PRE/O level’)))

Medline

Database: Ovid MEDLINE(R) and Epub Ahead of Print, In-Process & Other Non-Indexed
Citations and Daily < 1946 to 5 February 2019 >
Search Strategy:

. Radiometry/or Radiation Dosage/(71 086)

. Radiation Monitoring/(13 453)

. Radiation Exposure/(2207)

. Absorption, Radiation/(531)

. Radiation Protection/(20 158)

. Scattering, Radiation/(27 063)

. ((gray or sievert or gy or sv) adj2 (unit* or radiation?)).mp. (2890)
. radiomet*.mp. (38 743)

0NN B W
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Embase
No. Query Results
#16 #14 OR #15 5869
#15 #4 AND #9 AND #12 5243
#14 #12 AND #13 2071
#13 drl:ti,ab,kw OR drls:ti,ab,kw OR ndrl?:ti,ab,kw OR 5362
ndrls:ti,ab,kw OR dlp:ti,ab,kw OR dlps:ti,ab,kw OR
(Iength NEAR/2 product™) OR ‘diagnostic near/0 ref-
erence near/0 level’:ti,ab,kw
#12 #10 OR #11 1045717
#11 ‘cone beam computed tomography’/de OR ‘four 847 287
dimensional computed tomography’/de OR ‘multide-
tector computed tomography’/de OR ‘spiral computer
assisted tomography’/de OR ‘x-ray computed tomo-
graphy’/exp OR ‘three dimensional imaging’/de OR
‘tomography’/de OR ‘computed tomography scan-
ner’/de OR ‘cone beam computed tomography scan-
ner’/de OR ‘computer assisted tomography’/de
#10 tomograph™:ti,ab,kw OR cts:ti,ab,kw OR 496 713
tomodensitometr™:ti,ab,kw OR ‘tomo-
densitometr™’:ti,ab,kw OR ((‘multi detector’ NEAR/4
ct):ti,ab,kw) OR ((multidetector NEAR/4 ct):ti,ab,kw)
OR (multi NEAR/1 detector NEAR/4 ct) OR (multi
NEAR/3 slice NEAR/4 ct) OR ((multislice NEAR/4
ct):ti,ab,kw)
#9 #5 OR #6 OR #7 OR #8 441788
#8 ‘reference value’/de OR ‘radiodiagnosis’/de 111 155
#7 ((radiodiagnos™ OR ‘radio diagnos™’ OR diagnos™) 1896
NEAR/2 (dose™ OR dosage)):ti,ab,kw
#6 standard NEAR/2 (range™ OR value™ OR level™) 19132
#5 ((dose OR reference OR normal) NEAR/2 334 801
(range™ OR value™ OR standard™ OR level* OR
product™)):ti,ab,kw
#4 #1 OR #2 OR #3 326 500
#3 ((radiation NEAR/2 (monitor* OR protection OR 95 558
scatter™ OR count™ OR measur™ OR value™ OR
amount OR dose? OR dosage? OR exposure”™
OR absorb™ OR absorption?)):ti,ab,kw) OR
radiometer™:ti,ab,kw OR radiometry:ti,ab,kw OR
dosimeter™:ti,ab,kw OR dosimetry:ti,ab,kw
#2 ((gray OR sv OR sievert OR gy) NEAR/2 (unit OR 3782
units OR radiation)):ti,ab,kw
#1 ‘radiometry’/de OR ‘radiation monitoring’/de OR 283 607

‘radiation exposure’/de OR ‘radiation absorption’/de
OR ‘radiation protection’/de OR ‘radiation scatter-
ing’/de OR ‘radiation dose’/de

R89



Review

J. Radiol. Prot. 40 (2020)

(((([m1] LD I010910pnnW YO [M1] 1D 1030910p-nnw JO [MI] ,DIWOISUIP-0WO) YO [MI] ,HOWOINSUSPOWO) YO [MI]
SID ¥0 [m1] ,ydeiSowor)) YO ([dxeou:ysowr] payndwo)) Ae1-x ‘souueds AydeiSowo], YO ([dxoou:ysow] Ayderd
-owo) pandwod weaq-ouod [exds YO ([m1] ,ueds 180 YO ([dxoou :ysowr] SurSewnr [euorsuamwirp-221y) YO (([dxoou

;ysowr] Ayder3owo) payndwod [eards YO [dxaou :ysow] AydeiSowo) payndwos [euorsuswip-1noj JYO [ysouw] Aydeid

-owo) paynduwos weaq-ouod YO [dxeou :ysowr] AyderSowoy payndwod Aei-x YO [ysow] AydeiSowoy Aei-x YO [dxeou
:;ysowr] AydeiSowy))))))) ANV ((([m1] ,93esop sasouerp-orper YO [m1] ,28esop sisouerp-oipel YO [m1] ,o5esop
sonsou3eIp-oIpel YO [M1] ,5esop sasouSeiporper YO [#1] ,28esop sisouSerporpel YO [m1] ,93esop sonsouserpo
-1pe1 YO YO [m1] ,28esop onsouserp YO [m1] ,o8esop ousouerp-orper YO [m1] ,o8esop onsouSeiporper YO [m1]

. 250p sasouSeIp-orpeI YO [M1] S0P SISOuUSRIP-01peI YO [M1] S0P sonsouSerp-orper YO [M1] ,9S0p sasouserporper
MO [M1] ,3s0p sIsougeIporpel YO [M1] ,9sop sonsouserpoIpel YO [m1] ,asop onsouserp YO [m1] ,9sop onsouserp

-o1pe1 YO [m1] ,3sop snsouerpoiper) YO (([#1] ,[oA9] [ewIou YO [M1] ,pIepue)s [euriou YO [M1] ,on[eA [euLiou
MO [11] ,28uel feutiou YO [m1] LIonpoid aouaragar YO [M1] ,[9AJ] 20UIJRI YO [M1] ,pIEPUE]S 0UIJAI JO [MI]
LONTBA Q0UaIaJaI YO [M1] ,28uer aouara)al YO [m1] ,1onpoid sasop YO [m1] ,1onpoid asop YO [M1] ,[9A9] sas0p JO
[41] ,[9A9] 3s0p YO [M1] ,prepueis sasop YO [M1] ,pIepuels 9sop YO [M1] ,onfeA sasop JO [m1] onfea asop YO [m1]
LA3ue1 sasop YO [m1] ,d3uex asop) YO ([dxeou :ysowr] sprepue)s 9ouarajay JYO ([dxoou :ysowr] anfea 90uaI10oy))))

ANV (([#1] ,emsodxa uonerper JO (([1] Anewtsop YO [#1] 1arewisop) JO (([41] ,25esop uonerper YO [m1] ,as0p

uoneIper YO [m1] ,Junowe uoneIpel JYO [M1] ,onea uoneiper YO [m1]  JInseawr uoneipel YO [M1] 1unod uoneiper

MO [11] 1011805 uoneIpel YO [M1] uonosjold uoneiper YO [m1] Jojuow uoneiper) YO (([m1] Anoworper YO [m1]
1010woIper) YO ((([41] uoneiper As YO [m1] run A3 YO [MI] UOLRIPLI LDASIS YO [M1] ,ITUn 119A3LS YO [M1] uonerper
Ke13 [m1] ,amun £ei1d)) YO ([dxoou :ysowr] Furraness uoneiper YO ([dxsou :ysow] uonossyoid uonerper YO ([dxoou
:ysowr] uondiosqe uonerper YO ([dxaou :ysow] arnsodxd uonerper YO ([dxeou:ysowr] Suriojiuow uoneIpes YO
([dxeou:ysaw] Anaworpen))))))))))))) YO (([M1] ,[2A9] 2ouardjar onsouserp 10 [si] onpoid YSuel YO [m1] sd1A
A0 [M1] d7A YO [MI] STIAN FO [4] TIAN YO [MI] sTIA YO [M] TIA) ANV ([m1] 1D Ioroarepninu YO [m1]
1D 1010910p-n[nu YO [M1] ,1OW0IISUIP-owo) JO [M1] Hawoisuspowol YO [m1] SID JO [m1] ,ydeiSowol)) YO
([dxeou:ysowr] paindwo)) Lei-x ‘siouuedg Aydeidowo], JYO ([dxoou:ysowr] AydeiSowoy payndwod weaq-auoo [eids
JO ([m1] ,ueds 180 YO ([dxoou :ysow] SurSewr [euorsuawip-aa1y) YO (([dxoou :ysowr] AydeiSowo) payndwos [eids
MO [dxoou :ysowr] AydeiSowo) payndwos [euorsuawip-moj JO [ysow] Lyderdowol payndwod weaq-auod YO [dxoou

78T :;ysowr] AydeiSowoy payndwod Aei-x YO [ysow] Aydei3owoy Aei-x YO [dxoou :ysow] Aydeisowny)))))))))) yoreas QT#
punoj K10 [oIeas
SwY

pawqng

R90



Review

J. Radiol. Prot. 40 (2020)

((([m1] 1.D 1010919pNINW YO [M1]

LD 1030910p-nnu YO [M1] ,1DoW0Isudp-owo) YO [m1]  Howoisuspowol YO [m1] SID JO [m1] ydeiSowo)) YO
([dxqou:ysow] paindwo) Kei-x ‘srouueog Aydeidowo], YO ([dxeou:ysow] AydeiSowo) payndwod weaq-ouod [eiids
MO ([m1] ,ueods 180 YO ([dxoou :ysow] SurSewr [euorsudwip-a1y) YO (([dxoou :ysowr] AydeiSowo) payndwoo [eids
MO [dxoou :ysaw] AydeiSowo) paynduwios [euorsuswip-moj YO [ysow] AyderSowoy payndwod weaq-auod YO [dxoou
:ysowt] Ayder3owoy payndwod Aei-x YO [ysow] AyderSowo) Lei-x YO [dxeou :ysowr] AydeiSowny))))))) ANV ((([m1]
,98esop sasouSerp-oIpel YO [m1] ,a3esop sisouSerp-o1pel YO [m1] ,93esop sonsouSerp-oipel YO [m1] ,3esop sasous
-eIporper YO [m1] ,a8esop sisougerporpel YO [m1] ,93esop sonsouserporpel YO JO [m1] ,o8esop onsouserp YO [m1]
8esop onsouserp-oiper YO [M1] ,o8esop onsouerporper YO [M1] S0P sasoudeIp-oiper YO [m1] ,9sop sisouserp
-01peI YO [M1] ,250p sonsoudeIp-orpes YO [M1] ,950p sIsouFeIpoIpel YO [m1] ,2S0p SIsouTeIpoIpel YO [m1] ,Isop
sonsouseIpoIpel YO [m1] ,9sop onsouSeIp YO [m1] ,3sop dnsoueip-orpel YO [Mm1] ,9sop dnsouderporper) YO (([m1]
L[9AJ] [ewIou YO [M1] , pIepuels [euniou YO [m1] onfea [eutou JYO [m1]  oSuel [ewrou JYO [m1] 1onpoid soudroyar
JO [M1] ,[9A3] 20uaI0)aI YO [M1] ,pIepuels 90UaIR)al YO [M1] ,on[ea 90ua1agal YO [m1] ,98uer aouaragar YO [mi]
Jonpoid sasop YO [m1] ,3onpord 9sop YO [M1] ,[9A3] SISOP YO [M1] ,[9A9] 9s0p YO [M1] ,pIepuels sasop JO [m1]
LPIepues asop YO [M1] ,on[eA sasop YO [M1] an[ea asop YO [m1] d8uer sasop YO [m1] ,d8uex asop) YO ([dxasou
:ysoul] sprepuels 90u1JY YO ([dxoou :ysowr] anfea 20ud1}9Y)))) ANV (([m1] ,2Isodxs uonerper YO (([m1] Anow
-150p YO [m1] 1o30wIsop) YO (([m1] ,o5esop uonerper YO [M1] ,050p UonEIpes YO [#1] Junowe uonerper YO [mi]
LON[eA UoneIpel YO [M1]  Insesw uoneIpel YO [M1] JUnod uonerpel YO [m1] ,101eds uoneipel YO [m1] uonosjord
uonerper YO [#1] Joyuowr uonerper) YO (([41] Anoworper YO [#1] 1ojeworper) YO ((([41] uoneiper As YO [m1]
Jun £3 O [M1] UoneBIpeI 119ATS O [M1] I1un 110A31s JO [m1] uonerper Keid [m1] Jmun Aeis)) YO ([dxoou :ysow]
Sunoneos uoneipel YO ([dxsou :ysow] uonosvjoid uonerper YO ([dxeou :ysew] uondiosqe uonerpel YO ([dxoou

9012 :ysow] arnsodxa uonerpel YO ([dxeou:ysowr] Surojiuow uoneipe YO ([dxsou:yssuwr] Answorper))))))))))))) yoiess
([m1] ,19A9] 2oua10ja1 dnsoudelp Jo [m1] Ionpoid ySus] YO [m1] sd1d

A0 [m1] d1A YO [MI] STIAN FO [4] TIAN YO [MI] sTIA YO [M] TIA) ANV ([m1] 1D Ioroarepnnw YO [m1]
LD 1010910p-0nu YO [M1] ,1oW0IsuIp-owo) JYO [m1]  Howoiisuspowol YO [m1] SID JO [m1] ydeiSowor)) YO
([dxaou:ysowr] paindwo)) Lei1-x ‘souuedg AydeiSowo], YO ([dxoou:ysow] LydeiSowoy payndwod weaq-auoo [eids
FO ([11] ,ueds 180 YO ([dxaou :ysour] Surdewnn [euorsuawip-a21y3 YO (([dxsou :ysowr] Ayderdowo) payndwoo [exds
MO [dxoou :ysewr] AydeiSowo) paynduwios [euorsuswip-moj YO [ysow] AydeiSowoy payndwod weaq-auod YO [dxoou
10€1 :ysowt] AyderSowoy payndwod Aei-x YO [ysow] AydeiSowro) Aei-x YO [dxeou :ysowr] AydeiSowny)))))))) yoreas

oOT#

LT#

punoj K1onQ)
SwoI|

yoIeas

pnaunuod

Ro1



Review

J. Radiol. Prot. 40 (2020)

[m1] ,2msodxa uonerper YO (([m1]

Anauwsop YO [m1] 1030wirsop) YO (([m1] ,93esop uoneipel YO [M1] ,2S0p uonerper YO [M1] Junowre uoneipel YO

[s1] ,onfea uoneiper YO [M)]  Inseaws uoneipel YO [M1] Junod uonerper JYO [m1] ,191183s uoneIpel YO [M1] uono)

-o1d uonerper YO [m1] ,1onuowr uonerper) YO (([m1] Answorper YO [m1] 1a3oworper) YO ((([#1] uonerper As YO [m1]

Jun £3 O [M1] UoneIper 119ATS O [M1] I1un 110A31s JO [m1] uonerper Keid [m1] Jmun Aeis)) YO ([dxoou :ysow]

Suroneos uoneipel YO ([dxsou :ysow] uono9joid uornerpel YO ([dxeou :ysew] uondiosqe uonerpel YO ([dxoou

€€6 6S1 :ysowt] axnsodxo uonerpel YO ([dxeou:ysow] Suriojruour uoneiper JYO ([dxsou:ysow] Answoiper)))))))))) yoreas
([m1] ,o8esop sasoudeip-oipel YO [m1] ,25esop sisouSeIp-oipel YO [m1] ,o5esop

sonsou3erp-o1pel YO [m1] ,a5esop sasoudeipoipel YO [m1] ,3esop sisouSerporper YO [m1] ,oesop sonsouserporper

O YO [M1] ,38esop onsouerp YO [m1] ,93esop onsoueIp-oIpel YO [m1] ,28esop snsouderpolper YO [m1] ,asop
S9sOuZeIP-OIpRI YO [M1] S0P SIsouFeIp-orper YO [M1] ,3S0p soNSOuSeIp-oIpel YO [M1] S0P SasouSeIpoIper YO

[m1] ,9s0p stsouSerporper YO [M1] ,3S0p sonsouSeIpoIpel YO [M1] ,9S0p dnsouSeIp YO [M1] S0P d1souSerp-orpes

JO [11] ,9sop onsouSerporper) YO (([M1] ,[0A9] [euLIOU YO [M1] ,pIepuels [euLiou YO [MI] ,on[ea [euriou JO [m1]

Ld3uel [euou YO [M1] 1onpoid 90udIofal YO [M1] ,[OAS] 90URIRJRI YO [M1] pIepuels 90UdI0)aI YO [M1] ,on[ea 9oud

-10Ja1 YO [m1] ,28uer aouarajal YO [m1] ,10npoid sasop YO [m1] 1onpoid asop YO [m1] ,[9A] SISOP YO [M1] ,[oA9]

9s0p YO [Mm1] ,pIepuels sasop YO [M1] ,prepues asop YO [M1] ,dn[eA sasop YO [m1] ,onfea asop YO [m1] ,d3uer

661 SLE $3s0p YO [M1] ,o8ue1asop) YO ([dxoou :ysowr] sprepuels 90ua1fy JYO ([dxoou :ysowr] onfea 20USI0)Y))) YoIeaS
(([13] 1D 1010030pn[NW YO

[m1] 1D 1030910p-1[nw YO [M]] ,1IPWO0IISUIP-0wo) JYO [M1]  Nwolsuspowo) YO [M1] S1D JO [m1] ,ydeiSowoy))

MO ([dxeou:ysow] payndwo)) Aei-x ‘siouueds AyderSowo], YO ([dxeou:ysow] AydeiSowoy poyndwod weaq-auod

rexds YO ([m1] ,ueds 180 YO ([dxoou :ysowr] Surewr reuorsuawip-aa1y) YO (([dxaou :ysowr] AydeiSowo) payndwioos

[eaids YO [dxeou :ysowr] Ayder3owoy payndwod feuoisuawIp-1noj YO [ysow] AyderSowo) pandwios weaq-ouod YO

0LZ 2IL [dxoou :ysowr] Aydei3owo) payndwods Ae1-x YO [ysow] AydeiSowoy Le1-x YO [dxoou :ysow] Aydei3owoy)))))) yoreas

€

VeH#

ST

punoj K1onQ)
Sw|

yoIeos

panunuo)

R92



Review

J. Radiol. Prot. 40 (2020)

[Mm1] ,[9A9] [eULIOU YO [M1] ,pIepuels [euLiou YO [m1] onfea [eutiou YO [m1]  oSuel [ewtou YO [m1] Ionpoid
Q0URIRJAI YO [MI] ,[OAS] 90URIRJAI YO [M1] , pIEpUR]S 90URIJAI YO [M1] onTeA dduaI)al YO [M1] ,5uer aouara)ar
JO [11] ,39npoid sasop YO [m1] 1onpoid asop YO [M1] ,[9A9] sas0p JO [M1] ,[9A3] 9s0p YO [M1] ,pIepuels sasop

€69 L€ JO [M1]  prepuels asop YO [m1] ,on[ea sasop JO [m1] ,on[ea asop JO [m1] ,95uet sasop YO [m1] ,95uer asop yoreas VI#
(1]
,25esop sasouJeip-oIpel YO [M1] ,23esop sisouSerp-oipel YO [M1] ,3esop sonsoueip-oipel YO [M1] ,3esop sasous
-BIpoIpel YO [m1] ,o8esop sisouSerpoipel YO [m1] ,Fesop sonsouSerporpel YO JO [m1] ,o8esop onsouserp YO [m1]
93esop onsou3erp-oIpel YO [M1] ,23esop ousouFeIpoipel YO [m1] ,S0p sasouSerp-o1pel YO [m1] ,sop sisouerp
-01peI YO [M1] ,350p sonsouderp-orper YO [Mm1] ,9s0p sasouFeIpoIper YO [m1] ,S0p SIsouSeIporpel YO [m1] ,sop
S16 SonsougeIpoIpel YO [M1] ,as0p onsoudeip YO [M1] ,9s0p dNsouFeIp-oIpel YO [M1] ,9S0p O1ISOUSRIPOIPRI [OIBIS ST#
[M1] ,19A9] 90ULI9)I O1ISOUTRIP 1O [M]]
L6TE Jonpoid Iud] YO [M1] SdTA YO [M1] dTA YO [MI] STIAN YO [M] TIAN JO [#1] STIA YO [M1] TIA Yo1eag ol#
[dxoou :ysow] AydeiSowo) paind
-woo Teads YO [dxeou :ysow] AyderSowo) paynduios [euorsuawip-noj JO [ysow] AyderSowo) payndwod weaq-ouod
68S 11+ MO [dxoou :ysowr] AydeiSowoy payndwoo Ke1-x YO [ysow] AyderSowo) Le1-x YO [dxoou :ysowr] Aydeiowoy yoreag L1#
879 $9 [dxaou :ysour] SurSewn [eUOTSUSWITP-9IY} YOIBAS QT#
81¢1 [11] ,ueOS 18D YoIBag 61#
S9 [dxeou:ysowr] AydeiSowo) paynduwios wreaq-ouod [ends yoreos 0T#
€€0¢ [dxeou:ysow] paindwo) Aei-x ‘siouueds AydeiSowo], yoreas 12#
([m1] LD Toroarepnnu YO [m1]
010 699 LD 1010930p-nnut YO [41]  HWONsuUap-owol YO [#1] ,nawoisuspowod YO [m1] S10 YO [41] yderSowon) yoreag CC#
punoj A1onQ [oIeas
Huieig

pnaunuod

R93



Review

J. Radiol. Prot. 40 (2020)

66L 1€ [dxoou:yseur] Anjoworpes yoreas I#
0Ly €1 [dxoou:ysowr] SuLiojiuow UOKRIPET YOIBdS H#
L1TT [dxoou :ysowr] arnsodxa uoneIpes yoIeas cH#
£%Y [dxaou :ysowr] uondiosqe uoneIpel yoIeas Pt
891 0¢ [dxoou :ysow] uonoajoid uonerper yoreas G#
€90 LT [dxaou :ysowr] SurIo)eds uoneIpRl YoIeas o#
([17] uonerper
2011 AS JO [m1] Jrun A3 YO [MI] UOTIRIPRI 1IAIS YO [MI] ITUn 119ATS YO [M1] uonerper Aeid [m1] Jmun Aeid) yoreos L#
769 €€ [m1] Anoworpel YO [m1] 191oWOIpe YoI8ds QH#
[m1] ,93esop
uoneIper YO [m1] ,9s0p uoneipel YO [mM1] Junoure uonerper YO [m1] ,onfea uonepel YO [m1] ,Inseawr uonerper
€OG ¥IT FO [11] Junod uoneIpel YO [m1]  I911eIS uoneIpel YO [M1] uonsalord uonerper YO [M1] ,I0ITUOUT UOTIRIPLI [OIBIS o#
99¢ 6T [m1] Anowrsop YO [M1] I1010WISOP YoIBIS OT#
86¢ 0T [m1] ,emsodxa uoneIper [oIess 11#
11961 [dxo0u :ysow] an[eA 90USISJY YoILaS TI#
e oy [dxoou :ysowr] spIepuels 90UIRJOY YOIBIS CI#
punoj K1onQ) [oIeas
Swd)f

ponunuo)

R94



J. Radiol. Prot. 40 (2020) Review

9. (radiat* adj2 (monitor* or protection or scatter* or count® or measur™® or value? or amount
or dose? or dosage? or exposure? or absorb* or absorption?)).mp. (146 693)

10. dosimet*.mp. (35 151)

11. Reference Values/or Reference Standards/(195 194)

12. (((dose? or reference* or normal) adj2 (range? or value? or standard? or level? or
product?)) or (standard? adj2 (range? or value? or level?))).mp. (419 396)

13. ((radiodiagnos™ or radio-diagnos™* or diagnos*) adj2 (dose? or dosage?)).mp. (1181)

14. (DRL? or NDRL? or DLP? or (length adj2 product?) or diagnostic reference level?).mp.
(4631)

15. tomography/or exp tomography, x-ray/or tomography, x-ray computed/or exp cone-
beam computed tomography/or four-dimensional computed tomography/or exp tomography,
spiral computed/or imaging, three-dimensional/or Tomography Scanners, x-ray Computed/or
Spiral Cone-Beam Computed Tomography/(457 916)

16. (tomograph® or CT or CTS or tomodensitometr* or tomo-densitometr® or multi-
detector? or multidetector? or (cat adj4 scan*®) or (multi adj2 detector?) or (mutlislice adj4
ct) or (multi-detector adj4 ct) or (multidetector adj4 ct) or three-dimensional imaging).mp.
(776 532)

17.1or2or3or4or5or6or7or8or9orl10 (189 692)

18. 11 or 12 or 13 (420 392)

19. 15 or 16 (816 651)

20. 17 and 18 and 19 (3961)

21. 14 and 19 (1398)

22.20 or 21 (4219)
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