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Abstract
Ionizing radiation is part of a series of current societal concerns, together with climate
change, pesticides, GMO or chemical pollution. Common points of these concerns are,
on the one hand, that many uncertainties remain regarding their health and environmental
effects, which is quite logical since not enough time has passed to assess their long-term
effects, and, on the other hand, that huge financial interests are at stake.
In this context, we see a proliferation of experts’ quarrels, leading to a loss of credibility
of the experts in general.
The reasons for this are analysed in this article, the 100 mSv “case” serving as an
illustration (this level of dose is frequently presented as a “level of concern”, if not as a
“threshold”, for radiation effects on human health). Beside conflicts of interest, the
fundamental issues challenging experts’ work are: limits and misuses of the evidence-
based approach, lack (or refusal) of precautionary attitude in scientific research and
scientific reductionism, all together causing an increasing gap with society.
The main challenge for (radiological protection and others) experts in the next 50 years
could well be to change their own perception, instead of trying to change public’s
perception.
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Societal issues at a glance
Ionizing radiation is part of a series of current societal concerns, together
with climate change, pesticides, GMO or chemical pollution. Common
points of these concerns are, on the one hand, that many uncertainties
remain regarding their health and environmental effects, which is quite
logical since not enough time has passed to assess their long-term effects,
and, on the other hand, that huge financial interests are at stake. Now
highlighting or creating doubts is a method frequently used by the industrial
and financial lobbies as a strategy for delaying political decisions
potentially unfavourable for them. The result of this is a proliferation of
experts’ quarrels, all the more so since conflicts of interest are also present
in a number of international organisations in charge of giving scientific
advises. The corollary of this is a loss of credibility of the experts in general.
Beside these conflicts of interest, other fundamental issues are challenging
experts’ work, including in radiological protection: the limits and misuses
of the evidence-based approach, the lack (or refusal) of precautionary
attitude in scientific research and the scientific reductionism, all together
causing an increasing gap with society.
The 100 mSv “case” will serve as an illustration of these (frequently
hidden) issues that will be explored more in detail in the second part of this
article.

The 100 mSv case
The figure of 100 mSv has been arbitrarily chosen by international
organizations as the upper limit of the so-called “low doses” of ionizing
radiation. But it is also frequently presented as a “level of concern” for
radiation effects on human health, several experts or organizations
maintaining that, under this level, the possibility of “any health effect” is
“purely hypothetic”.
There are several formulations for presenting this 100 mSv level of concern,
all claiming being “purely scientific”, while some of them accepting that the
system of radiological protection may (or should) be based on the
assumption that there is no threshold for radiation-induced stochastic effects
(cancers and hereditary effects).
As an exemple, in the 2005 report of the Académie Nationale de Médecine
(France), the following statement can be read: « les études épidémiolo-
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giques disponibles ne décèlent aucun effet pour des doses inférieures à
100 mSv, soit qu’il n’en existe pas, soit que la puissance statistique des
enquêtes ait été insuffisante pour les détecter…Une relation linéaire décrit
convenablement la relation entre la dose et l’effet cancérogène pour les
doses supérieures à 200 mSv où on a pu la tester ».
In a position statement in 2010, the Health Physics Society writes: “below
5–10 rem (50-100 mSv) (which includes occupational and environmental
exposures), risks of health effects are either too small to be observed or are
nonexistent”.
In current discussions in UNSCEAR, several experts state that
“unequivocal attribution” (meaning: with 100 % certainty) of health effects
to ionizing radiation is impossible under 100 mSv. They justify this
statement by the fact that 100 mSv is currently the first statistically
significant point in the dose-effect relation for all solid cancers together in
the gender- and age-mixed population of the Japanese survivors to the
atomic bombing (LSS) and that there are no other individual
epidemiological studies where the evidence is strong enough to draw 100%
certain conclusions.
It is worth underlining that these formulations give overwhelming
importance only to epidemiology (and within this only to “strong
epidemiological evidence”), while consistency of the corpus of knowledge
coming from all epidemiological studies and from all concerned disciplines
(including radiobiology) is an important part of a balanced scientific
assessment. Another characteristic of these statements is that the
epidemiological evidence concerning radiation-induced solid cancers in a
mixed population is generalized to all types of health effects and
populations.

Before analyzing further the reasons of these statements regarding the 100
mSv figure, it is worth reminding ourselves, by some examples, that there
are evidences of health effects induced by exposures under 100 mSv, not
only for cancer induction, but also for some non-cancer health effects.

In utero exposures and childhood leukaemia
The association between childhood cancer and childhood leukaemia and
antenatal exposure to X-rays by obstetrical radiography has been
demonstrated since many years (the first, and largest, case-control study
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was the Oxford Survey of Childhood Cancers, which started in UK in the
early-1950s, and continued until 1981, including more than 15 000 case-
control pairs), and, in spite of many discussions, is still considered as solid
evidence. Indeed, the association has now been confirmed by many case-
control studies carried out around the world and the association is now
accepted as real, although some remain skeptical of a causal interpretation
(Wakeford, 2013). This skepticism is mainly due to the finding that the
relative risk of childhood leukaemia and that of all the other typical cancers
of childhood are raised to a similar extent, unlike the pattern of risk when
exposure occurs after birth, and to the absence of leukaemia cases among
the A-bomb survivors irradiated in utero. However, only about 800 of these
survivors received a dose of more than10 mGy while in utero (the average
dose was 0.25 Gy), so only around 0.2 case of childhood leukaemia would
be expected in the absence of exposure on the basis of mid-20th century
Japanese national rates, and there is also the possibility that cases of
childhood leukaemia incident during the 1940s, before systematic
collection of data began in 1950, may have gone unrecorded or have been
overlooked (e.g. because the involvement of leukaemia in an infectious
disease death had not been recognised in the difficult years following the
end of the war) (Wakeford 2013).
In addition, a study on A-bomb survivors exposed in utero suggests that
the lymphoid cells at origin for childhood leukaemia could be particularly
sensitive to cell-killing. Extensive cell-killing at moderate or high doses of
these cells (as in A-bomb survivors) suppresses the risk of leukaemia, while
the risk would still exist at lower doses (as after abdominal diagnostic x-ray
examinations) (Ohtaki, 2004).

The last BEIR report (BEIR VII) concludes that « studies of prenatal
exposure to diagnostic X-rays have, despite long-standing controversy,
provided important information on the existence of a significantly increased
risk of leukaemia and childhood cancer following diagnostic doses of 10-
20 mGy in utero ».

Similarly, in a recent (december 2012) report on Childhood leukaemia and
environmental factors, a joint group of the Health Council of the
Netherlands and the Superior Health Council of Belgium concluded that:
“On the basis of epidemiological and laboratory research as reviewed by
international and national experts, prenatal and postnatal exposure to
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ionising radiation contribute to the incidence of childhood leukaemia.
Because of this, the Committee considers a causal relation between
exposures to ionising radiation and childhood leukaemia as established. In
addition, the Committee supports the view expressed by several
multidisciplinary Committees of scientists that this holds for all types of
ionizing radiation, and that there is no exposure threshold below which an
increase in leukaemia risk is absent.”

This case is particularly illustrative of the divergences between experts’
approaches, some claiming that a causal association is still not scientifically
“proven” (and as a corollary refusing taking these studies into account for
challenging the 100 mSv figure), others considering that accumulated
multidisciplinary evidence is strong enough for drawing “science-based”
conclusions.

Childhood cancers: new low dose data
The Pearce study (2012)
This retrospective cohort study included patients without previous cancer
diagnoses who were first examined with CT in National Health Service
(NHS) centres in Great Britain between 1985 and 2002, when they were
younger than 22 years of age. Data for cancer incidence and mortality were
also obtained from the NHS Central Registry. To avoid inclusion of CT
scans related to cancer diagnosis, follow-up for leukaemia began 2 years
after the first CT and for brain tumours 5 years after the first CT. A positive
association was noted between radiation dose from CT scans and leukaemia
(excess relative risk [ERR] per mGy 0·036, 95% CI 0·005–0·120;
p=0·0097) and brain tumours (0·023, 0·010–0·049; p<0·0001). Compared
with patients who received a dose of less than 5 mGy, the relative risk of
leukaemia for patients who received a cumulative dose of at least 30 mGy
(mean dose 51·13 mGy) was 3·18 (95% CI 1·46–6·94) and the relative risk
of brain cancer for patients who received a cumulative dose of 50–74 mGy
(mean dose 60·42 mGy) was 2·82 (1·33–6·03).
The authors consider their results support extrapolation of the dose-effect
relation observed in the LSS to the doses from CT scans (tens of mGy).

The Kendall study (2012)
It is a record-based case-control study of natural background radiation and
the incidence of childhood leukaemia and other cancers in Great Britain
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during 1980–2006 (28 000 cases). They found an ERR of 12% (95% CI 3,
22) of childhood leukaemia per mSv of cumulative red-bone-marrow dose
from gamma-radiation, supporting the extrapolation of high dose-rate risk
models to protracted exposures at natural background exposure levels.

Although comforting a number of evidences showing a higher sensitivity
of children to the radiation-induction of cancer (and particularly of
leukaemia and brain cancer) and although good accepted by the scientific
medical community, these studies were heavily criticized by several experts
during the last UNSCEAR meeting due to the fact that some confounding
factors may still exist. In the Pearce study, lack of information about
indications for the CT scans (e.g. head trauma may have conferred risk)
and the lack of individual dosimetry were strongly underlined. Kendall’s
study was criticized because of the uncertainties associated with using an
ecological measure of dose and a crude, ecological measure to adjust for
socioeconomic status.

These new studies have of course some limitations, as probably all studies.
Nevertheless, they join a series of similar studies, giving collective findings
that are comforting current assumptions lying at the basis of the radiation
protection system (linear or linear quadratic relation in the low dose area).
The important point is that this aspect was not all underlined, while
overwhelming weight was given to any possible bias.

Cancer-proneness:
There are a lot of human genetic disorders affecting DNA-repair genes and
cell-cycle regulation genes.
A retrospective cohort study has been conducted linking exposure to
diagnostic radiation and risk of breast cancer among carriers of BRCA1/2
mutations (Pijpe 2012).
In this large European study, “any exposure to diagnostic radiation before
the age of 30 was associated with an increased risk of breast cancer.”
For such populations, we are far under the 100 mSv level.

In utero irradiation during first days of pregnancy and non-cancer effects:
After irradiation during the pre-implantation period, generally considered
as safe with regard to the radiation-induced risks (at least for surviving
embryo’s…), non-lethal congenital malformations have been induced in
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animals, particularly (but not only) in those with a genetic predisposition to
specific congenital malformations or with genetic disorders in the pathways
of DNA-repair. There are similarities with the effects of some chemical
agents (Jacquet, 2013).
Interestingly, during the zygote-stage (about 1 day), there could be no
threshold dose for the radiation-induction of congenital malformations in
genetically predisposed animal strains. Indeed, the energy needed for
inducing DNA-damage in a particular cell is tiny and , in such cases, the
cause of the congenital malformations cannot be an increased loss of cells
(classic deterministic effect) but rather the persistence of un-repaired or
mis-repaired DNA-damaged cells (“teratogenically damaged cells”).

Now, in humans, genetic susceptibilities also exist. There are families
showing clusters of spontaneous congenital malformation. There are also in
humans many genes implicated in the DNA-damage response and involved
in the genetic susceptibility to cancer induction by irradiation; if the
mechanisms are similar (persistence of mis-repaired DNA-damaged cells),
it is plausible that human genotypes leading to cancer-proneness are also
associated with a genetic susceptibility to the radiation-induction of
congenital abnormalities (or more subtle tissue dysfunctions).

In this case, there is no “proven” effect at low dose, certainly not in human
beings (where obviously, no experiments can be done). But at least these
studies should raise doubt about the “definite” and generalized character
of a 100 mSv threshold dose for lethal, developmental or other deterministic
effects after irradiation during the first trimester of pregnancy, currently
applied by many as a practical criterion. This could be an unjustified
simplification.

Low dose effects are biologically consistent
Tumorigenesis is currently viewed as multistage model, with mutations as
a driving force. It begins with damage to DNA and failure to correct this
damage, which causes an initiating mutation (in a single target stem-like
cell in most tumours). While cellular environment is crucial for promotional
growth, further stages (conversion to malignant phenotype and tumour
spread) are driven by further mutations.

Many genes are involved in the response to DNA-damage (DNA-repair
genes, cell-cycle regulation genes) and the puzzle is not yet assembled. The
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important point is that some pathways for DNA-repair: are error-prone and
that even the « error-free » pathway (homologous recombination) will
unavoidably lead to mutations in some cases. Indeed this last pathway uses
as reconstruction model the template of the other parental copy
(homologous chromosome). Problem is that, in heterozygotes, if the good
allele is damaged, the copy will be that of the bad allele (which is called
“loss of heterozygoty”)! And we are all carrying “bad” (recessive) alleles.
It’s the reason why you best not marry somebody of your close family!
As a consequence there will unavoidably be some losses of heterozygoty
when a large number of individuals are irradiated, with a probability
increasing with increasing dose.

Radiation-induction of cancer: overall judgments
As mentioned earlier, giving overwhelming importance to epidemiology
alone (and within this only to “strong epidemiological evidence”) should be
avoided. Consistency of the corpus of knowledge coming from all studies
and from all concerned disciplines (including radiobiology) is an important
part of balanced scientific information.

Contrary to the currently increasing importance given to the 100 mSv
figure, international organizations were frequently more balanced in their
judgment.

Let’s remember this important statement in the UNSCEAR 2000 report:
“Par 541. Until the above uncertainties on low-dose response are resolved,
the Committee believes that an increase in the risk of tumour induction
proportionate to the radiation dose is consistent with developing knowledge
and that it remains, accordingly, the most scientifically defensible
approximation of low-dose response. However, a strictly linear dose
response should not be expected in all circumstances”. (UNSCEAR 2000,
annex G)

Similarly the BEIR VII report concludes: “The committee concludes that
current scientific evidence is consistent with the hypothesis that there is a
linear, no threshold dose-response relationship between exposure to
ionizing radiation and the development of cancer in humans.”

Finally ICRP writes in its last recommendations: “64) Although there are
recognized exceptions, for the purposes of radiological protection the
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Commission judges that the weight of evidence on fundamental cellular
processes coupled with dose-response data supports the view that, in the
low dose range, below about 100 mSv, it is scientifically plausible to
assume that the incidence of cancer or heritable effects will rise in direct
proportion to an increase in the equivalent dose in the relevant organs and
tissues.”(ICRP 103)

Why does the 100 mSv “myth” revive?
There is compelling evidence that there are observable effects (well below)
under 100 mSv, and consistent biological explanations. Then why is there
a tendency, particularly these last years and in some international
organizations, to repeatedly come back and lay stress on this 100 mSv
figure?

As already mentioned, there are obviously conflicts of interest, exacerbated
by the potential consequences of the nuclear accidents of Chernobyl and
Fukushima that could lead to the use of strategies of doubt, allowing
minimizing the health consequences of these accidents.

Nevertheless, other factors also play an important role, among which the
– The misuse of the evidence-based approach, by focusing only on the

avoidance of unjustified causal associations (false positives) and
neglecting the possibility of unjustified dismissal of real health effects
(false negatives)

– The misunderstanding of the precautionary principle, considered not
relevant in science.

– And the interference with some value judgments often considered as
“evident” in the scientific circles, facilitating self-censorship, due to the
pressure of dominant paradigms and of the peers.

Conflicts of interest
Potential conflicts of interest are unavoidable for many countries – as they
have been responsible of major radioactive contaminations in the past (or
could be in the future…) - and many international institutions whose official
mandate is to promote some practices (as the pacific use of nuclear energy).
Also worrying is the fact that almost all research work is financed by these
interested countries and institutions.
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Self-censorship is then the easiest way to avoid problems….It is much more
comfortable and safe to follow the herd.
Scientific independence is a moral duty but also a difficult financial
challenge.

Misuse of the evidence-based approach: what is “being scientific”?

Evidence-based approach is currently become a dominant scientific
paradigm, particularly in the medical field, where it is the condition of
agreement of any new drug and even of any treatment.
The basic concern is to avoid concluding that a causal relationship exists
before it is strongly proved (hard evidence is required).
In other words, the main concern is avoiding the “false positives”.
Current dominant pressure of this paradigm leads some experts or groups
to consider that this way to proceed (to avoid carefully false positives) is the
only way compatible with science, which is based on the possibility of
testing and falsifying any hypothesis.
They use as an argument that the scientific method is based on the principle
that there is an underlying order to the nature of things, and that by
following certain rules and guidelines this nature can often be revealed.
Ideas (hypotheses) are generated from observations and then tested by
controlled experiments or observational studies, lending to better
understanding (empirical science). Yet the problem is that, particularly in
the current world, new things (or situations) are introduced rapidly but have
possibly long term consequences, unknown by definition, asking for
vigilance and responsiveness for early indications of health effects.
Potential observations may be only possible after a long time, generating
hypotheses at a late stage, whose testing (if feasible) may again take a long
time. But decisions frequently are to be made about these new introduced
things (or situations), while strong evidence or certainty is lacking. Such
decisions must be based on available “evidence” ( evidence, here not in the
sense of “certainty”, but in the sense of “indications” or “corpus of
knowledge”), even if there persists uncertainties. Decision-makers need a
sound basis for informed decision-making and are asking scientific experts
(groups, committees …) for science-based balanced information, including
science-based inferences.
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These science-based inferences are sticking to scientific observations and
are part of the scientific work. They are not “external to science” while
decisions based on these inferences are “external to science”.

This very fundamental conceptual issue is currently the object of animated
discussions at the level of UNSCEAR, that, as a committee, tends these
last years to give overwhelming importance to the avoidance of false
positives, by highlighting all possible bias for an association between effect
and exposure, in comparison with the avoidance of false negatives, while
possible dismissal of real health effect of radiation is a major concern for
responsible decision-makers. This attitude lies at the basis of the minimized
risk estimates of UNSCEAR regarding the health effects of Chernobyl:
there is indeed no “100 % certainty” for many of these effects.

There were recently some important changes. The UNSCEAR’s strategic
objective for the period 2009-2013, endorsed by the General Assembly, in
its resolution 63/89, is “to increase awareness and deepen understanding
among authorities, the scientific community and civil society with regard
to levels of ionizing radiation and the related health and environmental
effects as a sound basis for informed decision-making on radiation related
issues”. Now, UNSCEAR underlined in its last report to the General
Assembly (A/67/46, paragraph 23), that “this strategic objective highlighted
the need for the Committee to provide information on the strengths and
limitations of its evaluations, which are often no fully appreciated. This
involves avoiding unjustified causal associations (false positives) as well as
unjustified dismissal of real health effects (false negatives).” Formally it is
an important step forward (by the way, suggested by the Belgian
delegation). Unfortunately the culture is far to have changed in a large part
of this committee, and the debate is still raging.

Misunderstanding of the precautionary principle:
Precaution is relatively largely accepted regarding decision-making
processes in situations of uncertainty (although the definition of this
concept may be very different).
The point here is that the precautionary approach is also relevant and
appropriate in science! This is frequently misunderstood.

As underlined in the COMEST report from UNESCO, the precaution
approach in science includes:
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• a focus on risk plausibility rather than on hard evidence
• a responsiveness to the first signals (“early warnings”)
• a systematic search for surprises (“thinking the unthinkable”), particularly

for possible long term effects

The first point is linked with the previous discussions concerning misuses
of the evidence-based approach.
For society the main concern of the experts is expected to be the protection
of health. When there is scientific plausibility (“enough evidence”) of the
existence of a risk of serious harm, action is needed. Even if there is still
uncertainty!
In other words, the main societal concern is avoiding the false negatives.
Precaution in science means in fact focusing on (or at least giving attention
to) risk plausibility and not only to hard evidence.

The corollary is the need of being vigilant and responsive to the first signals
of potential health problems (“early warnings”), as for example is the rule
for vigilance about drugs.

Recent developments regarding the late recognized radiation effects of low
to moderate doses on the lens of the eye and on the circulatory system are
good illustrations of a lack of vigilance and responsiveness regarding early
warnings that were described many years ago.

Systematic search for surprises (“thinking the unthinkable”) is a more
difficult challenge, because it means often challenging dominant paradigms
or at least refusing to “follow fashion”. It may seem strange or incredible
but there are fashions in the scientific world. Example in the current
radiation specialists’ field is the quasi total lack of interest about hereditary
effects, judged frequently as being practically inexistent or negligible just
because nothing was seen until now (some tens of years …) in the survivors
of the atomic bombing. Bad surprises may arrive in this field in the future.
The same is true concerning non-cancer effects after in utero irradiation,
where the dominant concept is currently that there is nothing to fear under
100 mGy, while the domain of internal exposures and of long term effects
linked to epigenetic effects, as gene expression, is practically unexplored
(with a few exceptions).
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In this respect, it is worth mentioning the recent EC report on “Recent
scientific findings and publications on the health effects of Chernobyl”
(Radiation Protection No 170, 2011).

This report opens the discussion on the issue of the controverted reasons of
children’s morbidity in the most affected areas around Chernobyl.
There are many claims concerning the health of children in the
contaminated territories around Chernobyl, which seem to suffer from
multiple diseases and co-morbidities with repeated manifestations. The
reports from international organizations did not give until now much
interest in the multiple publications by Ukrainian, Russian and Byelorussian
researchers on children’s morbidity. This is partly due to the fact that many
of these studies were not available in English but also to the fact that they
often did not meet the scientific and editorial criteria generally required in
the Western peer reviewed literature.
Anyway, all these health problems were collectively qualified as “psycho-
social” by the UN agencies.

More or less recent studies brought again this issue into light, including the
debated publications of Bandazhevsky, linking 137Caesium body loads with
ECG alterations and cardiovascular symptoms in children such as arterial
hypertension, and the studies on neurobehavioral and cognitive
performances in children of the contaminated areas.
To verify these observations, IRSN conducted series of animal studies. Rats
were exposed to 137Caesium contamination during several months
(generally 3 months, sometimes 9) through drinking water containing 6500
Bq/L. Intake of 137Caesium was estimated to be 150 Bq/day/animal (500
Bq/kg of body weight), a figure that is considered by the authors to be
comparable with a typical intake in the contaminated territories (based on
Handl’s evaluation in Ukraine: 100 Bq/day with variations, according to
geographical location and diet, from 20 up to 2000 Bq/day as in the case of
special dietary habits like excess consumption of mushrooms) .
Although the animals tested in these studies did not show induced clinical
diseases, a number of important biological effects were observed on various
systems: increase of CK and CK-MG, decrease of mean blood pressure and
disappearance of its circadian rhythm; EEG modifications, perturbations
of the sleep-wake cycle, neuro-inflammatory response, particularly in the
hippocampus, etc.
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It must be underlined that these somewhat unexpected results are obtained
after relatively modest intakes of 137Caesium and that a fraction of the
population in the contaminated territories has been shown to incorporate
ten times more 137Caesium with their food.
On the ground of the fact that there is a currently a lack of analytical studies
in which dose and risks on non-cancer diseases in children were estimated
on an individual level, a series of longitudinal studies have also been
initiated recently in Ukraine in conjunction with the US University of South
Carolina and were devoted to children’s health, making use of the fact that
all children in the studied territory had been obliged to participate in a
yearly medical examination.
A first study investigated, for the years 1993 to 1998, the association
between residential soil density of 137Caesium (used as exposure indicator)
and blood cell concentrations in 1251 children. The data showed a statically
significant reduction in red and white blood cell counts, platelet counts and
haemoglobin with increasing residential soil contamination. Over the six-
year observation period, hematologic markers did improve. The authors
draw the attention on the fact that similar effects and evolution were
reported after the Techa River accident in 1957.
A second study investigated, for the same years 1993 to 1998, the
association between residential soil density of 137Caesium and spirometry
measures in 415 children. They found statistically significant evidence of
both airway obstruction and restriction with increasing soil 137Caesium. The
authors advance as possible explanation a radiation-induced modulation of
the immune system leading to recurrent infections and finally to detrimental
functional effects.
Series of other studies are announced. The authors of these studies conclude
by saying that the current “optimism of the UN reports may be based on too
few studies published in English, conducted too soon after the event to be
conclusive”.

Internal exposures: thinking the unthinkable
For chronic internal exposures, a major underlying issue could thus be the
adequacy of the equivalent and effective dose as general risk indicator.
It is important to realize that there are still major uncertainties regarding the
assessments of risks induced by internal contaminations. The simple use
of the concept of effective dose and its calculation through the dose

210



conversion factors (Sv/Bq) may be misleading for risk assessment (IRSN
2005, CERRIE 2004), as illustrated by Müller’s experiments on embryos
in the preimplantation stage: due to the highly heterogeneous distribution
(specific incorporation within DNA), 3H-thymidine, for example, is
between 1,000 and 5,000 times more effective (to produce deleterious
effects) than HTO when the same activity is applied! These effects are still
more pronounced using 3H-arginine (histone precursor). We should be more
cautious before claiming that some results are not acceptable, just because
they cannot be explained by the conventionally calculated dose.

Value judgments:

Last but not least, is it simply possible to be « purely scientific »?
Science cannot avoid ethical issues, some of them being deeply imbricated
(and often not seen) within the area of the scientific work. There are many
examples of value judgments within scientific assessments (management of
epistemic uncertainty, just or sound character of assessments, selection of
consonant sources, “importance” or “triviality” of a risk, …).

Even in some uses of the precautionary approach, an overwhelming
importance is given to quantitative criteria, like risk probabilities, compared
with qualitative ones, as quality of live. In an interview concerning the
consequences of the accident and the countermeasures, an inhabitant of
Fukushima considered decontamination of forests as destruction of his
“forefathers’ legacy”: a totally other dimension than just a question of trees
that can be replaced.

Current scientific paradigm is based on a mechanistic vision of the world,
considering quantification as the only way for accessing to the reality. In a
holistic vision of the world, hard science observations (and limitations),
human sciences, ethics and spirituality are articulated and are all considered
as necessary for understanding the reality and for justifying responsible
decision-making (Frederic Lenoir).

Objectivity and the club spirit

As we have seen, “purely scientific” judgment is a kind of modern illusion,
as science cannot avoid interferences with ethical and epistemological
questions. Science cannot escape from some intrinsic subjectivity. In an
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attempt to control this, one often appeals to consensus as a guarantee for
objectivity.
Doing so, one forgets that scientists, coming from the same melting pot,
spontaneously favour cognitive consonance and share the same
interpretative language, the same paradigm (a whole of reference
presuppositions, which are often unconscious).
On these grounds, interpretations of reality are not seen by them as
subjective and have in their eyes an indisputable value.

Stakeholder involvement is the appropriate remedy for avoiding club
thinking, allowing new views and perspectives to emerge and favouring
creative thinking about mechanisms, scenarios or implications.

Unfortunately stakeholder involvement is currently often just a façade. The
invited stakeholders and experts are very few and their opinion often
considered as irrelevant and hardly taken into account. The “official”
experts consider themselves as the “real” experts, in charge of informing the
others and eventually to modify their wrong perception.

Conclusion: at a glance
Faced with a growing loss of credibility in the population, the main
challenge for (radiological protection and others) experts in the next 50
years could well be to change their own perception, instead of trying to
change public’s perception.

« Ce qu’il faut à présent, c’est réconcilier en nous les deux démarches
(science et conscience); non pas nier l’une en faveur de l’autre, mais
faire en sorte que l’œil qui scrute, qui analyse et qui dissèque vive en
harmonie et en intelligence avec celui qui contemple et vénère…»

Hubert Reeves
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Abstract
Study objectives: the aim of this study was to measure entrance skin doses on patients
undergoing cone beam CT (CBCT) examinations, to establish conversion factors between
skin and organ doses, and to estimate individual patient risk from CBCT exposures.
Methods and material: 267 patients (age 8-83) were included, involving three imaging
centres. CBCT scans were acquired using the SCANORA 3D (Soredex, Tuusula, Finland)
and NewTom 9000 (QR, Verona, Italy). Eight thermoluminescent dosimeters (TLD) were
attached to the patient’s skin at standardized locations. Using previously published organ
dose estimations on various CBCTs with an anthropomorphic phantom, the correlation
between skin dose and organ doses was investigated and conversion factors were
calculated to estimate individual organ doses based on skin measurements. An age- and
gender-dependent risk model was applied to estimate the lifetime attributable cancer risk
for each patient.
Results: For the SCANORA 3D, average skin doses over the eight locations varied
between 484 and 1788 µGy. For the NewTom 9000 the range was between 821 and 1686
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µGy for Centre 1 and between 292 and 2325 µGy for Centre 2. The individual lifetime
attributable cancer risk estimation varied between 0.000057% (83 year old male) and
0.0028% (11 year old female). On average, the risk for female patients was 54% higher.
Conclusions: entrance skin dose measurements demonstrated the combined effect of
exposure and patient factors on the dose uptake. The actual radiation risk was primarily
influenced by the age at exposure and the gender, pointing out the continuing need for
justification and optimisation of CBCT exposures, with a specific focus on children and
female patients.

Introduction
In recent years, cone beam computed tomography (CBCT) has become a
commonly used imaging modality for a wide range of clinical indications
in dentistry and otolaryngology. Currently, a vast amount of dental cone
beam computed tomography (CBCT) devices are available, and a large
variability is seen between these devices in terms of exposure. Using
anthropomorphic phantoms, it has been shown that there is a wide radiation
dose range in CBCT due to difference in beam energy, tube output, and
beam geometry [1-5]. The dose metric which is typically reported in
literature is the effective dose as defined by the International Commission
on Radiological Protection (ICRP), which is estimated as a weighted sum
of absorbed doses from different radiosensitive organs [6]. Although it is a
useful quantity to express the overall risk for cancer-induced effects from
radiation exposure, there are a few drawbacks to the effective dose which
limits its applicability in patient dose management. The main issue with
the effective dose in the context of CBCT imaging is that this modality is
used for various age groups. When measured in a standard phantom, the
effective dose provides an estimation of the risk for an average adult male.
In actuality, patient dose will vary between individuals, with patient size
and mass as main factors [7,8]. For dental CBCT, this is of particular
relevance, as it is frequently used for young children for orthodontic
treatment planning, traumas and developmental defects. It can be expected
that the absorbed dose to the different head and neck organs will be higher
for children for a given exposure, as relatively more tissue is included in the
primary beam [9-18]. Another limitation to the effective dose values reported
in literature is the age-dependent sensitivity of cancer effects from radiation.
Depending on the age of an individual, the relative risk for a certain
exposure ranges from fourfold for young children to a negligible risk for old
patients, when compared to an adult [19]. Based on these considerations, it
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can be seen that the actual patient risk from dental CBCT exposures has
not yet been estimated.
The aim of this study was to measure entrance skin dose on CBCT patients,
involving different patient groups with varying ages and sizes. Additionally,
the purpose was to investigate the variability in skin dose values and its
relation with demographic parameters, and to estimate the individual patient
risk based on skin dose.

Materials and methods
Patients were recruited at three imaging centres after obtaining ethical
approval. Only patients who were actually referred for a CBCT examination
were included; no additional exposure was given to any patient. There were
no exclusion criteria regarding age, weight or any other parameter; all
patients corresponding to one of these indications were eligible for
inclusion. Three CBCT devices were included in this study: the SCANORA
3D (Soredex, Tuusula, Finland) and two NewTom 9000 (QR, Verona, Italy)
devices. Before exposure, demographic and anatomic data was recorded:
age, gender, height, weight, interpupillary distance and chin-thyroid
distance. Exposure parameters were recorded, with the kVp being fixed for
each device but the FOV size, scanned region and exposure (mAs) varying
between patients according to the existing clinical exposure protocol.
To measure entrance skin dose, thermoluminescent dosimeters (TLD-100)
were attached to eight locations on the face of the patient: eyebrows/eyelids
(2), parotid gland (2), submandibular gland (2), mouth (1), and thyroid
gland (1). Bilateral palpation was performed for placement of the TLDs on
the salivary glands. For each patient, two TLDs were used to estimate
background radiation. A calibrated TLD reader was used for read-out.
Background dose values were measured using two non-irradiated TLDs for
each patient and subtracted from entrance skin doses.
To estimate individual patient risk based on the measured entrance skin
dose, previously published organ and effective dose measurements obtained
from an Alderson Radiation Therapy (ART) phantom were used, involving
a wide range of CBCT devices and exposure protocols [2]. In this previous
study, organ doses were estimated by attaching TLDs at various locations
throughout the head and neck, corresponding to radiosensitive organs and
tissues. The effective dose was calculated according to the ICRP 103
Publication [20], applying weightings to the different involved tissues.
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Tissues included in the calculation of the effective dose were: bone marrow,
bone surface, brain, extrathoracic airways, lymph nodes, muscle,
oesophagus, oral mucosa, salivary glands, and thyroid gland. From the 31
TLDs used to estimate the skin dose for the ART phantom in [2], 8 TLD
locations were selected, closely corresponding to the placement of the 8
skin TLDs for patients. Using this selection, the prediction of organ doses
using 1 or more skin measurement locations was investigated. For each
organ or tissue, the combination of skin TLDs providing the highest
correlation with the absorbed organ dose was found. The slope of the linear
fit with intercept (0,0) was used as a conversion factor. Using these
conversion factors, organ doses were estimated for each individual patient
based on their skin doses. The tissue weighting factors from ICRP 103 were
then applied to each organ dose to calculate an ‘individual effective dose’.
Mass energy absorption coefficients from ICRU Publication 44 were used
to correct the absorbed dose to each organ, assuming a mean energy of 50
keV for the SCANORA 3D and 60 keV for the NewTom 9000 [21].
Finally, an estimation of the age-dependent risk for radiation-induced
stochastic effects was applied for each patient, as the effective dose is not
a suitable quantity for individual radiation risk estimation [22]. Although
the weighting factors defined in ICRP 103 are assumed to be valid for both
genders and all age groups, correction factors for radiation exposures to
varying age groups have been defined in the ICRP 60 recommendations
[19]. More recently, the influence of the age at exposure on radiation risk has
been further analyzed and reported in the Biological Effects of Ionizing
Radiation (BEIR) VII report from the United States National Research
Council [23], enabling a continuous modelling of the lifetime attributable
risk (LAR) for cancer induction or mortality. Figure 1 shows the overall
LAR for a 10 mGy dose as a function of gender and age at exposure. Using
the effective dose estimations for each patient along with their gender and
age at exposure, the LAR was estimated using the curve in Figure 1.
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Results
A total of 267 patients were included. Overall, the subject’s ages ranged
between 8 and 83 years, with 24% of patients younger than 20 and 11%
being 60 years or older. The BMIs ranged between 12.7 and 40.4. The
gender distribution was 42% male and 58% female.
Figure 2 shows the average skin dose for all patients for the three devices.
For the SCANORA 3D, average skin doses over the eight locations varied
between 484 and 1788 µGy (average 910 µGy) with individual TLD values
ranging between 23 and 3843 µGy; for the NewTom 9000 the range was
between 821 and 1686 µGy (TLD values between 180 and 3980 µGy) for
Centre 1 and between 292 and 2325 µGy (TLD values from 6 to 3690 µGy)
for Centre 2. The highest entrance skin doses were found at the mouth; the
lowest dose was at the eyes and thyroid, which also showed the largest
variability in entrance doses between patients.
There was no clear correlation between BMI and entrance skin dose for
any CBCT. For the NewTom 9000, a normalisation was attempted by
dividing the doses by the mAs, which is determined automatically based on
the density distribution of the scout image. However, there was no
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Fig 1. Estimated lifetime attributable cancer risk from radiation as a function of age at
exposure, based on BEIR VII risk models. Adapted with permission of The British

Institute of Radiology, from Cancer risks from diagnostic radiology,
Hall EJ, Brenner DJ., Br J Radiol. 2008 May;81(965):362-78 [23,24]



improvement in correlation for the normalised values. Similarly, no
correlation was found between the other demographic or anatomical
parameters (e.g. interpupillary distance, age) and entrance skin dose.
Correlation coefficients and conversion factors between selected skin TLDs
and organ doses from ART phantom measurements are depicted in Table 1.
For red bone marrow and skin, the average of all 8 TLD locations resulted
in the best correlation. For all other organs, a selection of TLD locations
ranging between 2 (brain) and 7 (bone surface) was made to obtain the
highest possible correlation.
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Fig 2. Average entrance skin dose for three CBCT devices at 5 skin locations

Using the mass energy absorption coefficients from ICRU Publication 44,
the skin-to-organ conversion factors from Table 1 and the age- and gender-
dependent risk estimation shown in Figure 1, the lifetime attributable cancer
risk was calculated for each patient. For the SCANORA 3D, the incidence
risk varied between 0.00017% (60 y.o. male) and 0.0028% (10 y.o. female).
For the NewTom 9000, the risk varied between 0.00036% (61 y.o. female)
and 0.0015% (15 y.o. female) for Centre 1 and between 0.000057% (83
y.o. male) and 0.001918% (14 y.o. female) for Centre 2. The average risk
for all patients was 0.00066% or ~1:150 000. The sum of each individual
estimated risk for the 267 patients included in this study was 0.176%. As
seen from the average risk or sum, for the patient population and CBCT
devices included in this study, it would take 151 397 patients to reach a risk



of 100%. The ratio between the highest and lowest risk for the three centres
was 17, 4 and 34, respectively. The ratio between the highest and lowest risk
for all patients combined was 50. In comparison, the ‘individual effective
dose’ calculated based on the skin dose showed a ratio of 8 between the
highest (145 µSv) and lowest (19 µSv) value for all patients combined.
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Discussion
Patient risk from radiation has been a continuing concern in dental imaging,
due to the frequency of X-ray examinations in dental practice. The
introduction of CBCT in dentistry has brought an opportunity for dose
reduction, as it generally operates at lower exposure levels compared to
MSCT, and can be a useful alternative for certain applications [1]. However,
as CBCT doses are higher than those of conventional 2-D radiographic
techniques, its use as a replacement or complement to intra-oral, panoramic
or cephalometric radiography should be considered with great care,
particularly for children. Radiation dose for dental CBCT has been
thoroughly assessed in many studies by estimating organ and effective
doses using anthropomorphic phantoms [2-5]. Most of these phantoms
represent an average adult male, although paediatric phantoms representing
varying ages are commercially available [14]. Still, doses obtained from
these reference phantoms cannot be directly applied as patient risks. The
effective dose, as defined by the ICRP, can only be measured using these
reference phantoms; for patients, the actual risk from exposures to ionising

Table 1. TLD locations, correlation coefficients with organ doses and conversion factors
used for individual absorbed organ dose estimations based on entrance skin dose

Skin TLD locations
Number of skin 
TLD locations

Correlation
coefficient

Conversion
factor

Bone surface All except thyroid 7 0.88 0.080

Brain Eyes 2 0.88 0.376

Oesophagus Thyroid, submandibular 3 0.89 0.194

RBM All 8 0.86 0.075

Remainder All except eyes 6 0.92 0.173

Salivary Parotid, submandibular, mouth 5 0.91 1.073

Skin All 8 0.98 0.043

Thyroid Thyroid, submandibular 3 0.86 0.352



radiation is determined by additional patient-specific factors (i.e. age at
exposure, size and weight, anatomical characteristics)[20,22,23]. In this study,
the estimation of individual patient risks from dental CBCT examinations
was performed, using entrance skin dose measurements, conversion factors
for organ doses based on anthropomorphic phantom measurements, and
age- and gender-dependent risk estimations.
Entrance skin doses were similar for most TLD locations for the three
devices included in this study. These devices, however, do not represent
the dose range found in dental CBCT; lower doses can be achieved by
devices with smaller FOV sizes, and much higher doses (with entrance skin
dose values above 10 mGy) have been reported for other devices [2]. It is
therefore not feasible to use the values from this study in the context of
diagnostic reference levels (DRL); reference levels based on dosimetry can
only be proposed when this dosimetric parameter (i.e. a suitable dose index)
has been applied to a large sample of the available CBCT devices and
exposure protocols.
A particular finding in this study is that the entrance skin dose in the thyroid
area was much higher for one of the centres using the NewTom 9000. It
was found that the FOV is routinely positioned lower at this centre, due to
the lack of standardised positioning criteria for CBCT. As the thyroid gland
is one of the key organs affecting the total risk from head and neck
exposures, a significant dose reduction could be achieved by positioning the
field as high as possible at all times. Because of the sharp dose gradient at
the edge of the beam [25], a clear reduction in thyroid dose could be
achieved by adjusting the FOV, placing it as cranially as possible.
The conversion from skin dose to organ dose was calculated using
conversion factors derived from the measurements on the Alderson
Radiation Therapy phantom, representing an average adult male. Using a
large number of TLDs carefully distributed over the head and neck of the
phantom, it was ensured that the uncertainty of the organ dose estimations
was kept as low as possible. However, there are additional uncertainties
involved in the conversion between skin and organ doses performed in this
study. First of all, the relation between skin dose and organ doses varied
somewhat between CBCT devices and exposure protocols, due to the
interplay between different variable exposure parameters (e.g. beam energy,
FOV size and position). R2 values ranged between 0.858 and 0.960,
showing small deviations from a linear relation. As this study involved only
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two CBCT devices with a limited variety of exposure protocols, it can be
assumed that the error in organ dose conversion due to varying exposure
parameters did not diverge considerably between individuals.
The second uncertainty regarding the conversion to organ dose is related to
the fact that this conversion did not take differences in individual anatomy
into account. The use of a single anthropomorphic phantom for the
calculation of conversion factors assumes that the relative distribution of the
different radiosensitive organs in relation with the skin TLD positions is
identical for each individual, and equal to the organ distribution in the
Alderson Radiation Therapy phantom In reality, variations in patient size,
gender, age and anatomy will affect the size and position of radiosensitive
organs related to the selected locations for skin dose measurements. This
anatomical variation is partly picked up by the skin dose measurements, as
they are affected to some extent by patient size and anatomy. However, for
each organ dose there is a degree of uncertainty due to potential differences
between individuals. For most organs (i.e. red bone marrow, bone surface,
skin, brain, oesophagus), this uncertainty is reasonable. For the salivary
glands and thyroid, some anatomical variation may occur; in addition, the
size and shape of the thyroid varies with age. To investigate the actual
variability of organ distributions in the head and neck and their effect on
patient dose and risk, Monte Carlo simulations using deformable models or
actual patient data should be performed [26]. Based on the distribution of
entrance skin dose values for the patients in this study, it is clear that the
effect of the BMI is limited, or at least obscured by other factors, even after
normalising the values for tube output. The entrance skin dose can therefore
be considered as a result from different exposure factors (i.e. tube output,
FOV size and position, patient factors) with a minor influence from the
BMI. However, it is possible that doses for non-surface organs are affected
by the BMI more clearly, as the skin dose will be mainly composed of direct
(unattenuated) exposure, whereas organ doses are more susceptible to
varying degrees of beam attenuation. This is another limitation to the
conversion from skin dose to organ doses, as the conversion factors were
determined using the ART phantom, assuming similar beam attenuation
levels for different patients. The effect of patient size on organ doses should
be further explored using dose simulation on varying model sizes.
Based on the BEIR VII report, an age-and gender-dependent risk estimation
was performed [19,22-24]. The individual patient risks calculated in this study
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showed a wide range, determined by both the entrance skin dose values
(i.e. the combination of exposure factors and patient factors) and the age at
exposure. It was clear that paediatric indications (e.g. impacted teeth,
orthodontic planning) showed higher risk levels than adult indications (e.g.
implant planning). The evaluation of effective doses of CBCT using
paediatric phantoms showed that dose levels were similar to adult dose
ranges, as most CBCT devices have implemented paediatric exposure
protocols (i.e. FOV and/or tube output reduction). However, the actual risk
for children will always be higher due to the effect of the age at exposure.
Therefore, the added value of a CBCT scan to a conventional 2-D
radiographic examination should always be judged with great care for
children, and optimisation of exposures is pivotal seeing that a suboptimal
exposure protocol may lead to considerable dose levels. After a quick
search of the available CBCT patient databases at our centre, we found that
the youngest patient referred for a CBCT scan was found to be a female of
3 years and 5 months, corresponding to a risk multiplication of x5.4
compared to a gender-averaged 30 year old according to Figure 1. CBCT
users and referrers should be aware of the increased radiation risk for
children, and apply the ALARA principle even more strictly compared to
adult patients [27].
In conclusion, the entrance skin dose measurements in this study
demonstrated the combined effect of exposure and patient factors on the
dose uptake. Conversion factors were determined to estimate absorbed
organ doses using skin measurements, and age-dependent cancer risk was
estimated. The actual radiation risk was primarily influenced by the age at
exposure, pointing out the need for age-related justification and
optimisation of CBCT exposures. Special attention for optimised radiation
is needed for children.
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Abstract
In the neonatal intensive care units (NICUs), premature new-borns may be exposed to
important radiation doses over a short period. Because of their intrinsically higher
radiosensitivity and longer life-expectancy, it is of particular importance to keep the dose
as low as achievable without impairing the diagnostic quality of the examinations. Within
this scope, the present study aimed at proposing national diagnostic reference levels (DRL)
for the most common radiographs in premature patients. Entrance surface kerma (ESK)
and Kerma area product (KAP) were evaluated for chest, abdomen and combined chest-
abdomen radiographs. The study was carried out in 17 of the 19 Belgian NICUs. Wide
variations were observed between the centres as well for ESK as for KAP values. Those
observations were due to large variations in the examination settings. DRL were proposed
for chest and combined chest-abdomen radiographs. The dose per radiograph was usually
low but the cumulative dose per stay could be high. In addition, the wide, intercentre
variation indicates that there is clear scope for dose reduction. The use of DRLs should
contribute to achieve this objective.

INTRODUCTION
Since the late nineties, the awareness of the potential risks of diagnostic
radiology in paediatrics has considerably increased. Though growing
awareness has also been observed in the specific field of neonates, as
proven by several publications in the scientific literature (1-9), dose
information is rather scarce and usually accounts for local practices.
Besides, the directive 97/43/Euratom of the European Commission (10)

stresses the importance of “the establishment and the use of diagnostic
reference levels (DRL) for radiodiagnostic examinations” and emphasizes
the specific attention that should be paid to paediatric patients.
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This study has been carried out to investigate the exposure of premature
new-borns in the Belgian neonatal intensive care units (NICU). Anterior-
posterior radiographs of the chest, abdomen and combined radiographs of
the chest –abdomen, which are the most common radiographs in premature
new-borns, were studied. Entrance surface kerma (ESK) was calculated
from the examination settings and hospital measurements; the kerma area
product (KAP), where available, was also recorded. The cumulative doses
per stay were also evaluated. Thanks to the collaboration of the staff of
most Belgian NICU, it has been possible to establish national DRL for the
chest and combined chest-abdomen radiographs.

MATERIAL AND METHODS
Neonatal intensive care units
The neonatal intensive care unit is a special unit of the hospital dedicated
to neonates in need of intensive medical attention. The patients admitted in
the NICU are often preterm new-borns with low birthweight (as low as 500
g) and medical conditions requiring specific care. Amongst the many
technologies available in the NICU, diagnostic radiology is frequently used
for the diagnosis and follow-up of the patients; radiographs of the chest, of
the chest-abdomen region and of the abdomen are commonly performed.
Because unnecessary manipulations of the patients are by all means
prevented, those examinations are usually performed inside the NICU with
mobile equipment, rather than in the imaging department.
In Belgium, there are 19 formally recognised NICU, evenly distributed over
the three regions.

Data collection
The most common types of radiographs were studied. Based on discussions
with physicians, those are anterio-posterior radiographs of the chest, of the
abdomen and of the chest-abdomen region. Data were collected in 17
NICU. In every participating centre, the X-ray system was characterised.
Theoretical protocols, which are used to select the examination settings,
were collected; besides, the radiographers were asked to register the
technical settings for each examination included in the study: focus-to-skin
distance (FSD), focus-to-detector distance (FDD), tube voltage (kVp) and
tube load settings (mA.s). These settings, in conjunction with X-ray system
characteristics, are necessary for dose calculation. When available, KAP
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was recorded. Each KAP-meter was calibrated on site using the beam-area
method (11).
All patients included in the study were premature new-borns (less than 37
weeks of gestational age), non preterm patients were excluded. For each
patient, the date of birth, the gestational age, the height and the weight at
the moment of the examination, the date and the type of the radiograph and
the number of radiographs per complete stay were documented.

Examination dose
Two dosimetric quantities were considered in this study: the entrance
surface kerma and the kerma area product. The ESK, expressed in Gy, is the
dose absorbed at the intersection between the X-rays and the entrance
surface; the KAP is the product of the kerma and the irradiated area. While
the ESK describes the intensity of the radiation, the KAP describes both
the intensity and the extension.
Because of the weakness of the patients, direct measurements of doses
would have represented an impediment to the realisation of the study. The
ESK of each radiograph was therefore calculated, rather than measured.
For each radiograph, the ESK was estimated by using the exposure
parameters and tube output measurements performed on the X-ray system,
according to the following equation:
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where OPkVp is the tube output at the tube voltage kVp, mAs is the tube
load or product of the current and the exposure time and FSD is the focus-
to-detector distance.

Cumulative dose
The cumulative ESK were individually calculated by counting and
summing the exposures undergone by the patients during their stay in the
NICUs. In all hospitals, the number, the type and the date of the exposures
were available in the picture and archiving system (PACS). Only the three
most common radiographs were taken into account.

Diagnostic reference level
DRL are reference values intended to detect those centres which deliver
unusually high examination dose (11). DRL are examination specific.



Corrective measures should be undertaken if the DRL are consistently
exceeded. The DRL were calculated as the 75th percentile of the dose
distribution (11) of those centres where representative data were collected. In
order to account for differences in patient’s morphology, an attempt was
also made to establish DRL according to specific weight categories.

RESULTS
Examination settings
14 NICU had a protocol for selecting the examination settings (mA.s, kVp
and, sometimes, FDD); 3 had none or didn’t provide it. In 12 centres, those
protocols were defined according to the patient’s weight; in 2 centres, a
unique examination setup was used, regardless of patients’ weight or size.
KAP-meters were installed in 15 centres.
Examination settings were collected for 781 examinations distributed over
17 NICU, including 472 chest radiographs, 223 combined chest-abdomen
radiographs and 86 abdomen radiographs. Most centres used similar
settings for all types of examinations. Large differences were observed
between the protocols of the participating hospitals. From the recorded
exposure settings, tube voltage, tube load and FDD ranged from 40 to
81 kVp, 0.3 to 4 mA.s and 24 to 120 cm, respectively. Deviations from the
theoretical protocol were frequently observed.

Radiograph doses
An overview of the median ESK and the KAP values for chest and
combined chest-abdomen radiographs is given in Figure 1 and Figure 2.
The median ESK and KAP values per chest radiograph varied from 11 up
to 157 µGy and from 1.4 up to 14.2 mGy.cm² in the different hospitals,
representing a maximum to minimum ratio of 14 and 10, respectively. 3
centres were clearly above the NRPB reference dose of 50 µGy; 2 centres
also exceeded the reference dose of 80 µGy proposed by the European
Commission (EC) for chest examinations of a 1000 g-new-born (12).
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Per combined chest-abdomen radiograph, the median ESK and KAP values
varied from 8 up to 117 µGy and from 3.8 up to 28.1 mGy.cm² in the
different hospitals, representing a maximum to minimum ratio of 15 and 7,
respectively.
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Figure 1: Overview of the median ESK (left) and KAP values (right) for chest
radiographs. 25th and 75th percentile (solid lines), and reference levels of the NRPB

(50 µGy) and the European guidelines (80 µGy) are reported (dotted lines).

Figure 2: Overview of the median ESK (left) and KAP values (right) for combined
chest-abdomen radiographs. 25th and 75th percentiles (solid lines) are reported.

The data collected for abdomen examinations proved to be insufficient to
represent fairly the national practices. However, it can be mentioned that
those showed similar trends in terms of dose and examination settings.



The expanded uncertainty in ESK was evaluated to be ± 24% within 95%
confidence limits. The uncertainty in KAP was evaluated to be ±34% within
95% confidence limits.
Significant dose differences between the weight categories were not
frequently observed. This might be explained by frequent deviations from
the theoretical examination settings in most cases; in other cases, this might
be explained by the absence of a protocol or by the use of a unique
examination set-up for all patients.

Diagnostic reference levels
Overall DRL for chest radiographs in terms of ESK and KAP (Table1) were
based on representative data from 14 and 11 centres, respectively. In terms
of ESK, the DRL is comparable with the reference level proposed by the
NRPB, but is significantly below the value proposed in the EC guidelines;
neither the NRPB, nor the EC proposed reference values for KAP. DRL for
chest radiographs were also proposed for specific weight categories. An
overview of the national DRL for chest radiograph is presented in Table1.
For combined chest-abdomen radiographs, an overall DRL value of 58 µGy
was proposed for ESK, based on representative data from 11 centres. The
collected data proved to be insufficient to define DRL for abdomen
radiographs, due to the relatively low frequency of those examinations.
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Table 1: DRL in terms of ESK and KAP for chest radiographs for extremely low weight
infants (<1000 g), low weight infants (1000 g<...<2000 g) and normal weight infants

(>2000 g).

ESK
(µGy)

KAP
(mGy.cm²)

All 41 7.7
<1000 g 36 4.1

1000 g<…<2000 g 45 7.2
>2000 g 46 6.1

Examination frequency
The number of radiographs undergone by each neonate was registered for
235 patients; only the most common radiographs were considered (i.e.,



chest radiographs, abdomen radiographs and combined chest-abdomen
radiographs). The distribution of the number of radiographs per patient stay
is shown in Figure 3.Although around half of the patients (47%) underwent
less than 5 examinations during their stay in the NICU, the mean number
of radiographs received per patient was 7.9, which compares with other
studies, with values of 7.7 (8), 9.6 (13) and – median – of 10.6 (7). Some studies
nonetheless, showed significantly lower values, with average number of
3.2 (1) and 4.0 (14); those lower values might be due to the composition of the
study sample including full-term neonates. A maximum of 71 examinations
was observed for one patient, which is in the range observed in other studies
(6- 8; 17) during the last decade. As already observed by Ono et al. (14), the
number of radiographs was inversely proportional to the birth weight of
the patients. While the patients with a birth weight superior to 1000 g
underwent on average 5.9 examinations during their stay in the NICU
(median of 4.0), the patients with a birth weight inferior to 1000 g
underwent on average 15.4 examinations (median of 11.0).
In terms of cumulative ESK (figure 3), around half of the patients (52%)
received less than 150 µGy during their stay in the NICU. In the upper part
of the dose range, 5% of the patients received 1 mGy or more. One patient
received more than 3.5 mGy, this value resulted from 71 radiographs, the
highest number of examinations per patient stay.

DISCUSSION
As the DRL account for the practice of more than half of the Belgian NICUs
(14 and 11 centres of 19 for ESK and KAP, respectively), they are believed
to represent fairly the national practice.
In most centres, the ESK observed for chest radiographs were significantly
below the European level. This level was proposed nearly 20 years ago for
screen film radiography and should be adapted to most recent practices.
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The use of the DRL enabled to detect those centres in need of dose
optimisation. The doses exceeding the DRL for ESK were all explained by
inappropriate examination settings with respect to the technical
characteristics of the local X-ray system. Nevertheless, the large differences
in KAP values were not all explained by the examination settings; some
centres exceeded the DRL in terms of KAP but not in terms of ESK. This
is because KAP also accounts for the size of the examination field (or
collimation). This observation is of concern for premature infants, for
whom the irradiated area is particularly small in comparison with older
patients. Simulations have shown that for these organs normally on the edge
or out of the examination field (such as the liver, the stomach or the thyroid
in chest radiographs), a field shift of 1 or 2 centimetres might result in a
several-fold increase in dose. Priority should be therefore given to KAP
monitoring, which is easily available in routine practice and gives indirect
measurement of the size of the primary field.
Contact was taken with the centres exceeding the DRL and recommendations
for dose reduction were done. However, image quality was not evaluated in
the present study, examination settings were only assessed with regard to the
delivered doses. If any kind of optimisation would be performed, image
quality should also be taken into account, aside from patient dose.

CONCLUSION

In most NICUs, the ESK per chest radiograph was fairly low (below the EC
and NRPB reference doses), but the cumulative dose received by a specific
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Figure 3: Number of radiographs (left) and cumulative ESK (right) per patient stay
in the NICUs.



patient could be high. Nevertheless, the risks induced by such exposures
appear to be largely outweighed by the medical benefits which derive from
them. The large differences in radiograph doses were attributed to the use
of widely different technical settings. This clearly indicates that there is
scope for harmonisation and optimisation of the practise. The use of
national DRL should help to identify those centres where the doses are
unusually high.
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Abstract
Proton Therapy represents nowadays a major improvement in radiotherapy thanks to the
possibility to obtain excellent dose conformity to the tumour volume and to reduce the
exposure of the surrounding healthy tissues when compared to conventional radiotherapy.
However, the interaction of high-energy proton beams with beam line elements, treatment
nozzle and the patient himself leads to the production of intense neutron fields, with energy
ranging from the thermal limit up to 230 MeV. These high-energy neutrons open new
challenges in radiological protection studies for proton therapy facilities, in terms of
shielding design and material activation studies.

Introduction
The use of proton beams to treat tumours presents several advantages
compared to classical radiotherapy. Because of their large mass, protons
present a maximal energy loss located at the end of their range, known as
the Bragg peak. As the proton range changes as a function of energy, it
allows a very precise dose delivery to the tumour area, leading to a
significant reduction of the dose deposited inside the healthy tissues and
the possibility to spare critical organs located behind the tumour.
After the installation of its first proton therapy (PT) system at Massachusetts
General Hospital (MGH) in Boston in 2000, IBA has become the world
leader in PT facilities with more than 20 centres already installed or in
construction in North America (10), Europe (8) and Asia (3) [1]. They are
all equipped with a conventional cyclotron delivering proton beams with a
fixed energy of 230 MeV and an energy selection system (ESS) used to
modulate the energy of the beams delivered to the patients. Figure 1 shows
the layout of a typical PT facility with a cyclotron room containing also the
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ESS and 3 treatment rooms equipped with either a fixed beam or a 360°
gantry rotating around the patients.
Radioprotection studies are performed in-house using state-of-the-art
Monte Carlo (MC) simulation tools to design the biological shielding and
to estimate the activation of building and equipment.
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Figure 1: Layout of a typical PT facility showing the cyclotron room and the two types
of treatment rooms equipped with either a fixed beam or a rotating gantry, together with

the installed equipment.

Radiation Sources
In proton therapy, tumours are treated with proton beam energies ranging
between 70 MeV and 230 MeV. The interactions of the protons with matter
inside the cyclotron, in the beam transport elements and inside the patient
himself lead to the production of a mixed field of neutrons and photons.
The secondary neutrons have a continuous energy spectrum from thermal
energies up to 230 MeV and represent the major contribution to the ambient
dose equivalent H*(10). Secondary photons have usually a lower energy,
below 10 MeV.
Major radiation sources inside the cyclotron room are the cyclotron, the
energy degrader used to modulate the beam energy and the beam shaping
devices used to limit the beam angular and momentum divergences. Inside



the treatment rooms, protons can interact with the nozzle used to conform
the irradiation field to the tumour area and with the patient.
Figure 2 shows the thick target yields of secondary neutrons and photons
obtained for 70 to 230 MeV protons stopping in the different materials
encountered in a PT system. The neutron multiplicity n/p increases rapidly
with beam energy and with the atomic number of the target. The
dependence of photon multiplicity on the target atomic number is different,
due to self-absorption of low-energy photons in targets such as tantalum
with large atomic number and density.
In proton-nucleus nuclear reactions, neutrons can be produced by two
different mechanisms:
• The intranuclear cascades lead to the production of high-energy neutrons

with energy above 10 MeV and up to the incident proton energy. These
neutrons take away a fraction of the incident proton momentum and are
strongly peaked towards the forward direction.

• After the intranuclear cascade phase, the evaporation of the excited target
nucleus results in the production of low-energy neutrons below 10 MeV,
with an isotropic emission. 239

Figure 2: Thick target yields of secondary neutrons (a) and photons (b) as a function of
proton beam energy for different target materials encountered in a PT facility.



Figure 3 compares the angular neutron production cross section dσ/dΩ
obtained with the MC code MCNPX 2.7.0 [2] for 256 MeV protons
impinging on a 0.7358 g/cm2 thick iron target. The angular distributions
obtained for neutrons above and below 10 MeV are drastically different,
illustrating the two different production mechanisms.
Neutrons produced by the PT equipment are attenuated by thick concrete
walls surrounding the cyclotron and the treatment rooms (Figure 1). The
ambient dose equivalent H*(10) obtained behind a shielding thickness z is
described by a negative exponential H(z) = H0.e-z /λwhere H0 is the source
term and λ is the attenuation length. For concrete, the attenuation length ρλ
remains constant at a value of about 300 kg.m−2 for neutron energy below
20 MeV but increases to a value of 1200 kg.m−2 at 200 MeV and tends to
remain constant for higher energies [3].
Coupled to the angular dependence of the energy spectrum of secondary
neutrons, this behavior leads to an important variation of the Tenth-Value
Thicknesses (TVT) observed with the neutron direction and the shielding
thickness. To illustrate this effect, the evolution of the TVT obtained in
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Figure 3: Angular cross section dσ/dΩ xfor secondary neutrons produced by 256 MeV
protons impinging on a thin iron target. The contributions from low-energy neutrons

below 10 MeV and neutrons above 10 MeV are also shown.

1H (256 MeV) + Fe (0.7356 g/cm2)

E > 10 MeV E < 10 MeV



standard concrete (ρ = 2.3 g/cm3) for neutrons generated by 230 MeV
protons impinging on a stopping-length tissue target is shown in Figure 4.
The TVT’s obtained at the beginning of the shielding, denoted TVT0, show
a strong variation with the emission angle Θ, due to the hardening of the
neutron energy spectrum in the forward direction. After an approximated
thickness of 1 m, the TVT values change to a value at equilibrium
represented by TVTe in Fig. 4. The TVT value increase observed mostly in
the backward region is due to the hardening of the neutron spectrum deep
inside the shielding, most of the low-energy neutrons being rapidly
attenuated at the beginning of the shielding and the fraction of high-energy
unscattered neutrons becoming dominant.
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Figure 4: Evolution of neutron Tenth-Value Thicknesses in standard concrete as a
function of neutron polar angle Θ for 230 MeV protons stopping in a thick tissue target.

The values obtained at the beginning of the shielding (TVT0) and at equilibrium
(TVTe) are compared.

Shielding Design for PT centre
Due to the complexity of the neutron fields emitted in a PT facility, we
heavily rely on Monte Carlo simulation codes such as MCNPX 2.7.0 [2] to
simulate the production and the attenuation of secondary neutrons and
photons due to proton interactions with matter. MCNPX offers the



advantage to make use of measured nuclear data for protons, neutrons and
photons, such as the Los Alamos LA150 evaluated data library [4] offering
neutron and proton cross sections for 46 nuclides up to 150 MeV. For
isotopes or energy ranges where no data are available, nuclear models such
as the Bertini model, the Liège Intra-nuclear Cascade model (INCL4) or the
Cascade-Exciton Model (CEM03) are available [2].
The design of the biological shielding for a PT facility involves several
steps:
• First, the proposed facility is fully modelled inside MCNPX, representing

the cyclotron and the treatment rooms but also a large part of the
equipment such as the cyclotron and the magnets of the ESS.

• Next, a patient case mix representing all the irradiations performed per
year is developed based upon clinical requirements. The clinical
indications are converted to a set of beam energies and workloads to
determine the resulting dose rates.

• Simulations of all major radiation sources for each clinical indications
are performed and the resulting ambient dose equivalent H*(10) or the
antero-posterior effective dose E(AP) are computed using fluence-to-dose
conversion factors from ICRP-74 below 200 MeV [5] and factors from
M. Pelliccioni above 200 MeV [6].

• Finally, the sum of all radiation sources and clinical indications is
achieved to determine the resulting annual dose rates and the shielding
thicknesses needed to respect the local limits for controlled and public
areas are assessed.

Figure 5 shows an example of the results obtained for the external side wall
of the cyclotron room of the Holland Proton Therapy Centre (HPTC).
Figure 5a exhibits the evolution of E(AP) with the shielding thickness next
to the energy degrader while Figures 5b and 5c present the doses obtained
along the wall after a thickness of 3 m and 4 m, respectively. In this case,
a thickness of 4 m is required to fulfil the requirement of 1 mSv/year. The
major radiation sources present in the cyclotron room are represented
except for the degrader, which contributes about one order magnitude more
than the other sources and is therefore very close to the total dose.
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Validation of Monte Carlo Codes
To check the validity of MCNPX 2.7.0 for our shielding calculations, a
benchmarking of MCNPX on data measured at Los Alamos National
Laboratory (LANL) is performed on the neutron production. Comparisons
of MC predictions for ambient dose equivalents outside shielding and
measurements with an extended-range rem meter are also pursued.
Differential neutron production cross sections have been measured by the
LANL team of Meier et al., with proton energies of 113 MeV [7] and 256
MeV [8,9]. They used both thin or stopping-length targets and a large variety
of target materials such as Be, B, C, Al, Fe, W, Pb and 238U. MCNPX 2.7.0
was benchmarked against these various data. As examples, the d2σ/dE.dΩ
and energy-integrated dσ/dΩ cross sections measured by Meier et al. for
256 MeV protons impinging on a thin iron target are shown in Figure 6. The
MCNPX predictions are shown by the blue curves in this figure. We used
the LA150 nuclear data library for proton and neutron transport below 150
MeV [4] and the default Bertini nuclear model above 150 MeV. The MC
results exhibit a very good agreement with the data.
In Figure 7, the energy-integrated differential cross sections obtained with
MCNPX for various polar angle values and various thin target materials
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Figure 5: Annual effective doses E(AP) obtained in the side wall of the cyclotron room :
(a) Evolution as a function wall thickness ; (b,c) Evolution along the wall after depth
values of 3 and 4 m. The contributions from all major radiation sources are shown.

(a) (b)

(c)



are compared to measurements. The MC cross sections appear to be slightly
overestimated for the low-Z elements and slightly underestimated for the
highest Z values. Nevertheless, the MC-data agreement is largely sufficient
for radioprotection studies.
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Figure 6: Benchmarking of MCNPX 2.7.0 on neutron cross section data measured by
M.M. Meier et al [9] for 256 MeV impinging on a thin iron target: (a-d) double

differential cross sections d2σ/dE.dΩ for different Θ values; (e-h) Angular cross sections
dσ/dΩ obtained for different threshold values on the neutron energy.



Validation of shielding calculations is also underway with measurements of
ambient dose equivalents H*(10) in the Westdeutsches Protonentherapie-
zentrum (WPE) located in Essen, Germany. The ambient dose equivalents
were measured inside and outside the cyclotron and the gantry rooms, using
an extended-range rem meter WENDI-2 manufactured by Thermo Fisher
Scientific [10] and compared to MCNPX predictions. Thanks to a layer of
tungsten powder added to the moderator, low-energy neutrons are produced
by inelastic interactions of high-energy neutrons traversing the detector,
extending the H*(10) measurement range up to 5 GeV. This study is
performed in collaboration with the Université Libre de Bruxelles (ULB)
and the Institut Supérieur Industriel de Bruxelles (ISIB) within the
FREDONE project, a ‘FIRST’ project funded by the Walloon Region.
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Figure 7: Comparisons between measured energy-integrated cross sections and MCNPX
predictions for different Θ values and target materials. The data are obtained from

M. M. Meier et al [9].



Activation Studies
Due to the continuous energy spectrum of secondary neutrons between
thermal energy and 230 MeV, complex neutron-induced activation
processes take place in a PT facility, involving either neutron capture (n,γ)
mechanisms or spallation processes leading to the production of target
nuclei fragments. Again, MC codes such as PHITS [11] or FLUKA [12] can
be used to alleviate the complexity of activation studies. These codes are
routinely used at IBA to estimate the air and cooling water activations as
well as the long-term activation of shielding concrete and installed
equipment.

Conclusions
Proton therapy represents a significant advance in radiation therapy with
respect to conventional RT. However, it also represents a major challenge
in radioprotection due to the complexity of secondary neutrons and photons
fields produced by medium energy protons hitting matter. The use of
modern transport codes such as MCNPX can alleviate the complexity of
shielding design for a complete PT facility. Thanks to the use of evaluated
data libraries and nuclear models, MCNPX appears to represent the proton-
nucleus interactions with good accuracy in the energy range covered by
PT.

247



References
[1] http://www.iba-protontherapy.com

[2] MCNPXTM 2.7.0 User’s Manual, D. B. Pelowitz et al., LA-CP-11-0438 (2011).

[3] Radiation Protection for Particle Accelerator Facilities, National Council on
Radiation Protection and Measurements, NCRP-144 (2005).

[4] Cross-Section Evaluations to 150 MeV for Accelerator-Driven Systems and
Implementation in MCNPX, M. B. Chadwick et al., J. Nucl. Sci. Eng. 131, 293-328
(199).

[5] Conversion coefficients for use in radiological protection against external radiation,
ICRP Publication 74, Annals of the ICRP, 26 No. 3/4 (1996).

[6] Overview of fluence-to-effective dose and fluence-to-ambient dose equivalent
conversion coefficients for high energy radiation calculated using the FLUKA code,
M. Pelliccioni, Rad. Prot. Dosim. 88 (2000), p.279-297.

[7] Differential Neutron Production Cross Sections and Neutron Yields from Stopping-
Length Targets for 113 MeV Protons, M. M. Meier et al., Nucl. Sci. Eng. 102,
310-321 (1989).

[8] Neutron Yields from Stopping- and Near-Stopping-Length Targets for 256 MeV
Protons, M. M. Meier et al., Nucl. Sci. Eng. 104, 339-363 (1990).

[9] Differential Neutron Production Cross Sections for 256-MeV Protons, M. M. Meier
et al., Nucl. Sci. Eng. 110, 289-298 (1992).

[10] WENDI: an improved neutron rem meter, R. H. Olsher et al., Health Physics 70,
170-181 (2000).

[11] PHITS – a particle and heavy ion transport code system, K. Niita et al., Radiation
Measurements 41, 1080 (2006).

[12] FLUKA – a multi-particle transport code, A. Ferrari et al., CERN-2005-10 (2005).

Email
frederic.stichelbaut@iba-group.com, yves.jongen@iba-group.com

248



Annales de l’Association belge de Radioprotection, Vol. 38, n° 3, 2013
Annalen van de Belgische Vereniging voor Stralingsbescherming, Vol. 38, nr. 3, 2013
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Abstract
Past incidents in radiotherapy centres both in Belgium and in surrounding countries have
shown the need for an extensive quality audit program in radiotherapy. In Belgium these
audits were first commissioned by the FANC and performed by NuTeC in the BELdART
(Belgian Dosimetry Audits in RadioTherapy) project. It was world wide the first national
audit program using L-α-alanine-EMR dosimetry. All Belgian radiotherapy departments
participated in the BELdART dosimetry audit over a period of 3 years (2009 – 2011). In
total 34 centres and 61 clinical linear accelerators were audited and were confirmed to
work within acceptable levels. At the end of 2012 the College of Medicine-radiotherapy
gave NuTeC the permission to start with BELdART-2, a national mailed audit program
involving more complex radiation therapy techniques. In a period of 4 years NuTeC will
revisit all radiotherapy centres and audits IMRT treatment techniques. In BELdART-2,
NuTeC uses both L-α-alanine dosimetry and EBT-3 GafChromic films and a national code
of practice for EBT-3 film dosimetry will be developed. The audit consists of 4 parts: (1)
the basic parameters are partly copied from the BELdART-1 audit program. (2) The
dynamic radiotherapy check involves customized phantoms. (3) The audit program is
benchmarked with the BHPA ionisation chamber and (4) lastly and up-to-date inventory
of all radiotherapy devices in Belgium is made. For the dynamic radiotherapy audit, checks
are performed over the complete treatment cycle, starting with CT electron densities over
positioning and delivery with and without heterogeneities. Whenever a centre fails for the
tests, a BELdART-2 responsible will plan a visited audit of the centre and will perform the
audit of the entire treatment chain with the local physicist. To ensure a high standard and
quality audit program the BELdART-2 project is divided in (1) a daily activity group,
performing the audit; (2) a scientific committee to ensure the quality of the audit program
and (3) a steering committee to supervise and validate the audit results and to work out a
sequel for the future.
The project is supported by the College of Medicine – Radiotherapy and the Cancer Plan
(Public department of Health).
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Introduction
The success of a radiotherapy treatment is dependent on the delivered
absorbed dose to the tumour but also the dose to the surrounding tissues
and organs at risk. An essential step in delivering the correct dose is a
sufficient quality control system for a radiotherapy centre. Although all
radiotherapy centres do have these protocols accidents to happen in
radiotherapy, especially with the large numbers of radiotherapy patients a
year.
Incidents can be patient specific and not covered by the normal quality
assurance protocol. But also faulty equipment in the hospital and wrong
measurements can increase the probability of incidents in radiotherapy.
Incidents in the past [1,2] show the need for external, independent audits in
radiotherapy. These audits are also obligatory if centres would like to
participate in research studies in radiotherapy.
Currently several international and national audit organisations exist for
auditing radiotherapy departments both in dosimetric and administrative
point of view. All these audit protocols available are build upon the same
pillars: (1) ensure, in an independent way, that the dose is delivered as
intended, (2) reduce uncertainties in the treatment chain, (3) reduce the
likelihood of accidents and errors, (4) allow the rectification of identified
errors upon repeated audits, (5) be part of the learning curve, (6) ensure the
consistency of the quality in radiotherapy dosimetry and (7) re-assure the
introduction of new irradiation techniques. The global goal of these audits
is clear: a safe and high-quality treatment outcome for all patients.
Currently there are three big players in the domain of auditing in
radiotherapy, all of them using thermoluminescent dosimetry (TLD):
• The IAEA/WHO TLD postal audit program is a worldwide postal audit

programme that currently focuses on developing countries. [3,4,5]
• The European Society for Therapeutic radiology and oncology (ESTRO)

has the EQUAL system operating in Europe. [6,7,8]
• Radiological Physics Centre (RPC-MD Anderson) is the largest

organisation, performing postal audits in more than 1500 centres
worldwide for reference conditions and complex treatment techniques.
RPC is moving to OSL dosimeters for transfer dosimetry. [9,10,11]

Starting in 2009, Belgium has its own audit protocol BELdART, performed
by the “Nucleair Technologisch Centrum” (NuTeC).
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BELdART-1
BELdART-1 was a first national audit program in Belgium for all
radiotherapy centres and was free of charge for the centres. The project was
commissioned by the Federal Agency for Nuclear Control (FANC/AFCN)
and performed by NuTeC. The goal of the BELdART-1 project was to visit
all Belgian radiotherapy centres and their satellites for reference dosimetric
and mechanical parameters. The latter indicated the necessity of the audit
to be a visited audit.
The BELdART-1 project was unique because of the dosimetry system used.
For BELdART it was chosen to use L-α-alanine-Electron Magnetic
Resonance (EMR) dosimetry. This dosimetrical technique uses the property
of radiation to produce radicals in materials as dosimetric signal. By
applying a magnetic field and microwave energy to the dosimeters after
irradiation the radical concentration can be calculated. The modus operandi
for EMR-dosimetry in the BELdART-project has been described repeatedly
in various publications [12,13,14]. In short dose to water (expressed as dose
normalize amplitude was calculated using ‘individual base functions’
without prior establishing a dose-response curve. Each measurement
session an ‘alanine base function’ was calculated using a 25 Gy and 0 Gy
alanine spectrum including reference signal, resulting in a background and
reference free 25 Gy spectrum. Measured spectra are corrected for temporal
variations in spectrometer sensitivity using the reference and doses are
calculated by fitting and scaling the 25 Gy basefunction. To ensure
sufficient low uncertainties during measurements, 5 subsequent spectra are
recorder with rotations of 72° of the pellets for each measurement and 4
alanine pellets are used per dose point.
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With the average measured amplitude for 4 detectors, the average
mass of these 4 detectors, the average mass of the basefunction
dosimeters, Db the dose of the basefunction, a series of correction
factors.

Using the basefunction methodology it was possible to achieve uncertainties
as low as 0.84% for 4 detectors, 5 rotations and 4 Gy. All measurements
were corrected for irradiation temperature, signal fading and beam quality.



BELdART-1 tests and results
During BELdART-1 all Belgian radiotherapy sites (34) were visited for one
or more clinical devices. In total 61 out of 91 (end 2011) clinically used
linear accelerators were audited for both mechanical and dosimetric
parameters. In addition 3 accelerators were audited in the Grand Duchy of
Luxembourg.
The mechanical parameters (table 1) checked were (1) position of the
isocenter, (2) optical distance indicator, (3) position of the laser lines and
(4) correspondence light-radiation field. However for some high-art
radiation equipment some of these parameters could not be investigated. All
mechanical parameters were checked using BELdART equipment.
Tolerances as defined in NCS report 8 [15] were used. Table 1 shows the
results for all Belgian radiotherapy devices audited. One large deviation
was found for the correspondence of light and irradiation field. The latter
was caused by a non-optimal light source position in the radiation head.
The hospital made the necessary arrangements and provided a report of the
repair.
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Table 1: Result of the mechanical verifications

Test Numbers
checked Acceptable Small

deviation
Large

deviation
(1) 61 60 1 0
(2) 59* 59 0 0
(3) 60** 60 0 0
(4) 61 60 0 1

** 2 linacs did not have the classic telemeter available anymore
** 1 linac had the isocentric laser lines projected outside the plane of

accelerator rotation

Dosimetric test were performed in reference and non-reference conditions
with dosimeters positioned at the axis of the radiation beam. All equipment
used (phantom, temperature sensor, holder, …) was independent of the
hospital. The centre was asked to use SSD or SAD, depending on clinical
practice. One measurement had to be performed in the opposite setting.
Table 2 shows an overview of all dosimetric verifications performed. All
clinical photon beams and 2 electron beams were audited during the visit.



Test results were divided in 4 groups, depending on the level of deviation
( ) of the measured and calculated dose.
4 categories were used:

(1) “Within optimal level”, , nu further actions are taken,
(2) “Out of optimal level but within tolerance level, , the

results are communicated to the centre together with a proposition to
examine the deviation

(3) “Out of tolerance level”, , a second run should be
organized

(4) “Alarm level”, , the centre is immediately contacted to discuss
the deviation and a new audit is planned.

Figures 1 and 2 show the results for first and second run measurements for
photon and electron beams respectively. It was found that in the first run for
photon beams 1 measurement (0.1%) was above the alarm threshold and
was re-audited. In total 11 linacs, divided over 10 sites, participated in a
second run audit for photons because of deviations outside of tolerance or
due to systematic deviations in the measurements. If the second run
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Table 2: Overview of dosimetric tests

Test Depth (cm) Irradiation
distance Field size Accessory D (Gy)

D1 Ref. Field dref ssd or sad 10x10 cm2 No 4
D2 Tray factor dref ssd or sad 10x10 cm2 Tray 4
D3 Energy open 10 & 20 ssd or sad 10x10 cm2 No 4

D4 Energy 
wedged 10 & 20 ssd or sad 10x10 cm2 Wedge 4

D5 Output factor 1 8 ssd or sad 6x6 cm2 No 4
D6 Output factor 2 8 ssd or sad 8x20 cm2 No 4
D7 Output factor 3 8 ssd or sad 20x8 cm2 No 4
D8* Output factor 4 8 sad or ssd 20x20 cm2 No 4
D9 Irreg 1 8 ssd or sad 6 cm circle No 4
D10 Irreg 2 8 ssd or sad 15x12 cm2 No 4

D11 Irreg 3 +
wedge 8 ssd or sad 12x8 cm2 Wedge 4

E1 Electrons 1 dref ssd or clinical 10x10 cm2 No 4
E2 Electrons 2 dref ssd or clinical 10x10 cm2 No 4

* When practicing ssd this measurement is in sad set-up and vice versa



measurements are taken into account, no measurements were found outside
the tolerance levels.
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Figure 1: First run (left) and second run taken into account (right) for photon beams.

Figure 2: First run (left) and second run taken into account (right) for electron beams.

For electrons a total of 9 linacs, divided over 8 sites, participated in a second
run because of measurements out of tolerance. If the second run
measurements were taken into account all beams were within tolerance
levels.

BELdART-2
In the BELdART-1 project only reference and non-reference conditions in
a single field at beam axis were measured. In practice however these
irradiations are replaced by more complex dynamic techniques such as
IMRT, RapidArc, …. These techniques were not checked and involve more
then only dose output. Positioning, imaging, tumour localization are extra
steps in the process that have an influence on the accuracy of the treatment.
For this, special clinical radiation equipment was developed such as helical
tomotherapy and Cyberknife. Both machines could not be audited during



the BELdART-1 project since these differ from standard conditions (non
reference field, non reference source axis distance, …). During BELdART-
2 these machines will be audited both for output as for IMRT plan delivery.
The project will be supervised by the College of Medicine Radiotherapy
and financed by the cancer plan.
The project will use L-α-alanine EMR dosimetry as described in previous
paragraphs in combination with GafChromic EBT3 films. In this set-up the
alanine will be used as an absolute dosimeter and EBT3 film will be used
to check dose distribution in the phantom. The project has been split in two
parts: (1) a test phase with selected centres, (2) a second phase open for all
centres.
Besides the dosimetrical audit the BELdART-2 project will keep an up-to-
date list of all radiotherapy devices and techniques being used in Belgium,
including planning systems. This will be used to keep the DIRAC
(DIrectory of RAdiotherapy Centres) database of the IAEA up to date.

BELdART-2 phase 1
In phase one a selected group of centres can participate in an audit of IMRT
treatments in a homogeneous phantom. For this phase the EasyCube (Sun
Nuclear) phantom (figure 3) was chosen. Because the shape (figure 3)
resembles the pelvic area a clinical prostate plan is copied to the phantom.
The centres will be provided with the phantom with all dosimeters inserted,
CT images of the phantom with different pre-defined volumes for the target
volume (prostate) and organs at risk (bladder, rectum, …) and the location
of the dosimeters in the phantom (for dosimetric comparison of the
treatment and the planning). The centre will have to plan the treatment
according to previously defined values for target and organ at risk doses.
Afterwards the centre has to treat the phantom as if a patient, including
image guided positioning if applicable and clinically used. After treatment
the phantom with film and alanine pellets still inside will be transferred to
the EMR laboratory together with a DICOM exported dose map of the
treatment for film dosimetry purposes.
The period for phase one will allow us to get feeling and identify potential
problems with the FilmQA Pro software (Ashland). Also the capabilities
of different planning stations toward exporting treatment planning dose
maps will be investigated in this phase.
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BELdART-2 phase 2
In phase 2 heterogeneous phantoms, simulating actual human anatomy will
be used and shipped to all radiotherapy centres in Belgium. Potential
candidates for IMRT phantoms are the head & neck case and the thorax
region. In phase 2 centres will have to perform their own CT scans and will
have to draw tumour and organ at risk structures themself. The centre will
however get a list of instruction on location of the tumour and organs at
risk and minimum and maximum doses to be delivered to these structures.
In this case a broader spectrum of the treatment is audited (figure 4). After
treatment the centres will return the phantom with dosimeters included and
a report of actions performed during imaging, planning and treatment. Also
the CT image and the dose map of the treatment will be send to the
BELdART-2 office to validate the data.
Also in phase 2 it is important to treat the phantom as if a patient to ensure
that mistakes made during clinical implementation of the advanced
techniques can be detected. Besides the IMRT measurements some
experiments originating from the BELdART-1 protocol will be copied to
check the beam output, which is of upmost importance for a correct
treatment. A dedicated holder well be shipped together with several
cylindrical containers including alanine. These measurements should be
performed at the same day as the IMRT irradiation.
After phase two the biggest part of the treatment chain is checked, starting
from imaging, towards tumour definition, treatment planning, positioning
and treatment delivery (figure 4).
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Figure 3: Easy cube phantom with a clinical prostate case copied to the CT.



Conclusion
Basic parameter auditing is a first but essential step in the long chain of
dose delivery to the patient. Regarding the treatment machines tested during
BELdART-1, it was proven that Belgian radiotherapy centres are operating
well in acceptable conditions. Dose calculation in standard reference and
non-reference conditions were tested using L-α-alanine and also showed
the high quality standards in radiotherapy in Belgium. Also the L-α-alanine-
EMR dosimetry system was proven to be a valuable technique in
radiotherapy auditing with uncertainties at the level of 1% at a dose as low
as 4 Gy. The alanine system was also benchmarked with the BHPA
ionization chamber to ensure correct read-out.
In the next few years the BELdART-2 project will keep testing some basic
output parameters but will extend the testing to end-to-end testing of more
complex and dynamic techniques as they are implemented in radiotherapy
centres throughout Belgium. In the following years new auditing protocols
will be tested for even more advanced and upcoming techniques such as
tumour tracking and gating.
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Figure 4: Imaging, positioning planning and treatment delivery will be checked.
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Abstract
Proton Therapy offers several advantages compared to classical radiotherapy thanks to a
better dose conformity to the tumour volume. However, proton interactions with beam
transport elements and the human tissues lead to the production of secondary neutrons,
resulting in an extra whole-body dose with some carcinogenic potential. In this study, we
compare the secondary neutron doses generated with an active beam scanning system and
with the ProteusONE system, a compact cost-effective proton therapy facility designed by
IBA.

Introduction
The use of proton beams to treat tumours presents several advantages
compared to classical radiotherapy. Because of their large mass, protons
present a maximal energy loss located at the end of their range, known as
the Bragg peak. As the proton range changes as a function of energy, it
allows a very precise dose delivery to the tumour area, leading to a
significant reduction of the dose deposited inside the healthy tissues and
the possibility to spare critical organs located behind the tumour. IBA is
the world leader in PT facilities with more than 20 centres already installed
or in construction in North America (10), Europe (8) and Asia (3) [1].
Today, IBA is developing a single-room compact system, called
Proteus®ONE, designed to offer a more cost-effective, smaller footprint
solution than traditional centres. As shown in Figure 1, this system is
equipped with a superconducting synchrocyclotron (S2C2) producing 230
MeV proton beams, and with a compact gantry (CGTR). The treatments
are based on an active beam delivering system similar to the standard IBA
Pencil Beam Scanning (PBS) [2].
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In a standard PBS system, the beam is actively scanned inside the patient
and the only neutrons traversing the patient are those generated by nuclear
reactions inside the patient himself. However, in the ProteusONE system,
some components used to generate the beam point towards the patient and
could generate an increase of the patient exposure to secondary neutrons.
In this study, we compare the neutron doses delivered to a water phantom
and an anthropomorphic model using either the PBS mode or the irradiation
in the ProteusONE system.

Patient Irradiation in PBS Mode
To study the secondary neutron doses received by a patient during treatment
in the ProteusONE system, we start by simulating a typical paediatric
treatment corresponding to the irradiation of a medulloblastoma tumour
using the Monte Carlo (MC) code MCNPX 2.7.0 [3]. The Mix&Match
option is set, using the LA150 evaluated nuclear data for transport of
protons and neutrons below 150 MeV [4] and the default Bertini nuclear
model above 150 MeV.
First, a simulation is performed considering a 40x40x40 cm3 water absorber
to determine the absorbed physical dose in a homogeneous target and the
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Figure 1: Layout of the ProteusONE system, showing the treatment vault,
the CGTR and the S2C2.



resulting neutron dose. A treatment plan is established using TPS software,
consisting in 21 energy layers with beam energy ranging between 70 MeV
and 126 MeV and a transversal irradiation field covering a surface of
18.6x18.6 cm2. Figure 2 shows the resulting dose depth profile with a
Spread-Out Bragg Peak (SOBP) ranging from 3.5 g.cm-2 to 11.5 g.cm-2. To
deliver an average physical dose of 1 Gy in the tumour volume, a beam
workload of 36.44 nC is computed.
The ambient dose equivalent H*(10) due to secondary neutrons is computed
using fluence-to-dose conversion factors from ICRP-74 below 200 MeV
[5] and factors from M. Pelliccioni above 200 MeV [6]. Figure 3a presents
the therapeutic dose distribution obtained in the horizontal plane formed
by the beam axis (depth) and the transversal axis X. The dose is integrated
in the range [-9.3, 9.3] along the other transversal axis Y. The resulting
ambient dose equivalent due to neutrons, H*(10), normalized by the
average therapeutic dose delivered to the tumour volume, D, is represented
in Figure 3b for the same conditions as Fig. 3a. The evolution of the
quantity H*(10)/D as a function of depth is shown in Figures 3c and 3d for
two different integration areas in the transversal plane. In the tumour
volume, the neutron dose can reach a maximal value of 12 mSv per
therapeutic Gray.
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Figure 2: Dose depth profile obtained in water phantom for the SOBP used
to simulate a medulloblastoma treatment.



The PBS irradiation is repeated by replacing the water absorber by the VIP-
MAN anthropomorphic model [7]. This detailed voxel model shown in
Figure 4 is obtained from a complete CT-scan of a human male body and
contains 60 types of tissues and organs. The patient is irradiated from the
back side using the same SOBP and irradiation field as before. The
transversal irradiation field is centred on the upper side of the spinal cord.

264 Figure 3: Therapeutic dose delivered to the water phantom and H*(10)/D evolution with
depth: (a) distribution of therapeutic dose in the target horizontal plane; (b) distribution

of H*(10)/D in the target horizontal plane; (c-d) Evolution of H*(10)/D with depth
for two integration areas in the transversal plane.

Figure 4: VIP-MAN anthropomorphic model as implemented in MCNPX.
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Values of H*(10)/D are computed for all tissue types and organs and the 10
largest values are represented in Figure 5. The largest values are in the range
of 2 to 4 mSv/Gy and correspond to organs located inside the irradiation
field. For organs located outside the irradiation field, the neutron dose drops
below 0.5 mSv/Gy.
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Figure 5: The 10 largest H*(10)/D values obtained in the organs of
the VIP-MAN model.

Patient Irradiation in ProteusONE System
In order to compare the neutron doses delivered to a patient in PBS mode
and in the ProteusONE system, a detailed 3D modelling of the ProteusONE
building and its equipment is implemented in MCNPX. As shown in Figure
6, it includes the S2C2, the energy selection system (energy degrader and
divergence slits) and the magnets of the CGTR. The water absorber is
located at the isocentre. Special attention was paid to the separation wall
between the S2C2 and the CGTR vault during the shielding design of the
facility. Indeed, the 230 MeV proton beam extract from the S2C2 is always
impinging on the energy degrader located before that separation wall,
resulting in the production of high-energy neutrons peaked in the forward



direction of the incident beam [8]. As this incident beam is pointing towards
the patient location, it is important to fill the gaps between quadrupole
magnets with steel stuffing to slow down as much as possible high-energy
neutrons.

The transmission efficiency of the complete beam transport line, from the
exit of the cyclotron to the patient, is estimated using the Monte Carlo ray-
tracing computer program TURTLE developed by PSI [9]. The beam losses
in the various beam line elements are also determined as a function of the
beam energy delivered to the patient.

This information is used to estimate the total neutron dose received by a
target irradiated in the ProteusONE system. Each element hit by the proton
beam is simulated and its contribution to the total dose is computed taking
into account the fraction of lost beam in this element. For the energy
degrader, the simulations are repeated for each of the 21 energy values of
the PBS treatment plan, changing the thickness of the energy degrader for
each transmitted energy.
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Figure 6: MCNPX modelling of ProteusONE building and equipment.

Figures 7a and 7b show the evolution of the H*(10)/D quantity in the plane
formed by the beam axis and the X transversal axis. As the water absorber
is irradiated from its top face, the depth axis runs from +20 to -20 cm. The
total H*(10)/D values obtained by summing all contributions to the neutron
dose are represented in Figure 7a while the contribution from the
ProteusONE only, excluding the contribution from the patient, is shown in



Figure 7b. This CGTR contribution is very scattered and does not exhibit
a clear pattern. To better characterize it, the H*(10)/D values are computed
along the beam axis, integrating over large areas in the transversal plane.
Figures 7c and 7d compare the evolution of H*(10)/D as a function of depth
for the total neutron dose and the dose attributed to the ProteusONE only.
This result demonstrates that the ProteusONE equipment adds a constant
contribution to the patient exposure to secondary neutrons, but that
contribution remains always smaller than 5% of the total neutron dose.
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Figure 7: Neutron doses H*(10)/D delivered to the water absorber when irradiated in the
ProteusONE system: (a,b) distribution in the absorber horizontal plane, showing the
total dose (a) and the dose due to CGTR only (b) (c,d) Evolution of H*(10)/D with

depth for two integration areas in the transversal plane.

The ProteusONE study is repeated by replacing the water absorber by the
VIP-MAN model. The model is lying on the table in order to be irradiated
by its back side. The same irradiation conditions are used as in the PBS
irradiation and the H*(10)/D values are computed in all tissues and organs.
The 10 largest H*(10)/D values obtained in the ProteusONE system are
compared in Figure 8 to the results previously obtained in PBS mode
(Fig. 5). For organs located inside the irradiation fields, the contribution

(a)

(b)

(c)

(d)



from the ProteusONE equipment to the total neutron dose is smaller than
1% while, outside the irradiation field, this contribution can raise up to 5%.
In all cases, the additional neutron dose due to the ProteusONE system is
negligible when compared to the dose generated inside the patient himself.
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Figure 8: Comparison of the 10 largest H*(10)/D values obtained in VIP-MAN organs
in PBS mode and in the ProteusONE system.

Conclusions
Proton therapy represents a significant advance in radiation therapy with
respect to conventional RT. In complement to the standard multi-room PT
facilities offered so far, IBA has also developed a new concept of compact
PT system based on a superconducting cyclotron and a compact gantry
system. This single-room facility offers a more cost-effective, smaller
footprint solution than traditional centres.
As some of the beam line components intercepting the beam are pointing
towards the patient, it is important to check that this new solution does not
induce a significant increase of the patient exposure to secondary neutrons.



Using the Monte Carlo simulation code MCNPX 2.7.0, the neutron ambient
dose equivalents H*(10) are computed for a medulloblastoma-like
irradiation simulated inside a water absorber and the VIP-MAN anthro-
pomorphic voxel model. The resulting doses due to the patient himself and
to the ProteusONE equipment are compared, demonstrating that the
additional doses associated to the beam line elements remain very small,
below 5% of the total doses.
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Abstract
In modern conformal radiotherapy, a more precise delivery of a higher dose to the tumour,
while sparing the healthy tissue, is aimed. The implementation of these new treatment
techniques requires advanced imaging and dosimetry to guarantee patient safety, with
particular attention not only to the target organ(s) but also to the surrounding healthy ones.
Peripheral doses (or doses at sites located far from the tumour) are currently under
investigation for different techniques. In passive scattering techniques, proton interactions
with materials in the beam-line create high-energy secondary neutrons. Whenever these
neutrons reach the patient, the risk of a secondary cancer increases significantly. Carbon-
doped aluminium oxide (Al2O3:C) is a sensitive material for ionizing radiation and has
been used for applications in medical dosimetry. A new material, based on
Al2O3:C+6Li2CO3 [1] gives the high sensitive response as known for Al2O3:C with the
advantage of being also sensitive to thermal neutrons.
In this article we compare droplets of Al2O3:C and of Al2O3:C+6Li2CO3 and discuss the
advantages and drawbacks of both materials.

Text
Optical stimulated luminescent (OSL) dosimeters, using the high sensitive
material Al2O3:C, have been successfully used for measuring whole body
doses due to exposure to photons and beta radiation, and has also been
recently used in medical dosimetry for low and high LET beams. One
drawback from the material is the lack of sensitivity to neutrons. Al2O3:C
has a small cross-section for neutron interaction, resulting in practically
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zero neutron sensitivity. For example, the neutron sensitivity of Al2O3:C at
14 MeV neutrons is 0.2 of the neutron sensitivity of 7LiF:Mg,Ti, which is
commonly used as a neutron-insensitive TLD [2].
Several approaches have been tested to have increased the neutron
sensitivity of Al2O3:C. An option is to embed of coat Al2O3:C grains with
materials containing neutron converters such as 6Li, 10B or Gd (157Gd or
155Gd) having a high neutron-capture cross section. The secondary radiation
created by the neutron-capture reaction can then deposit energy in the
Al2O3:C, giving rise to an OSL signal. With this approach the readout
method remains the same and the emission wavelength is unchanged.
The neutrons-sensitive OSL material used in this study was obtained by
coating the Al2O3:C material with 6Li2CO3 (receiving the name of OSLN
material). The neutron response is induced in the Al2O3:C when 6Li absorbs
a neutron and produces both tritium and alpha particles (equation 1). These
particles have short ranges in the Al2O3:C and thus give up their energy in
the Al2O3:C through ionisation process followed by storage in dosimetric
traps.

6Li + 1no = 4He (2.05 MeV) + 3H (2.75 MeV) (equation 1)

In this study, we investigated and compared the dosimetric response of
Al2O3:C and Al2O3:C-OSLN optically stimulated luminescence droplets.
These dosimeters are composed of microparticles of Al2O3:C or Al203:C-
OSLN with diameters ranging from 5 µm to 35 µm, which are bonded by
a photo-curable polymer. Drops of dosimetric compound, of 1 µl in volume
(with a concentration of 1 mg of powder per ml of polymer) with a diameter
of about 2 mm, were manufactured.
The sensitivity and speed of readout of the stimulated luminescence signal
from Al2O3:C, and the small response variations with dose rate, field size
and depth has given dosimetrists the ability to assess dose and dose rate in
real-time. The attempts already published in this field and the fact that the
material has a linear response from few µGy to 5 Gy, indicate that Al2O3:C
might also be used for radiation therapy dosimetry [3,4].
Promising results were obtained in this study, showing that arbitrary shaped
OSL dosimeters can be manufactured with fine Al2O3:C and Al2O3:C-
OSLN powder. This offers the possibility of performing one and/or 2D
dosimetry with high spatial resolution, particularly important in steep dose
gradients, which are common in modern radiotherapy techniques. The
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droplets can be used in radiotherapy and are also sensitive to thermal
neutrons (OSLN).

Materials and Methods.
OSL (Al2O3:C) and OSLN (Al2O3:C+6Li2CO3) droplets (figure 1) were
exposed to several radiation beams. The OSL-dose response was acquired
in terms of the integrated time-decay OSL signal and the peak of the OSL
signal. For comparison, LuxelTM[5], an Al2O3:C commercially available
material, was also tested.
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Figure 1: Pictures of droplets and OSLNs: (a) OSLNs inside the sample holder;

(b) a droplet; (c) OSLN with 500 g/L concentration; (d) OSLN with 200 g/L
concentration; (e) OSLNs and droplets inside small vials and (f) droplets and OSLNs in

a different sample holder. The pictures were taken in December of 2012
in SCK•CEN laboratories.

Droplets do not have yet a dedicated, small size reader to be used. The OSL
measurements and beta (90Sr/90Y) irradiations were performed using a Risø
TL/OSL reader system, model TL/OSL-DA-20 [6], equipped with a blue
stimulation light source (470 nm), a bi-alkali EMI 9235QA photomultiplier
tube and Hoya U-340 filters to block the blue light. Irradiations with
neutrons (252Cf and AmBe) were performed in the Calibration Laboratory
of SCK•CEN and irradiations with thermal neutrons were done in BR1
reactor from SCK•CEN.
The OSL process in Al2O3:C can be seen in Figure 2. The material is
exposed to ionizing radiation and electron and hole pairs are trapped in
crystal defects. When the material is illuminated with light of a specific
wavelength (in the Risø: 470nm) the electron-hole pairs recombine which
results in the emission of luminescence light (OSL). The intensity of the
luminescence is proportional to the number of trapped electron-hole pairs,
that are proportional to the amount of dose delivered to the crystal [7].



Before irradiation, droplets pellets were bleached by exposing them to blue
light in the Risoe reader for 1000 seconds at full LED power. The purpose
of this bleaching process is to empty all electron-hole dosimetric pair traps.
For irradiated samples, OSL measurements used the following protocol:
• For Droplets – LED with 90% of power for 600 seconds (45 mW.cm-2).
• Calculation of the background (B) signal: average of the last 20 seconds-

signal.
• Total integrated OSL: average of the 600 seconds-signal minus the

background.
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(Equation 2)

(Equation 3)

• Peak OSL: average of the first two seconds-signal minus the background.

Both POSL and TOSL were used to calculate Dose and during the study we
compared which approach gave the best results.

Results
Neutron Tests
The first results concerning neutron detection were obtained irradiating the
sample with 252Cf neutrons, with dose rate of 2.39 mSv/h (dH*(10)/dt).



Figure 3.a) are the results from TOSL when irradiating one sample of Luxel,
one of Droplet, one of 500 mg/ml OSLN during 10, 15 and 30 minutes.
Figure 3.b) are the TOSL results for the same samples as in Figures 3.a). All
the results were normalized by the OSL signal when irradiated with 1 second
of 90Sr/90Y beta particles (122 mSv) from the Risø reader to get rid of the
influence from concentration and size of each sample.
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Figure 3.a) TOSL and b) POSL from Luxel, droplet and OSLN irradiated with 252Cf.

Figure 4.a) TOSL and b) POSL from Luxel, droplet and OSLN irradiated with thermal neutrons.

Although the results from OSLN increase with time of irradiation (and
consequently, with dose) the result is not linear. 252Cf is not a pure source of
thermal neutrons and OSLN are not sensitive to fast and intermediate neutrons.
Similar tests were performed with thermal neutrons from the BR1 reactor
and the results can be seen in figures 4.a) for TOSL and 4b) for POSL, in
this case showing the average of 5 samples. To calculate the delivered dose
rate from the BR1, bubble detectors [8] (for fast and thermal neutrons) were
exposed over 30 seconds to the beam, in the air (H*(10)). Then, the total
dose rate was calculated, dH*(10)/dt=5.7 mSv/min. The calculated dose
was compared to a fixed β dose of 650 mGy.



Beta irradiation.
A linearity test was performed with Droplets, LuxelTM and OSLN (500
mg/ml) with β irradiations from the 90Sr/90Y source from the Risø reader.
The results obtained with TOSL and POSL can be seen in figure 5. a) and
5. b) respectively.
Al2O3:C LuxelTM, droplets and OSLN detectors present a linear dose
response for doses up to 6 Gy (POSL), above that dose droplets and
LuxelTM present a supralinearity (more prominent for droplets) and
tendency to saturation for OSLN. When looking the POSL LuxelTM and
droplets are linear up to 6 Gy and start to deviate from linearity (LuxelTM

present a higher supralinearity than droplets), for OSLN results show a
linear behavior for doses up to 23 Gy.
The supralinearity can be explained by the competition of recombination
centers, which can cause the OSL to produce more signal than expected
during readout. Deep traps, when they compete for the capture of charges
in the forbidden band at low doses, cause less OSL signal coming from
dosimetric traps, as the dose increases the deep traps gets saturated and
more charges are trapped by the dosimetric centers. Saturation at even
higher doses is, consequently, explained by the saturation of the main traps,
where information about the absorbed dose can no longer be assessed.
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Conclusion.
In this project, we propose to characterize the dosimetric response of
Al2O3:C+6Li2CO3 (called OSLN) powder. In particular, we compared the
OSL results from OSLN to the droplets composed of Al2O3:C and the
commercially available material LuxelTM. In special we noticed the poor
response of OSLN to fast and intermediate neutrons, but it’s sensitive to
thermal neutrons. The linearity tests with β showed that the OSLN material
gives better results (for TOSL) than with Al2O3:C alone, and that can be
an indication that OSLN can be also used in photon/beta fields.
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Abstract
Due to the inter-individual variability, understanding, the biological responses after
exposure to low doses of ionizing radiation is challenging; in particular, low dose effects
are of great importance in view of the increased individual medical radiation exposure. In
this study, we compared gene expression profiles of whole blood samples incubated 8
hours after X-ray exposure to low and high doses (0.05 Gy and 1 Gy). Aliquots of
peripheral blood were exposed to 0, 0.05, or 1 Gy X-rays After irradiation, blood was
incubated for 8 hours at 37°C in a humidified incubator with 5% CO2. After sample
collection, RNA was isolated and prepared for microarray gene expression experiments.
Gene Set Enrichment Analysis (GSEA) were used for the analysis of the data generated.
In contrast to high doses, we found that a low dose of 0.05 Gy showed a higher ranking
of inflammatory pathways that are involved in both the response and/or the secretion of
growth factors, chemokines, and cytokines. On the other hand, there was enrichment of
classical radiation response pathways at 1 Gy, like tumor suppressor protein 53, apoptosis,
DNA damage and repair.
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Introduction

Biological responses resulting from the exposure to low doses of ionizing
radiation are not well understood, mainly due to the inter-individual
variability. It is estimated that more than 1 million exposed volunteers
would be needed to reach “strong conclusions” regarding the health effects
from low doses [1]. Nowadays, the necessity to understand the mechanisms
behind low dose response is of special interest in view of the increased
medical applications of X-rays in diagnostics [2]. In addition, there is
accumulating evidence that exposure to low dose is characterized by a
unique response that differs from high dose exposure. One approach to
uncover the unique response to low doses of ionizing radiation is
comparative gene expression studies between low and high doses.
Comparing the effect of low and high doses in normal human fibroblasts
and lymphoblastoid cells, low dose response mainly involve genes related
to cell-cell signaling, signal transduction, development and DNA damage
responses. On the other hand, functional grouping of high dose genes
involve mainly DNA damage and repair, immune response, apoptosis and
cell proliferation [3].
DNA microarrays are a powerful tool in the field of radiation biology. They
were already applied to study cellular responses after low and high doses
of ionizing radiation [4, 5]. In the present study, we performed global gene
expression profiling on whole blood samples before and 8 hours after
exposure to low (0.05 Gy) and high (1 Gy) doses of X-rays. We choose
whole blood because it is a complex combination of different cell types.
Therefore, in contrast to homogenous cell populations, it allows to study a
collective tissue response. This type of study helps to unravel the molecular
mechanisms involved in tissue response to both low and high doses and
opens the door for further mechanistic studies that could help in the
assessment of health effects after exposure to low doses.

Materials and Methods

After signing an informed consent form, 18 ml peripheral blood samples
were obtained from 10 healthy donors in EDTA vacutainer tubes. Whole
blood samples were exposed at room temperature to sham irradiation or to
two different X-ray doses (0.05 Gy and 1 Gy), at a rate of 3 cGy/min (250
kV, 1.6 mA, 1 mm Cu). After irradiation, aliquot samples were diluted 1:1
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with RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum and 1% penicillin-streptomycin. Diluted whole blood
samples were incubated for 8 hours at 37°C in a humidified incubator with
5% CO2. RNA was then isolated and cDNA was prepared for microarray
hybridization. Differentially expressed genes were analyzed using Gene
Set Enrichment Analysis (GSEA). FDR<0.05 was considered as a cut-off
value for the significance of the estimates.

Results and Discussion
Low doses of ionizing radiation induces a stimulatory immune response
Immune-related gene sets showed top ranks at 0.05 Gy. These included a
complicated network of immune response: innate immune gene sets (Toll-
like receptors, RIG-I like receptors and NOD-like receptors, cytosolic DNA
sensing), and adaptive immune gene sets (natural killer cell signaling, B-
cell receptor signaling, and T-cell receptor signaling) (Table 1). This
confirms a classical immune response at low doses compared to high dose,
which showed lower ranking of innate-immune pathways such as RIG-I
like receptors, NOD-like receptors and Toll-like receptors. MAPK gene set
scored a top rank at 0.05 Gy (Table 1, Figure 1). It is well known that
MAPK plays a role in the induction of inflammatory response through the
activation of chemokine, cytokines and mTOR siganling. In addition to
that, MAPK-related gene sets, i.e. ERK, p38, and JNK signaling were
shown to be enriched at both 0.05 Gy and 1 Gy. Growth factors such as
Insulin and insulin regulated pathways like the regulation of insulin growth
factor binding proteins, (IGFBP), appeared to score a higher rank after
exposure to low doses of irradiation (Table 1, Figure 1). Toll-like receptors,
RIG-I like receptors and NOD-like receptors are known to activate the
innate immune response through MAPK and NFκB cascades that lead to
the secretion of cytokines contributing to the inflammatory response [6].
Moreover, p38 plays a wide variety of biological processes including
important role in cell signaling through the generation and responding to
chemokines and cytokines like TNF-α and IL-8 leading to the induction of
the inflammatory response [7]. In addition to that, p38 and NFκB pathways
play a central role in linking the innate and adaptive immune responses [8].
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NOD-like receptors and RIG-I like receptors were enriched at both doses;
these are activated in response to viral response. Previously, NKG2D
receptor, one of the NOD-like receptors, was shown to be activated in
response to DNA damage, including ionizing radiation [9]. Insulin signaling
pathway was enriched at 0.05 Gy which confirms former studies at low
doses. Furthermore, Insulin growth factor binding proteins (IGFBPs) bind
Insulin like growth factors (IGFs), cytokines that participate in the
activation of MAPK signaling cascade, thus IGFs will not be able to
mediate their signaling pathways [10, 11]. In their studies, Zhou et al. 2005
[12] and Ivanov et al. 2010 [13] identified IGFBP-3 as a potential player
in bystander response. Down-regulation of IGFBPs had a higher ranking at
0.05 Gy but not at 1 Gy (Figure 1). This down-regulation might be related
to the freeing of the IGF to further mediate their signaling functions. In
addition to the differences discussed earlier, further mechanistic

282 Figure 1. Enrichment Map representation of the GSEA results obtained for the samples
irradiated with 0.05 Gy and incubated for 8 hours. Each gene set is represented by a node
with different size, proportional to the number of genes; the connecting line represents the
overlapping genes and its thickness represents the percentage of overlapping. Two cut-
offs were selected: 5% FDR and a minimum of 30% gene overlapping.



investigation of the role of IGFBPs in the modulation of the response at
low doses is indicated.
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Table I. Statistical significance of the selected gene sets from the expression profiles of
4 donors whose blood samples were irradiated with 0.05 and 1 Gy and incubated for
8 hours. Gene sets were selected on the basis of FDR q-value < 0.05.

Name of gene set FDR q-val
(0.05 Gy)

FDR q-val
(1 Gy)

p53 pathway 0.01 0
Intrinsic apoptosis 0.07* 0.002
Mitochondrial apoptotic changes 0.16* 0.001
Rig-I Like receptors 0 0.003
DNA damage 0.001 0.003
Nod-like receptors 0 0.005
DNA repair 0.002 0.006
ERKs 0.002 0.006
NFкB pathway 0.001 0.007
Cell cycle arrest 0.03 0.008
Toll-like receptors 0 0.007
MAPK pathway 0 0.02
NO metabolism 0.01 0.02
MAPK-TLR pathway 0.007 0.048
p38 0.01 0.06*
BCR signaling 0 0.06*
NK cell signaling 0.004 0.086*
Cytokine secretion 0.01 0.09*
Pyk2 pathway 0.009 0.1*
Myd88 signaling 0.001 0.11*
TCR signaling 0 0.11*
Cytosolic DNA sensing 0.003 0.11*
Chemokine signaling 0.009 0.21*
Insulin signaling 0.01 0.5*
mTOR signaling 0.04 0.5*
Regulation of IGFBPs 0.003 0.7*

High doses of irradiation induce damaging response with p53 as central
player. According to present data the p53 gene set is mainly involved in
response to 1 Gy and to a lesser extent to 0.05 Gy (Figure 2). DNA damage



and p53 pathways were ranked as top gene sets at 1 Gy (Table 1). DNA
damage and repair gene sets were significantly enriched at both doses.
Furthermore, it is of importance to note that the mitotic cell cycle
checkpoint gene set was significantly enriched at both doses, with a higher
significance at 1 Gy (Figure 2). Referred as guardian of the genome, p53
is involved in the cellular response to DNA stress, including ionizing
radiation. Upon irradiation, it coordinates cellular apoptosis, cell cycle
progression, and DNA repair [3, 14]. On the other hand, Mothersill et al.
2011, showed that the response to bystander signals is independent of the
p53 status, but p53 null cells were not able to generate one. In contrast,
studies conducted by Zhang et al. 2007 [15] did not show any differences
in terms of responding to or generation of bystander signals in
lymphoblastoid cell lines with different p53 status.
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Figure 2. Enrichment Map representation of the GSEA results obtained for the samples
irradiated with 1 Gy and incubated for 8 hours. Each gene set is represented by a node with
different size, proportional to the number of genes; the connecting line represents the
overlapping genes and its thickness represents the percentage of overlapping. Two cut-
offs were selected: 5% FDR and a minimum of 30% gene overlapping.

Hoslistic analysis approaches are more “powerful” in understanding the
biological responses to low doses
Using GSEA we were able to overcome many of the limitations that are
faced when individual gene list analysis is carried; the latter approach does



not take into consideration all the data generated but focuses only on high
scoring genes; thus genes with moderate changes will not contribute to the
biological analysis. On the other hand, interactions between different genes
are not realized; as it could happen that a phenotype can be due to a number
of genes that are moderately changing, but not necessary with notable
significance when these genes are individually studied. Furthermore, inter-
individual variability is not a major problem because GSEA looks at
aggregated scores for sets of genes [16].

Conclusions
In conclusion, our results showed that blood tissue response to both low
and high doses of ionizing radiation is partly overlapping but with strong
difference in pathway ranking. At high doses, there is strong involvement
of a direct damage, while at low doses there is a hybrid response. It involves
both direct and indirect response. One explanation is the involvement of
both innate and adaptive immune response through the activation of
MAPK, NFκB, chemokines, and cytokines; thus increased cellular
communication.
Our study addresses clearly the need to reconsider the evaluation of low
dose effects and mechanisms of action, especially after the accumulation of
evidences of the increased cancer risk that could be due to the exposure to
low doses of ionizing radiation, specifically from medical diagnostic
applications.
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Abstract
An excess risk of cardiovascular diseases (CVD) mortality following exposure to ionizing
radiation has been observed in several epidemiological studies (e.g. in A-bomb survivors).
However, below 0.5 Gy no clear dose-risk relationship has yet been established. Biological
understanding of radiation-related CVD is required for defining accurately the dose-risk
relationship. The endothelium forms the inner layer of the cardiovascular system and its
physiological actions maintain normal cardiovascular functioning. Endothelial cells are
thus considered a critical target in radiation-related CVD. Therefore, we evaluated the low
(< 0.5 Gy) and high (2; 5 Gy) dose radiation response, with respect to DNA damage and
repair, cell cycle progression and apoptosis, in primary human umbilical vein endothelial
cells (HUVEC) and its immortalized derivative, the EA.hy926 cell line. We demonstrated
for the first time that acute low doses of X-rays induce DNA damage and apoptosis in
endothelial cells. More radiation-induced apoptosis occurred in EA.hy926 cells implying
a higher radiosensitivity of EA.hy926 compared to HUVEC for this endpoint, which
should be taken into account when using these cells as models for studying the
endothelium radiation response. Furthermore, our results point to a non-linear dose-
response relationship for DNA damage in endothelial cells. Overall, our findings indicating
cellular effects below 0.5 Gy, may influence on the long term the current radio protection
system that assumes a threshold dose for non-cancer effects.

Introduction
High radiation doses (> 5 Gy) are known to increase the risk of cardio-
vascular diseases (CVD) [1]. In recent years, epidemiological data support
the fact that lower radiation doses could increase the risk of CVD as well
and this after much longer time intervals than previously expected [2].
However, for radiation doses below 0.5 Gy, these epidemiological findings
are not persuasive and a better understanding of the underlying biological
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and molecular mechanisms is needed [3]. The possible existence of a low
dose risk of CVD would challenge the current radiation protection system
which is based on the assumption that for non-cancer effects there is a
threshold of low dose radiation below which no significant effects are
observed.
It is proposed that the endothelium, the thin layer of cells that line the
interior surface of the vascular system and the heart, is a critical target in
ionizing radiation-related CVD [1]. The endothelium is a highly active
organ system that is constantly sensing and responding to changes in the
extracellular environment to maintain a normal functioning of the vascular
system [4]. Endothelial dysfunction is known to be a major player in the
development and progression of CVD, and in particular atherosclerosis [5,
6]. High doses of ionizing radiation are known to disturb normal
functioning of the endothelium by inducing a pro-inflammatory state and
inducing loss of endothelial cells [1, 7, 8]. The effects of low doses of
ionizing radiation on the endothelium are only partially understood.
However the available evidence suggests that the low dose response is not
a simple linear extrapolation from the high dose response. For example,
low doses of ionizing radiation seem to have anti-inflammatory actions as
demonstrated by an inhibition of leukocyte adhesion to endothelial cells in
vitro [9]. Further research, as presented in this study, is thus essential for a
comprehensive understanding of the endothelium response in the low dose
region, and in particular below 0.5 Gy.
Two commonly used endothelial cell types are the primary human umbilical
vein endothelial cells (HUVEC) and the EA.hy926 cell line, an
immortalized derivative from a HUVEC culture. HUVEC were first
isolated in 1973 by Jaffe and coworkers which started a new area of
vascular biology research acknowledging endothelial cells as important
regulators of normal vascular functioning [10]. EA.hy926 is a well-
established endothelial cell line derived from HUVEC. EA.hy926 was
created by fusing HUVEC with human lung carcinoma cells (A549/8) [11].
We compared HUVEC and EA.hy926 cells for their use in low dose
radiation research.
On the cellular level, DNA is a critical target of ionizing radiation and can
be damaged both in a direct and in an indirect manner. Indirect damage
occurs as a result of the interaction of DNA with reactive oxygen species
that are formed in the cell following radiation exposure [12]. Subsequent
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cellular responses to DNA damage include gene expression changes that
elicit cell cycle arrest, DNA repair and (if repair fails) apoptosis [13]. A
study of these endpoints is thus essential to better understand the
endothelium response towards low dose radiation. Hence we compared the
radiation effects, with a particular focus on lower doses (0.05 – 0.5 Gy), in
HUVEC and EA.hy926 cells with respect to abovementioned endpoints.

Material and methods
HUVEC and EA.hy926 cells were irradiated with X-ray doses (0.05, 0.1,
0.25, 0.5, 2 and 5 Gy) at a dose rate of 0.25 Gy/min from a Pantak HF420
RX machine (Tungsten target, 250 kV, 15 mA, 1.2 mm Al inherent and
1 mm Cu additional filtration). Several endpoints were investigated to
determine the radiation response: DNA damage and repair (γ-H2AX
analysis by fluorescence microscopy), cell cycle (PI analysis by flow
cytometry) and apoptosis (Annexin-V/PI assay by flow cytometry).
Detailed protocols are given in [14].

Results and discussion
Acute low dose X-irradiation causes DNA damage in HUVEC and
EA.hy926 cells.
Ionizing irradiation induces double strand breaks (DSB) which can be
visualized microscopically by immunofluorescent staining of phospho-
rylated H2AX histones (γ-H2AX), that specifically localize around the site
of the break. We quantified the number of γ-H2AX spots in the nucleus by
automated image analysis [15] at several time points (30 min, 2 h and 24
h) after acute X-irradiation (0.05, 0.1, 0.25, 0.5 and 2 Gy) (Fig 1).
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In both HUVEC and EA.hy926 cells, we observed 30 min after exposure a
significant increase in DSB, as represented by γ-H2AX spot number, down
to the lowest dose tested (0.05 Gy). The observed increase in DSB was not
proportional to the dose but relatively higher with the lower doses tested.
This was more pronounced in EA.hy926 cells (e.g. 55 spots/Gy after 0.05
Gy vs 19 spots/Gy after 2 Gy) compared to HUVEC (e.g. 14 spots/Gy after
0.05 Gy vs 12 spots/Gy after 2 Gy). A non-linear relationship with dose has
also been demonstrated by Neumaier and coworkers [16]. Although these
authors used a different approach, they also observed that the relative spot
number (per Gray) is lower at higher doses compared to lower doses. They
explain this underestimation by the fact that multiple nearby DSB (1 to 2
µm apart) can rapidly cluster into repair centers, which are visualized as one
spot. An alternative explanation may be that low radiation doses induce a
global chromatin reorganization that is associated with the formation of γ-
H2AX spots, but which do not necessarily reflect a higher amount of DNA
damage [17].
The disappearance of γ-H2AX spots in irradiated cells with time, as
observed in our study, represents effective DSB repair [18]. Remarkably, 24
h after exposure, we observed decreased spot number in cells irradiated
with lower doses (0.05 - 0.5 Gy for EA.hy926 cells and 0.05 - 0.1 Gy for
HUVEC) compared to control cells. This may be explained by the
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Fig 1. Boxplots representing median spot number per nucleus vs. irradiation dose in
HUVEC and EA.hy926 cells 30 min (A, B) after exposure to a range of acute X-ray doses
(0.05, 0.1, 0.25, 0.5 and 2 Gy). ImageJ software was used to count the number of nuclei and
foci in each nucleus. Statistical Kruskal-Wallis analysis and post-hoc test according to Chan
and Walmsley were performed in SPSS with * = p<0.05 (versus control cells). Graphical
overview of mean spot number per nucleus for HUVEC (C) and EA.hy926 cells (D), 30
min, 2 h and 24 h after exposure. Error bars represent ±2 standard error of the mean (SEM).



observation that a slight increase in spot number was observed in control
cells at 24 h compared to 30 min. With higher doses (2 Gy for EA.hy926
cells and 0.25 - 2 Gy for HUVEC), the spot number remained still elevated
compared to controls 24 h after exposure. In a study by Kraemer and
coworkers, elevated spot number in EA.hy926 cells was observed 24 h after
exposure to 2.5 Gy as well [19]. This may indicate that with more extensive
DNA damage, repair is slower or that unrepaired DSB remain present. It has
been suggested that slower repair with higher doses reflects the presence of
more complex breaks and the possibility of more DSB clustered in one
repair center, as explained above [16].

Acute X-irradiation induces cell cycle arrest inHUVEC andEA.hy926 cells.
Radiation-induced changes in cell cycle were analyzed by flow cytometry
24 h after acute X-irradiation (0.1, 0.5 and 5 Gy) using PI staining of DNA
(Fig 2). Exposure to 5 Gy induced significant accumulation of cells in
G2/M phase in both HUVEC and EA.hy926 after 24 h, however more
pronounced in EA.hy926 cells: the ratio 5 Gy/control of the percentages of
G2/M cells was 1.8 for EA.hy926 cells compared to 1.3 for HUVEC. The
accumulation of cells in G2/M phase after exposure to 5 Gy is coupled to
a decrease of cells in G0/G1 and S phase. This typical cell cycle distribution
was also observed in HUVEC 24 h after exposure to 3 Gy [20] and in
EA.hy926 cells 24 h after exposure to 2.5 Gy [19]. With the lower doses
used in our study, however, this typical cell cycle distribution was less clear.
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Fig 2. Cell cycle distribution assessed by PI staining and flow cytometry. Bar graphs
representing percentages of cells per cell cycle phase in HUVEC (left panel) and EA.hy926
cells (right panel) 24 h after exposure to 0.1, 0.5 and 5 Gy. Bars represent an average of
three biological replicates. Statistical three-way ANOVA with Sidak post-hoc test was
performed in SPSS with *= p<0.05 (versus control cells). Error bars represent ±2 SEM.



Acute low dose X-irradiation induces apoptosis in HUVEC and EA.hy926
cells.
Annexin-V/PI co-staining was used to determine the percentage of living,
apoptotic and non-apoptotic dead cells 24 h, 48 h and 72 h after exposure to
a range of acute X-ray doses (0.1, 0.5 and 5 Gy). Overall, a dose-dependent
increase in apoptotic cells was observed which was significant for doses as
low as 0.1 Gy for EA.hy926 cells and as low as 0.5 Gy for HUVEC 48 h
after exposure (Fig 3). The results show also that a significant higher
percentage of EA.hy926 cells underwent apoptosis following radiation
exposure (0.5 and 5 Gy) compared to HUVEC. For example, the ratio 0.5
Gy/control of the percentage of apoptotic cells was 2.1 for EA.hy926 cells
compared to 1.2 for HUVEC, and the ratio 5 Gy/control was 2.4 for
EA.hy926 cells compared to 1.2 for HUVEC, 48 h after irradiation.
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Fig 3. Bar graphs representing percentages of apoptotic cells (Annexin-V positive, PI
negative) as measured by flow cytometry after Annexin-V/PI costaining in HUVEC (left
panel) and EA.hy926 cells (right panel) 24 h, 48 h and 72 h after exposure to 0.1, 0.5 and
5 Gy. Bars represent an average of three biological replicates. Statistical three-way
ANOVA with Sidak post-hoc test was performed in SPSS with *= p<0.05 (versus control
cells). Error bars represent ±2 SEM.

Comparison of radiation response between HUVEC and EA.hy926 cells
Comparing the radiation response of HUVEC and EA.hy926 cells, a greater
radiosensitivity of the latter was revealed. A smaller number of γ-H2AX spots
tended to be formed in HUVEC compared to EA.hy926 cells (e.g. in control
cells 0.2 vs 2.7, respectively). However, it has been reported that transformed
cells frequently have high endogenous spot numbers due to their genomic
instability [18, 21] which may well explain the higher spot number found in
control and irradiated conditions for the immortalized EA.hy926 cells
compared to the primary HUVEC. Also, EA.hy926 cells have weaker



enzymatic antioxidant defenses compared to HUVEC [22]. This renders
EA.hy926 cells less protected against radiation-induced reactive oxygen
species (ROS) formation and thus more susceptible to indirect DNA damage.
In addition, whereas in HUVEC a plateau of maximum spot number was
observed after 30 min, this was only between 30 min and 2 h for lower doses
(< 2 Gy) in EA.hy926 cells suggesting slower DNA repair in the latter.
Subsequent cell cycle arrest in G2/M phase was induced to a larger extent in
EA.hy926 cells compared to HUVEC. Furthermore, significantly more
apoptosis was induced in EA.hy926 cells compared to HUVEC 24 h and 48
h following exposure to 0.5 and 5 Gy. It has been reported that radiosensitive
tissues have a high basal level of p53 mRNA and are more prone to induce
apoptosis following radiation exposure [23]. Gene expression profiling
performed by Boerma and coworkers has showed a higher basal TP53
expression in EA.hy926 cells compared to HUVEC [24].

Conclusions
The low dose acute radiation response of primary endothelial cells
(HUVEC) and the thereof derived immortalized endothelial cell line
(EA.hy926) with regard to DNA damage, apoptosis and cell cycle was
studied and compared between the two cell lines. From our results, we
come to three major conclusions. Firstly, we observed that doses as low as
0.05 Gy induced DNA damage in both HUVEC and EA.hy926 cells. This
low dose radiation-induced DNA damage was repaired after 24 h without
a significant arrest of cell cycle progression. Even though cell cycle
progression was not arrested, apoptosis was induced after exposure to doses
as low as 0.1 Gy in EA.hy926 cells and 0.5 Gy in HUVEC. Secondly,
comparing HUVEC and EA.hy926 cells, we observed a greater
radiosensitivity of the latter, mainly with respect to the induction of
apoptosis. The differences in radiosensitivity of EA.hy926 cells and
HUVEC should be taken into account when studying the radiation response
of the endothelium and the inclusion of both cell models may even be of
added value. Finally, our results regarding the formation of DSB show that
at low doses a relatively higher number of DSB is formed compared to high
doses. This implies a non-linear dose-response relationship for DSB
formation in endothelial cells supporting thus the notion that the low dose
endothelium response is not a simple linear extrapolation from the high
dose response.
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On the long term, these results may influence the radiation protection
system that currently is based on the assumption that for non-cancer effects
there is a threshold of low dose radiation below which no significant effects
are observed.
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Abstract
A model to simulate dynamically the uptake and turnover of radionuclides by marine biota
is applied to the Fukushima accident situation. The approach incorporates a two-
compartment biokinetic model based on first order linear kinetics, with interchange rates
between the organism and its surrounding environment. Model rate constants were derived
as a function of known parameters: biological half-lives of elimination, concentration
factors and a sample point of the retention curve, allowing for the representation of
multicomponent release. The model was tested with activity concentrations of 131I, 134Cs
and 137Cs in seawater measured at several coastal locations in the vicinity of the stricken
Fukushima Dai-ichi NPP during the period from 23 March - 30 July 2011 when the marine
discharges were close to their peak. The model was then used to predict the activity
concentrations of 131I, 134Cs and 137Cs in fish, crustaceans, molluscs and seaweed, and the
dose rates to biota arising thereof.

The modelled activity concentrations in marine biota were compared with seaweed, fish
and shellfish monitoring data from a monitoring campaign carried out on 3 – 9 May and
23 – 24 June 2011 at different stations along the cost. These concentrations are highly
variable, typically ranging from 102 – 103 Bq kg-1 of radiocaesium (134+137Cs) and 104 – 105

Bq kg-1 of radioiodine. It was found that the dynamic model predictions are closer to the
monitoring results than activity concentrations calculated using an equilibrium
(concentration factor) approach. The calculated dose rates for the biota were found not to
exceed a few tens of µGy h-1 except in the immediate vicinity of the Fukushima Dai-ichi
discharge channels, where internally-incorporated radioiodine in macroalgae gave higher
dose rates. It is concluded that a dynamic modelling can assess better the potential
radiological impact to marine biota of radioactivity released by this accident, decreasing
by 2 orders the magnitude the dose estimates. On the basis of this reassessment, the
populations of marine organisms considered in this study appear not to have been at such
a high risk as thought in earlier studies.
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Introduction

In the wake of the catastrophic earthquake and tsunami on 11 March 2011,
reactor failures at the Fukushima Dai-ichi nuclear power plant resulted in
a significant input of radionuclides to the atmosphere and surrounding
environment. Since the direction of the prevailing winds at the time of the
accident was towards the sea, this accident constituted a major release of
anthropogenic radioactivity to the marine environment. This paper presents
a preliminary analysis of the radiological impact of 131I, 134Cs and 137Cs
accidental releases from Fukushima to mariner biota, focussing on the first
two months after the accident when the discharge situation was highly
dynamic and exposures where higher.

The scope and magnitude of the marine release was relatively well known
from shortly after the accident [1-6]. Several radionuclides (mainly 131I and
radiocaesium, with smaller quantities of 129,129m,132Te, 136Cs and 133I) were
released into the marine environment, due to the combined effect of
contaminated water releases and the settling of the airborne radioactive
particles. Some 1016 Bq of 137Cs found their way into the Pacific Ocean,
80% of this input occurring between 11 March and 8 April 2011.
Radionuclide levels in the coastal zone were seen to decrease with distance
by a factor of roughly 103 over the first 30-km from source, and with time
by factors of about 30 (137Cs) and 200 (131I) over the ensuing few weeks
post-accident [2, 3]. By the end of May 2011, the short-lived radioisotopes
had largely disappeared and 134,137Cs were the dominant radionuclides.
Continued release of various effluents from land resulted in sustained
contamination levels in the area during July 2011, before concentrations
fell further due to dispersion by wind and currents. It is believed that at
least a fraction of this contamination found its way to the seabed due to
scavenging by biogenic particles and turbulent mixing [1, 7, 8].

An initial screening study suggested that maximum dose rates to marine
biota in the immediate aftermath of the accident could have reached 0.2 to
4.6 Gy d-1, with the highest dose rates attributed to macroalgae and
intermediate values of 2.6 Gy d-1 for benthic biota [2]. This study assumed
equilibrium of the biota with the highest seawater concentrations measured.
Another early assessment carried out over a slightly longer period a longer
period (March–May 2011) indicated that dose rates to fish and molluscs
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from the local coast did not exceed 420 µGy h-1 and were generally in the
order of 80 µGy h-1 [9]. Monitoring studies indicated that, due to their high
concentration capacity, seaweeds were the most affected marine organisms,
followed by molluscs and fish [10].

The dose rates to marine biota that were calculated initially [2] are higher
than ERICA screening value of 10 µGy h-1 [11, 12] and the UNSCEAR level
400 µGy h-1 below which exposure to an individual aquatic organism would
be unlikely to have any detrimental effect at the population level [13]. At
this level of exposure, some radiation effects (mutagenic and reproduction)
would be expected. However, since the dose rates reported were based on
equilibrium with maximum concentrations, it was soon recognised that they
may have been overestimated [1, 3] by at least one order of magnitude,
according to an early modelling study [14].

The present paper tests the scientific hypothesis that, in the case of
Fukushima, specific activities in marine biota straight after the accident were
below the maximum concentration capacity assumed by equilibrium models,
because the turnover time of iodine and radiocaesium by the organisms was
of comparable magnitude to the discharge fluctuations [15]. If we except
organisms initially exposed to high levels of 131I in the vicinity of the Dai-
ichi outlets, the dose rates received by the biota would now seem to have
been a few µGy h-1 or less, significantly below than the initial estimates.

Description of the approach
The majority of radiological assessments to non-human biota are carried
out by assuming that the activity concentration in an organism of mass M
(AO, in Bq kg-1) is proportional to the activity concentration in an adjacent
volume V of water (AW, in Bq m-3) via a concentration factor (CF, in units
of m3 kg-1). This instantaneous equilibration does not really occur because
the biota reacts with a time delay, determined by the half-time of clearance
following an intake of radioactivity, or biological half-life (TB1/2). The
uptake process can be represented by a simple model with two rate
constants kW for uptake and kO for elimination:
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tions have simple solutions and models have been designed to solve them,
or more complex forms involving multicomponent release [15, 16]. In the
present study we used the D-DAT assessment model and associated
biokinetic parameter database [17, 18] to calculate biota concentrations (fish,
crustaceans, molluscs and seaweed) from seawater concentrations. The
dosimetry factors used by the model follow closely the ERICA approach
[11].

Activity concentrations of 131I, 134Cs and 137Cs in seawater for the period 23
March – 30 July 2011 (reported elsewhere [3] and originally from TEPCO
[19]) were obtained for 4 coastal areas: 30 m north and 330 m south of the
Dai-ichi discharge channels, Iwasawa Beach 16 km down south of the Dai-
ichi discharge and also the vicinity of the Dai-ni discharge point. Sediment
activity data for the period 29 April – 31 July 2011 at various inshore and
offshore locations were obtained from MEXT [20] (Fig. 1). For the period
before 23 March, we assumed that water concentrations were constant, so
as to allow for a ‘warm-up’ period for the model. Actual concentrations in
biota (fish, algae, molluscs) sampled in 3 - 9 May and 23 - 24 June 2011 at
various local ports (as well as offshore the Fukushima NPP) were obtained
by Greenpeace and analysed at SCK•CEN [10].

To calculate dose rates from monitoring data, we assigned an ERICA
marine reference organism to each biota [12]. The activity concentrations
were multiplied by a dose rate per unit concentration (DPUC) value for
internal exposure, derived from a template ERICA run for the relevant
reference organism. External dose rates were calculated similarly by using
external exposure DPUC’s and the ERICA default occupancy factors.
Fundamental to the approach was the calculation of the nearest seawater
and sediment sampling points to a given biota sampling point, carried out
by an algorithm that averages the seawater/sediment data within a set
distance (20 km) and time (2 days for seawater, 10 for sediment) from each
individual biota.



Results
Analysis of monitoring data
The seawater and sediment monitoring data from Fig. 1 reveal a significant
pattern. Seawater activity peaked at around 20 days post-accident and
rapidly diminished thereafter (ca. 2 orders of magnitude reduction after 60
days). Conversely, there is no obvious long-term decreasing trend for
sediment activity. This clearly indicates the resilience of radioactivity in
sediments, probably as a consequence of on-going deposition by in-falling
biogenic matter [21] as well as sorption. The isotopic ratio 134Cs / 137Cs is
fairly constant at 0.97 ± 0.14 for seawater but is somewhat lower at 0.81 ±
0.05 for sediment, perhaps reflecting the fallout 137Cs component for the
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Fig.1: Seawater and sediment monitoring profiles.
Data for 134Cs not shown due to near-overlap with 137Cs



lower activity concentrations. Regarding biota, 131I was only detected in the
May samples, with levels up to 105 Bq kg-1 in seaweed due to the higher CF
for 131I in algae [22]. 134Cs and 137Cs appear in almost identical proportions,
decreasing 40% (134Cs) and 35% (137Cs) between May and June.

Dose rates to biota calculated from monitoring data
Dose rates to marine biota calculated using the Greenpeace data are given
in Fig. 2. Exposure to seaweed is dominant, followed by molluscs and fish.
Internal dose rates are < 13 µGy h-1 for 131I and < 0.12 µGy h-1 for 134,137Cs
(highest for 134Cs in fish). These dose rates appear to be much lower than
those calculated in previous studies using an equilibrium approach, and
most of them are below the 10 µGy h-1 ERICA benchmark.
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Fig. 2. Assessment results with monitored biota. External 131I dose rates for Kuji (May 2011)
and Onahama ports (June 2011) are unavailable due to the activities being below detection



Even for 131I, the calculated dose rates are much below the levels at which
radiation effects could occur [23, 24], and decreasing further in time. Internal
exposure dominates with a factor of 4 - 17,000 for 131I and 0.1 – 17 for
radiocaesium. This is due to several factors, namely, the higher Kd for Cs
(4 m3 kg-1) compared with I (7 × 10-2 m3 kg-1) [11] as well as the fact that the
CF for I for macroalgae (the most represented organism in the monitoring
data) is an order of magnitude higher than for Cs [22].

It is too early to predict or observe radiation effects in marine biota;
however, the above data already suggests that initial dose estimates were
highly conservative and that radiation levels in biota in the first two months
after the accident were not high enough to be dangerous to species. It is
necessary to have ~ 105 Bq kg-1 in the biota before reaching the ERICA 10
µGy h-1 screening level. This is not to deny that some isolated individuals
may have attained higher exposures than the majority at some local hot
spots in the early days of the accident.

Modelled dose rates to biota
Fig. 3 gives the internal dose rates for both the Fukushima N drainage
channel and the Iwasawa Shore (situated SW of the Dai-ni power station)
as calculated by the dynamic model. Dose rates calculated using the
equilibrium (CF-based) approach are included for comparison purposes.
The dose rates for the Fukushima Dai-ichi S Channel and Dai-ni N channel
(not shown) are fairly similar to the above two stations, respectively. The
131I and radiocaesium dose rates for the Dai-ichi N Channel station are a
factor of 20 higher than those for the SW Dai-ni Iwasawa shore station.
Likewise, a factor of 10 exists between the dose rates at Dai-ichi S channel
and Dai-ni N channel.
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In the period where concentrations in the water increased (up to about 30
days for Dai-ichi and 40 days for the Iwasawa shore), the dynamic model
estimates of activity in biota are lower than for the equilibrium model. This
is explained simply as a gradual ‘build-up effect’ in the biota. The trend
reverses over the subsequent period where concentrations began to
decrease, illustrating the retention by the biota. The differences are most
pronounced for organisms with TB1/2’s of 10 days or more (e.g. fish and
molluscs for 131I and all species for 137Cs), whereupon differences between
dynamic and equilibrium predictions can be 2 – 3 orders of magnitude. This
is in line with previous predictions that the turning point was about 1 month
after the accident [14]. Overall, the dynamic model gives drastically reduced
dose rates in the region where discharges peaked.

For 131I, the maximum total (internal + external) dose rates at the Dai-ichi
drainage channels (calculated by dynamic modelling) were 20 – 25 mGy
h-1 in macroalgae and 30 – 80 µGy h-1 in other species. In the two outer
stations these dose rates are a factor ~ 30 lower. The corresponding values
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Fig. 3: Modelling predictions for Fukushima Dai-ichi N channel

and SW Dai-ni Iwasawa shore



for radiocaesium in the drainage channels are 20 – 90 µGy h-1 for all
species, and a factor ~ 20 lower for the two outer stations. Hence, the most
exposed organisms are calculated to have been macroalgae receiving 131I
near the Fukushima Dai-ichi drainage outlets. These would have received
the highest dose rates 20 - 30 days post-accident, but falling rapidly in
subsequent weeks due to the quick decay of 131I.

The 2-month time-integrated 131I dose to macroalgae at the Dai-ichi
drainage channels reached 6.5 Gy. For other species, cumulative 131I doses
were approximately a factor of ~ 80 lower. Away from the Dai-ichi drainage
channels the 131I cumulative doses for all species were a further factor of ~
15 lower. The time-integrated doses radiocaesium doses to biota present at
the Dai-ichi drainage channels are of the order of 12 – 50 mGy, and they
also decrease by a factor of ~ 15 for the more distant stations.

Dynamically modelled radiocaesium dose rates < 10 µGy h-1 (the ERICA
benchmark) presuppose no effects at the population level [24, 25]. In spite of
the fact that 131I dose rates for seaweed exceed this value over the first 1½
months since the accident, the highest exposures would have been received
over a relatively short period before the disappearance of 131I by decay,
while the benchmark threshold is really applicable to chronic exposures.
Overall, we believe that the higher but transient radioiodine exposures do
not to pose significant effects on the reproduction and development of
marine species, a fact that should become clear when acute radiation dose
benchmarks for marine biota are established.

From our dynamic modelling, it appears that internal dose rate dominates
over external – generally 2 to 3 orders of magnitude difference once the
biota have achieved significant uptake. The external exposure contribution
from sediment was not calculated by the model. However, sediments are
slow accumulators of radioactivity and they would have started from a
relatively “clean” state (the much lower fallout levels) at the onset of the
accident, so the dose rates for the first few weeks should not be significantly
distorted.

It is not really possible to compare the modelled activities in biota with the
monitoring data because they originate from different locations and
generally the monitored samples are further away from the source points
(Dai-ichi and Dai-ni drainage channels), so it is expected that they would
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give lower dose rates than the modelled results. Nevertheless, the modelling
predictions outside the drainage channels but still close to the Dai-ni nuclear
plant (SW Dai-ni Iwasawa shore and Dai-ni N channel stations) can be
compared with the samples collected at the coastal stations < 50 km from
Fukushima Dai-ichi (Hisanohama, Yotsukura, Ena ports), at least for
macroalgae and molluscs, to give a kind of upper limit. The results are
shown in Table 1.
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Location Mean total dose rate
(μGy h-1)

Model prediction / 
measurement 

 Macroalgae Mollusc Macroalgae Mollusc
I-131 dose rates
Mean Iwasawa / Dai-ni
(equilibrium model) 5.15E+04 1.76E+02 8000 1600

Mean Iwasawa / Dai-ni
(dynamic model) 9.24E+00 2.25E-01 1.4 2.0

Mean monitoring data 6.38E+00 1.12E-01  - -
Cs-134 dose rates
Mean Iwasawa / Dai-ni
(equilibrium) 3.02E+03 1.66E+03 24000 15000

Mean Iwasawa / Dai-ni
(dynamic model) 1.66E+00 1.58E+00 13 14

Mean monitoring data 1.27E-01 1.12E-01  - -
Cs-137 dose rates
Mean Iwasawa / Dai-ni
(equilibrium model) 3.78E+03 2.08E+03 28000 23000

Mean Iwasawa / Dai-ni
(dynamic model) 2.23E+00 2.03E+00 17 22

Mean monitoring data 1.33E-01 9.12E-02  - -

Table 1. Comparison of dynamic and equilibrium modelling approaches

The dynamic model appears to predict dose rates much closer to those
derived from monitoring data than the equilibrium model, particularly for
131I. A more detailed study with a larger monitoring dataset is currently in
progress, where the correspondence between modelled and monitoring
results for radiocaesium (here shown to differ by an order of magnitude)
appears to be much better.



Uncertainty considerations
The modelling-based assessment is of limited precision due to the necessity
to calculate the activity concentration in biota using seawater activity as an
input, which was not available for the first 10 days after the accident. The
effect of this was simulated. We found it to be not very significant for our
2-month projections (factor of 2 at 10 days, decreasing to < 10% difference
at 20 days). Another potential limitation is that the model calculates only
activities (and dose rates) for 131I and 137Cs, whereas other radionuclides
(129,129m,132Te, 136Cs and 133I) were not included due to lack of data
availability. However, their short decay half-lives mean that their
contribution to dose must have been small.

A detailed parameter variation sensitivity analysis carried out with the D-
DAT tool indicates that the concentration factor CF used and the biological
half-life TB1/2 are, in this order, the parameters introducing more
uncertainty in the model [17]. A comparison of predicted dose rates with
both D-DAT and the ECOMOD dynamic model for the coastal sea zone
(see Fig. 1 of [14]) shows that the output of both models is in agreement
within a factor of < 2, but maintaining the same transition between T < 30
and > 30 days post-accident. This supports a factor of ~ 2 as being a
reasonable estimation of the overall modelling uncertainty.

Summary
In the marine environment, the situation in Fukushima can be summarized
as follows. Two years after the accident, the significant pulses of
radioactivity released to the sea in a fairly short time have become
dispersed, but there is indication that marine sediments, coastal
groundwater, and rivers may be source of on-going contamination. The
main picture that emerges is one of rapid flushing of contaminated water
(only <3% of the discharged radiocaesium remains in coastal waters, whilst
virtually all the 131I has decayed). A degree of riverine input and
groundwater seepage from nearby seafloor must inevitably still be
occurring as a result of recent leakages. In contrast, there is persistent
radioactivity in the sediment, explained partially by the ability of dissolved
radiocaesium to partly adsorb onto sediment particles. Connected to this is
the reported resilience of radioactivity in marine organisms observed by
some researchers [3] as well as ourselves. Exposure in seaweed
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predominates; then molluscs and fish. The observed concentrations in fish,
to take an example, are very variable and they do not follow a precise
pattern of increasing or decreasing.

It is evident by now that the impact on populations of fish, crustaceans,
molluscs and seaweed is not high from the radiological viewpoint. The dose
rates to non-human biota were initially overestimated because they
equilibrium between the radioactivity in the water and the amount taken-
up by the organisms and by the sediments was assumed. Earlier studies [2]
suggested elevated dose rates during the first 3 weeks post-accident,
sufficient to cause some long-term effects if sustained. Our estimates of
exposure are significantly reduced, illustrating the importance of using
dynamic modelling for an environmental system that was initially not at
equilibrium. This validates the hypothesis formulated at the beginning of
our study.

Conclusions
Our analysis of biota monitoring data suggests that dose rates are below
the levels necessary to cause a measurable effect on populations. The only
exception is iodine in seaweed in the earlier part of the accident, confirmed
by our dynamic modelling study. We can conclude that the radioactivity in
water has dispersed (but for some delayed inputs), the radioactivity in
sediment persists, there is still radioactivity in marine biota but the dose
rates are too low to affect these species at the level of populations. Levels
up to 104 Bq kg-1 total Cs have been highlighted as important because they
exceed the 100 Bq kg-1 seafood consumption limit in Japan [26]. However,
this is not highly significant for environmental protection because such
levels lead to dose rates < 20% of the ERICA 10 µGy h-1 screening level,
and they occur occasionally rather than affecting species as a whole. This
does not mean that the marine environment off Fukushima should not be
further studied. On the contrary, a robust study using an extended
monitoring database and improved assessment parameters is required
before deciding that the marine situation is of no radiological concern
whatsoever. Moreover, it is necessary to clarify open radioecological
questions such as the presence of delayed inputs to sea, the presence of
biota at local hotspots, the long-term fate of radionuclides residing in
coastal areas and their apparent resilience in some biological organisms.
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Abstract
A new user-friendly method for the determination of the activity concentration of several
NORM residues was developed via measurements at the port of Antwerp and at selected
companies. The activity concentrations of shipped goods and several building materials
were determined with several detectors and the results are compared to the proposed EU-
BSS (Euratom Basic Safety Standards limits). A NORM database was constructed based
on a large scale portal monitor study of cargo shipped through the port of Antwerp. NuTeC
has developed and validated an alternative, in-situ Activity Concentration Index (ACI)
determination method. This method was applied to analyze numerous building materials
available on the Belgian market. By means of on-site measurement campaigns at NORM
processing companies and in the building industry practical approaches to radiation
protection were developed in close interaction with the workers.

Keywords: radiation protection, NORM and building materials industry, NORM Database,
Basic Safety Standards (BSS).

Introduction:
Recently the European Commission is recasting the Euratom Basic Safety
Standards (EU-BSS) in order to further limit the exposure of the public and
workers to radioactivity [1]. The new EU-BSS proposal contains a broad list
of industries, processing Naturally Occurring Radioactive Material
(NORM), which will become subject to more strict regulation. The list
contains, among others, zirconium, thorium, and titanium processing plants,
phosphate-ore industries and oil and gas extraction facilities. The EU-BSS
implies the requirement of activity concentration determination in the
various types of NORM residues. Notification is required from industries
on the list mentioned in the EU-BSS if the activity concentration of the
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radionuclides of the 238U and 232Th or their decay product is larger than
1 Bq/g or if the activity concentration of 40K is larger than 10 Bq/g [1].

In addition the new EU-BSS proposal provides additional regulation for
the incorporation of residues of NORM (fly ash, phosphogypsum,
phosphorus/tin/copper slag, red mud, …) in building materials and for
building materials from natural origin. The reference level applying to
indoor external exposure to gamma rays emitted by building materials, in
addition to outdoor external exposure, is set in the new EU-BSS (version
2013) to be 1 mSv per year. For verification of this reference level a
screening parameter the ‘Activity Concentration Index’ (ACI; Eq. 1) is
proposed [1].
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Eq 1. Activity Concentration Index (ACI) used in the new BSS as a screening parameter
for building materials [1].

The new BSS used the ACI as a radiological screening parameter for
building materials that will be distributed on the marked for use in
dwellings. If the ACI < 1 then the building materials can be distributed
without restrictions linked to the natural radiological content. If the ACI >
1 then a more detailed dosimetrical study is required to demonstrate that the
reference level (1 mSv/year) is not exceeded [1].

When the EU-BSS will be converted into national legislation, a growing
group of companies from the non-nuclear sector will be confronted with
radiation protection legislation and will require cost efficient radiological
measurement solutions that are useful in an industrial context.

Materials & methods:
Studies were performed at NORM processing companies, producers of
building materials and on cargo passing through customs in the port of
Antwerp.

A large scale radiological study of the container traffic in the port of
Antwerp (period: 04/23/2007 – 08/31/2010) was conducted by means of
portal monitors. The alarm level of the portal monitors was set at 5 times



the standard deviation on the background (5 σ). More details on the
instrumental method used can be found in the work of Fias et al. [2], Pellens
et al. [6] and the final report of the NuTeC-NORM project [7].

Geometry corrected in-situ measurements were performed on materials in
industrial processes with LaBr3(Ce) and NaI(Tl) probes. These results were
compared with lab analysis of samples by means of a HPGe detector. The
experimental method used for analysis of respectively NORM samples and
building materials is discussed in more detail in the final report of the
NuTeC-NORM [7] and the B-NORM project [8]. For a detailed comparison
of the properties of LaBr3(Ce) and NaI(Tl) probes see Milbrath et al. [4].

Results & discussion
A summary of results from a large scale portal monitor study at the harbor
of Antwerp is depicted in Fig 1. On the basis of the shipping information
alarms at detection portals (103600 ‘events’) in the port of Antwerp were
attributed to various types of materials. This database was built during the
Megaports [2] and the NuTeC-NORM project [7] by combining several
databases with our own measurement information.

All percentages considered in the discussion below refer to a certain
percentage of the total number of events (certain % of the 103600 events).

The category ‘stones and tiles’ (Fig 1) contains among others bricks, slates,
sand stones, dimension stones, a huge variety of tiles, paving stones and
marble. Not all ‘subcategories’ are well defined on the basis of recorded
shipping information complicating a quantitative assessment of the
subcategories of the category ‘stones and tiles’. As shown in Fig 1, 23 %
of events could be attributed to the category ‘stones and tiles’. It needs to
be noted that the category ‘other’ contains some ill-defined sub-categories
and that about 1 % of events belonging to the category ‘other’ are building
materials (without further specification) and that it is unclear if these need
to be attributed to the category ‘stones and tiles’.

The category ‘tobacco’ (Fig 1) can be attributed to 18 % of the events. It
might come as a surprise that containers containing large quantities of
tobacco give yield to radiological alerts at a detection portal that can only
detect gamma radiation. These alerts can be attributed to 40K [7]. The
presence of 40K in the tobacco leaves is due to root uptake either from soils
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or from fertilizers. A more detailed description of radiological properties of
tobacco leaves can be found in the work of Papastefanou [5].
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Fig 1. Updated version of the NORM database containing 103600 events
(alarms at detection portals), linked to shipping information, for the period

04-23-2007 – 08-31-10.

The category ‘Minerals and ores’ (Fig 1) contains among others mineral
sands containing zircon, ilmenite and rutile. These minerals are mined in
many countries and production amounts to millions of tonnes per year of
zirconium and titanium (from rutile and ilmenite), though thorium, tin and
the rare earth elements are associated [3]. In this category also ores for the
production of cobalt, iron, nickel, aluminum, magnesium and zinc can be
found.

A more detailed description of the NORM database and its different
categories is available in the final report of the NuTeC-NORM project [7]
and more detailed publications are under preparation.



During the NuTeC-NORM project an in-situ measurement methodology
using LaBr3(Ce) and NaI(Tl) probes was developed to estimate the activity
concentration of various NORM samples. This in-situ method was
optimised for among others fertilizers, mineral sands containing zircon,
ilmenite and rutile, fluorspar and bauxide residues. The results of the in-
situ method were compared with lab analysis by means of a HPGe detector
after taking of samples. For the investigated samples a relatively good
agreement was found between the in-situ measurement approach using
LaBr3(Ce) or NaI(Tl) probes and the results of lab based measurement with
a HPGe detectors.
A surprising finding is that several potassium containing products (eg
potassium sulfate and potassium chloride) give yield to an activity
concentration of more than 10 Bq/g. The highest measured value within
the NuTeC-NORM project was 13,7±0,1 Bq/g for potassium chloride. This
was measured in-situ with a LaBr3 probe and confirmed by lab based
analysis with a HPGe detector (13.1 Bq/g). As a result notification will be
required from companies distributing these products. It can be expected
that companies will turn to alternative products or alternative processes to
avoid this situation. A more detailed description of the results of the in-situ
method for the analysis of NORM samples is available in the final report
of the NuTeC-NORM project [7].

In the B-NORM project new industrially useful protocols for measurement
of the activity concentration index (Annex VII of the EU-BSS) [1] were
developed to assess the applicability of the newly developed building
materials for the European building market. Specifically to further aid
industry in the search for cost-efficient measurement solutions
the applicability of in-situ measurement methodology was investigated. An
important aspect that is investigated is the validation of the developed B-
NORM method. A good correspondence is found between the B-NORM
in-situ method and the lab based analysis using a HPGe detector [8]. Within
the measurement campaign of the B-NORM project the highest ACI found
was 3,65 (when the ACI was determined by the B-NORM method) or 3,91
(when the ACI was determined by the standard method with a HPGe
detector) for a dimension stone. This means that (after implementation of
the EU-BSS in Belgium) before distributing this stone at the Belgium
market a more detailed dosimetrical study is required to assess that, upon
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use for dwellings, the resulting dose is below the reference level (1
mSv/year). The results of the B-NORM project will be published in the
final report of the B-NORM project that will be concluded in May 2013
[8].

By means of on-site measurement campaigns at NORM processing
companies and in the building industry practical approaches to radiation
protection were developed in close interaction with the workers. The
developed screening methods can be used in an industrial setting. By
involving workers in the measurement process an increased awareness
regarding the radiological properties of the investigated materials is
obtained and in this way a strong foundation for ‘aware radioprotection’ is
build.

Conclusions:
(1) The NORM database gives an idea of NORM residues and building
materials (containing enhanced natural radioactivity) that are passing
through Belgium and on the residues present on the Belgium marked. (2)
A new user-friendly method for the determination of the activity
concentration was developed via measurements at the port of Antwerp and
at selected companies. The activity concentrations of shipped goods and
several building materials are determined with several detectors and the
results are compared to the proposed EU-BSS limits. (3) NuTeC has
developed and validated an alternative, in-situ ACI determination method.
This method was applied to analyze numerous building materials available
on the Belgian market. (4) In-situ methods increase awareness of workers
and in this way can provide a strong foundation for ‘aware radioprotection’.

Outlook:
The depletion of energy resources and raw materials has a huge impact on
the building market. In the development of new synthetic building materials
the reuse of various (waste) residue streams becomes a necessity. Therefore
a new COST network proposal was submitted to stimulate the colla-
boration of scientists, industries and regulators to gather knowledge,
experiences and technologies, to stimulate research on the reuse of residues
containing enhanced concentrations of natural radionuclides, originating
from NORM processing industries, in tailor-made building materials in the
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construction sector while considering the impact on both external gamma
exposure of building occupants and indoor air quality. By improving
radiological impact assessment models for the reuse of NORM residues in
building materials the proposed COST action aims to further stimulate
justified uses of NORM residues in different types of newly developed
building materials. Based on these models, the proposed COST action aims
at investigating realistic legislative scenarios so that the authorities
concerned can allow reuse pathways for NORM that can be accepted from
a radioprotection point of view in concordance with the Lead Marked
Initiative (LMI) and sustainable construction. The COST proposal is
awaiting final approval in May 2013.
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REGULATORY APPROACH TO THE ISSUE
OF NORM RESIDUES IN BELGIUM

S. Pepin, B. Dehandschutter, A. Poffijn, M. Sonck
Federal Agency for Nuclear Control (FANC, Belgium)

Abstract
The Belgian radiation protection regulations (Royal Decree of 20/07/2001) address the
issue of NORM in its article 4 and 9. Article 4 lists the work activities which may be at
risk with respect to the exposure to natural radiation sources and article 9 imposes to the
companies of these sectors to submit to the radiation protection authority (FANC) a
declaration which allows assessing the potential exposure. However, the issue of the
acceptance and treatment of NORM residues was not explicitly addressed in the
regulations. In order to clarify the regulatory framework related to the acceptance of
NORM by non-radioactive residue processing installations, FANC has published criteria
for the exemption and clearance of NORM residues:
– Generic exemption levels for NORM residues: residues with a concentration below

these levels may be processed or disposed without restrictions (with the exception of the
disposal on mono-landfill).

– Specific clearance levels for the different types of processing/disposal of the residues
(disposal on landfill, recycling into building materials, etc.).

The disposal or processing facilities which accept residues with an activity concentration
above the generic exemption levels are considered as “work activities” in the meaning of
article 4 of the radiation protection regulation and are submitted to compulsory declaration.

1) Introduction
Although Belgian radiation protection legislation addresses the issue of
NORM industries since 2001, regulatory decisions on the further treatment
of NORM residues were taken up to 2013 on a case-by-case basis without
a satisfactory regulatory ground. The Federal Agency for Nuclear Control
(FANC) set up a working group in order to develop a regulatory framework
for the processing and disposal of NORM residues. This framework is
based on generic clearance levels and specific acceptance criteria for
facilities which process NORM residues.
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2) Regulatory framework
Title VII of the European Basic Safety Standards (Directive
96/29/EURATOM) [1] addresses the issue of significant increase in
exposure due to natural radiation sources. It recommends the Member states
of the EU to identify the work activities which are of concern and to request
the setting up of appropriate means for monitoring exposure. Title VII has
been implemented into Belgian law with the Royal Decree of July 20, 2001
setting forth the general regulation for the protection of the population, the
workers and the environment against the danger of ionizing radiation [2].
The Belgian legislation defines a list of work activities involving natural
radiation sources and requires the concerned facilities to submit a
declaration to FANC. The goal of this declaration is to assess the potential
exposure to the workers and to the public due to the activity. It includes a
flowchart of the processes, a description of the relevant work operations
and of the parameters affecting the exposure. If this exposure does not
exceed 1mSv/a, no other requirements will be imposed to the facility. If it
exceeds 1 mSv/a, corrective measures have to be implemented. If, in spite
of these corrective measures, the exposure still exceeds 1 mSv/a, the
activity must be licensed. The notification includes a description of the
residues which are produced by the facility. Further details on the content
of the declaration may be found in [3].

The initial list of work activities set in the Royal Decree of 2001 was rather
limited but it was substantially extended with the FANC Decree of March,
1st 2012 and includes the following sectors:
– Storage, handling and processing of phosphate ores;
– Storage, handling and processing of zircon and zirconia;
– Decommissioning and recycling of zircon(ia)-based refractories;
– Titanium dioxide production;
– Groundwater treatment facilities;
– Coal-fired power plant;
– Production of non-ferrous metals;
– Primary iron production;
– Production, storage, use and handling of thorium-based materials;
– Oil refineries;
– Extraction and transport of natural gas and shale-gas;
– Storage, handling and processing of pyrochlore, columbite, tantalite,

ilmenite, rutile, cassiterite, monazite, garnet and silica fumes.
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3) Bringing processing and disposal of NORM residues into the scope
of radiation protection regulations

In March 2013, FANC published a new decree which added the facilities
for processing, valorisation and recycling of residues with an activity
concentration above a generic clearance levels into the list of “work
activities involving natural radiation sources”. These generic clearance
levels were taken out from the European Commission document “Radiation
Protection 122 Part II” (RP 122 II) [4] and are listed in table 1. They were
derived on basis of generic exposure scenarios and a dose-constraint of 0.3
mSv/yr. Next to the clearance levels of RP122 II, a specific level was
defined for mono-landfills; in this later case, due to the huge masses
involved, even low activity concentration may, in some circumstances, lead
to a non-negligible impact - for example, if buildings are constructed on
the landfill after closure. Some form of regulatory control – at least record-
keeping of the disposed residues - is then required.
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Radionuclide Activity concentration

(kBq/kg)

U-238sec (incl. U-235sec) 0.5
0.1 (mono-landfill)

U nat 5
Th-230 10

Ra-226+ 0.5
0.1 (mono-landfill)

Pb-210+ 5
Po-210 5

Th-232sec 0.5
0.1 (mono-landfill)

Th-232 5
Ra-228+ 1
Th-228+ 0.5

K-40 5

Table 1: generic clearance levels for NORM residues

Residues processing facilities which accept residues with an activity
concentration above these levels must submit to FANC a declaration,
similar to the ones of the other NORM industries.



4) Acceptance criteria
Once the residues processing facility has submitted a declaration, specific
acceptance criteria are imposed to the facility. These acceptance criteria are
not defined in the regulation but are imposed separately to each facility,
depending on the specific type of treatment or disposal of the NORM
residues. The acceptance criteria consist in a limit on the activity
concentration of a single batch of residues complemented by a limit on
either the average activity of all the residues disposed (for a landfill) or on
the activity concentration of the waste or end-products of the processing
(incinerators, residues processed in cement or other building materials).
FANC defined reference values for these acceptance criteria which are
reproduced in table 2.
If these acceptance criteria are exceeded, then a specific dose-assessment
has to be carried out and it has to be demonstrated that the impact is lower
than 0.3 mSv/yr.
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Type of treatment

Activity concentration

Input (single batch of residues) Output
(after processing)

Landfill for hazardous
waste

Cexemption RP 122 II
Caverage < 0.2 kBq/kg

Cmax 50 kBq/kg

Landfill for non-hazardous
or inert waste

Cexemption RP 122 II
Caverage < 0.2 kBq/kg

Cmax 10 kBq/kg

Mono-landfill
< 0.1 kBq/kg: no restrictions

> 0.1 kBq/kg: site-specific approach

(co-)incineration

Cexemption RP 122 II Control end-products and waste:
- RP122 II: for materials used 

in road construction or similar 
applications

- activity index: building 
materials

Cmax 10 kBq/kg

Building materials

Cexemption RP 122 II Control end-products and waste:
- RP122 II: for materials used 

in road construction or similar 
applications

- activity index: building 
materials

Cmax 10 kBq/kg

Other use Case by case

Table 2: acceptance criteria for the different categories of installations



For landfills, Caverage corresponds to the sum of the activity concentration
of each batch of NORM residues divided by the total mass of residues
which has been landfilled (on a yearly basis). It amounts to a limitation of
the total quantities of NORM residues which may be accepted on the
landfill, these quantities being weighted by the activity concentration.

The resulting waste from the processes (e.g. slag or fly-ashes from
incineration processes) must also be characterized and treated as NORM
residues if the generic clearance levels of RP 122 II are exceeded.

For recycling NORM residues into building material, a control on the
resulting activity concentration in the final building material has to be made
by the operator. For building materials used in habitation, the activity index
is used as reference level. This activity index has been defined in the
European Union report “Radiation Protection 112” [5] and reads:

C Ra-226/ 0.3 + CTh-232/ 0.2 + CK-40/ 3 < 1 (bulk materials)

C Ra-226/ 0.3 + CTh-232/ 0.2 + CK-40/ 3 < 6 (superficial materials)

with “C” the activity concentration of the corresponding radionuclide in
kBq/kg.

The generic clearance levels of table 1 are used for other building materials,
like materials used in road construction.

In order to help the operators of the concerned facilities in their declaration,
FANC published on its website a technical guide: in addition to general
information about NORM and about the categories of residues which are
of concern, the guide gives practical information about the content of the
declaration: administrative data, flowchart of the processes, listing of both
processed and produced residues. It includes also general considerations
on the control and sampling of NORM residues and a list of waste codes
which may be related to NORM residues. These waste codes can be used
as a screening tool to identify the residues of concern.

This guide is open for public consultation. Moreover a round-table
discussion with the professional of the concerned sectors is foreseen in
September 2013.
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5) Conclusions
With the definition of generic clearance criteria and the integration of
NORM residues processing (or disposal) facilities into the category of
“work activities involving natural radiation sources”, processing of NORM
residues was brought into the scope of Belgian radiation protection
regulations. The generic clearance criteria lift up the ambiguities about what
is to be considered as NORM residues. The system of declaration for “work
activities” implements a graded approach in the regulations of the treatment
of these residues. Some issues however have still to be addressed:
– developing the interface and collaboration with environmental

authorities, so that NORM management could be integrated into a global
environmental approach;

– insuring the traceability of the residues - taking into account the
intermediate steps (e.g. waste transfer station) between production of the
residues and final processing;

– the need to develop practical ways of checking the acceptance criteria
with suitable measurements procedure and methodology;

– developing sound and adequate environmental monitoring of sites were
NORM residues are or have been disposed.
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DOSE DISTRIBUTION OF AIRCREW IN BELGIUM

S. Pepin, B. Dehandschutter, A. Poffijn, M. Sonck
Federal Agency for Nuclear Control (FANC, Belgium)

Abstract
According to the European Basic Safety Standards (Council Directive 96/29/EURATOM
– article 42), the undertakings operating aircraft are responsible for assessing the exposure
of their crew to cosmic radiation. These obligations have been transposed in the Belgian
radiation protection regulation and, each year, some 3000 dose values are transmitted to
the radiation protection authority (FANC) by the airlines registered in Belgium. Around
two thirds of these doses are above 1 mSv/a with an average of 1.4 mSv and a maximal
value of 6.5 mSv. These doses are evaluated with specific calculations codes. This paper
shows the evolution of the dose distribution in the recent years, gives an overview of the
calculation codes used in aircrew dose-assessment and compares the pattern of exposure
for different airlines.

1) Introduction
Article 42 of Directive 96/29/Euratom, the European Basic Safety
Standards, addresses the issue of the radiation protection of aircrew against
exposure to cosmic radiation [1]. The Directive has been transposed into
Belgian law with the Royal Decree of July 20, 2001 [2], setting forth the
general regulation for the protection of the population, the workers and the
environment against the danger of ionizing radiation. Following an
information campaign by the Federal Agency for Nuclear Control (FANC)
in 2007, all Belgian airlines comply with their legal obligations and yearly
send to FANC the values of the doses of their crew.

2) Regulatory framework
The Royal Decree of July 20, 2001 defines undertakings operating aircrafts
as “work activities involving enhanced exposure to natural sources”. They
have to submit to FANC a declaration with the following data:
– administrative data of the airline;
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– description of the methods of measurements or evaluation of the
exposure of the personnel to cosmic radiation;

– results of these measurements or evaluation.

If the dose level of 1 mSv/a is exceeded or likely to be exceeded, the
companies must, in addition:
– assess the individual doses of the personnel resulting from exposure to

cosmic radiation;
– take into account these dose assessments in the organisation of the

working schedules with the aim to reduce the doses of highly exposed air
crew members;

– inform the concerned workers of the health risks their work involves;
– limit the doses during pregnancy.

It is also stated that, from the moment of the declaration of pregnancy, the
conditions for the pregnant woman in the context of her employment shall
be such that the dose to the unborn child will be as low as reasonably
achievable and that the dose may not exceed 1 mSv for all the duration of
the pregnancy. If this dose is already exceeded at the moment of the
declaration of the pregnancy, the pregnant woman will be excluded from
any work with a risk of exposure to ionising radiation.

FANC published a technical guide which describes in more details the
procedures for the dose assessment [3]. The guide contains a few
straightforward criteria to readily assess whether air crew members are
unlikely to receive a dose higher than 1 mSv/a; these criteria are essentially
based on a limit to the flying altitude and the flying time.

3) Results and dose-distribution
9 airlines submitted a declaration to FANC. 3 airlines were exempted of
carrying out an individual dose assessment of their crew. 6 airlines assess
the dose of each of their crew with the help of calculations codes. The codes
used are the following:
– IASON-FREE (2 airlines)
– PCAIRE (1 airline)
– Globalog (1 airline)
– CARI-6 (1 airline)
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These codes do not need to be certified in Belgium However, all of them
have been validated and most are discussed in the European Commission
report RP 140 [4].

Table 1 shows a synthesis of the aircrew dose-assessment since 2007. Apart
from 2007 (data not complete), around 3000 dose values have been received
by FANC each year. Approximately two-thirds of the results exceed 1
mSv/a. In 2008, a few individuals received a dose exceeding 6 mSv/a. The
maximal dose fluctuates between 4.5 and 6.5 mSv while the average dose
varies from 1.3 to 1.6 mSv. The higher values registered in 2008 seemed to
be related to a peak in the economic activity of the airlines resulting in
longer flying times.
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Table 1: overview of dose values in the period 2007-2011

2007 2008 2009 2010 2011

# individuals 1019 2893 2912 3218 3408

# < 1 mSv/a ? 1197 1146 1354 1327

 1 – 2 mSv/a 439 985 1166 1221 1346

 2 – 3 mSv/a 414 389 400 382 363

 3 – 4 mSv/a 166 63 195 228 291

 4 – 5 mSv/a 0 104 5 33 81

5 – 6 mSv/a 0 140 0 0 0

 6 – 6.5 mSv/a 0 15 0 0 0

1 – 6 mSv/a 1019 1681 1766 1864 2081

> 6 mSv/a 0 15 0 0 0

Average dose
(mSv/a) - 1.56 1.27 1.27 1.43

Maximal dose
(mSv/a) 3.98 6.47 4.77 4.55 4.7



Fig. 1 shows the dose distribution in 2011. Results from previous years
show a similar pattern and may be consulted on the website of FANC1.
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Fig.1 Dose distribution of Belgian aircrew in 2011.

4) Comparison between airlines
Fig. 2 compares the dose distribution of four airlines. Companies A and B
are charter airlines which operate several long-haul flights. Companies C
and D operate essentially short-distance flights. These two groups of airlines
show different pattern for their dose-distribution. The first group shows a
peak at a value larger than 1 mSv/a, while the second group rather shows a
decrease of the number of exposed persons with an increasing dose-interval.

Fig. 2: comparison of dose-distribution of four Belgian airlines (results 2011).

1 http://www.fanc.fgov.be/fr/page/rayon-cosmique/1191.aspx



5 Conclusions
Belgian aircrew are significantly exposed to cosmic radiation: around two-
thirds of individuals get a dose exceeding 1 mSv/a and doses larger than 6
mSv/a have also been recorded. The pattern of the dose-distribution may
vary from one airline to the other reflecting the different economic activities
of these airlines. From these values of dose, it is also likely that, in addition
to aircrew, some “frequent flyers” may also be exposed to a level exceeding
1 mSv/a.
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NORM CONTAMINATION AND RADIATION PROTECTION
OF WORKERS IN A BELGIAN COAL-FIRED POWER PLANT:

A CASE-STUDY
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Federal Agency for Nuclear Control (FANC, Belgium)

Abstract
Although the concentration of naturally occurring radionuclides in coal is in general
relatively low, significant enhancement may occur in coal-fired power plants. In particular,
the deposition of Pb-210 on the vaporization pipes within the boiler may lead to an activity
concentration of 200 kBq/kg in the deposit. The clean-up of these vaporization pipes
during maintenance produces significant dust concentration and may consequently cause
an inhalation dose to the worker significantly higher than 1 mSv if no respiratory protective
equipment is used. This paper gives an overview of the issue of enhanced natural
radioactivity in the different stages of the processes in a Belgian coal-fired power plant.
It focuses on the exposure circumstances and assessment during maintenance operations
and show how the radiation protection aspects may be integrated in the global operational
health and safety approach.

1) Introduction
The deposition of lead-210 on the vaporization-pipes inside the furnace of
a coal-fired power plant is an issue which has already been extensively
discussed in the literature. The thermodynamic processes leading to this
deposition have been described in [1]. For this reason, coal-fired power
plants have been listed among the NORM industries1 in the Netherlands
since 2001 [2,3]. The European Union also integrated this sector in the
NORM industries listed in the proposal of revision of the new Basic Safety
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1 NORM = Naturally Occurring Radioactive Material. The terminology NORM industries
refers to the industries where a significant concentration of natural radionuclides can be
found either in the raw material or in the products or residues of the process.



Standards [4]. This paper focuses on the specific case of the Belgian coal-
fired power plant of Langerlo, describes the specific work operations which
could lead to exposure to NORM, assesses the risk of exposure. It will be
shown that the protective equipment and measures used for operational
health and safety also cover the radiation protection aspects.

2) The functioning of a coal-fired power plant
Figure 1 shows a schematic view of a coal-fired power plant. The different
steps of the process are listed in the flowchart of Figure 2. The blocks shown
in red correspond to the steps where a significant NORM enhancement has
been observed.
Coal is brought in bulk by ship. It will then be milled and the coal-powder is
pneumatically brought to the burner where combustion air is added, so that
the mix may be burned in the furnace. Water is vaporized in the tubes of the
boiler and the steam will make a turbine work, which produce electricity.
The flue gases are treated after leaving the boiler. They are first denitrified
through the addition of ammonia, then further cooled in a thermic exchanger.
The fly-ashes are removed by electro-filters. Sulphur is removed from the
flue gases in a washing tower through reaction with lime. The desulfurization
leads to the production of significant amounts of gypsum. The cleaned flue
gases are released to the atmosphere through a wet chimney.
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Fig 1. Schematic view of a coal-fired power plant



3) Occurrence of NORM in a coal-fired power plant
The activity concentration of natural radionuclides in raw coal is in general
rather low, in the range of background concentration in Belgian soil (10 –
50 Bq/kg). Most of the radium will be concentrated in the fly-ashes with
typical activity concentration in the range of 100-200 Bq/kg [3,5]. As
studied in [1], lead present in coal will evaporate during the combustion of
coal and, under reducing conditions, condensate on the water pipes under
the form of lead chloride. This lead contains the naturally occurring
radioactive isotope Pb-210: the activity concentration of Pb-210 in the
deposition layer may reach a value of 200 kBq/kg. This significant activity
concentration has been measured both in Dutch coal-fired power plant as
in the Belgian power-plant of Langerlo. However the issue of Pb-210
deposition on water-pipes seems not to be generic: similar measurements
have been performed in Ireland [6] and an activity concentration of only
0,4 kBq/kg for Pb-210 was found. The authors cited three reasons to explain
the discrepancy: i) the lower chlorine content of the coal burnt in the Irish
power plant; ii) the Irish plant works in oxidizing conditions where lead
will be present under the form of PbSO4 which has an higher condensation
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point, while in the Dutch (and Belgian) boilers lead is present as PbS or
PbCl2 with a lower condensation point; iii) Irish boilers are smaller: the
combustion temperature is higher and exceeds the temperature of
condensation of lead.

Next to this issue, some enhanced radioactivity levels were measured in the
desulfurization unit: these are due to radium scalings in some tubes of the
unit. As most of the radium initially present in coal has already left the process
via the fly-ashes, the formation of these scalings seems not to be related to the
coal combustion but rather to the use of lime in the desulfurization process.
Similar scalings have been observed in other kind of installations, such as
incinerators for household waste, where lime was used to “wash out” sulphur
from the flue gases.

4) Regulatory framework

Title VII of the European Basic Safety Standards (Directive
96/29/EURATOM) addresses the issue of significant increase in exposure
due to natural radiation sources. It recommends the Member states of the
EU to identify the work activities which are of concern and to request the
setting up of appropriate means for monitoring exposure. Title VII has been
implemented into Belgian law with the Royal Decree of July 20, 2001
setting forth the general regulation for the protection of the population, the
workers and the environment against the danger of ionizing radiation. The
Belgian legislation sets up a positive list of work activities involving natural
radiation sources and requires the concerned facilities to submit a
notification to the Federal Agency for Nuclear Control (FANC) - the
competent Belgian radiation protection authority. The goal of this
notification is to assess the potential exposure to the workers and to the
public due to the work activity. It includes a flowchart of the processes, a
description of the relevant work operations with the parameters affecting
the exposure (duration of exposure, dust concentration, activity
concentration in the relevant materials,…). If this exposure does not exceed
1mSv/yr, no other requirements will be imposed to the facility. If it exceeds
1 mSv/yr, corrective measures have to be implemented. If, in spite of these
corrective measures, the exposure stays above 1 mSv/yr, licensing of the
activity is imposed and the concerned workers will be considered as
professionally exposed workers. The initial list of work activities set in the
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Royal Decree of 2001 was rather limited but it was substantially extended
with the FANC Decree of March, 1st 2012. Among other sectors, coal-fired
power plants were added to the list of activities requested to submit a
notification.

5) Risk-analysis and exposure assessment
5.1 Measurements
Extensive measurements were performed in the coal-fired power plant of
Langerlo to identify the places with a significant concentration of NORM
and to assess the exposure.

Several types of measurements were performed:
– Dose-rate was measured in the boiler and along the flue-gas path. As Pb-

210 was known to be the major nuclide of concern in the boiler, Hp(0.07)
was also measured in addition to Hp(10)2. The external dose-rate
measured in the boiler reach values up to 4 µSv/h.

– Based on the dose-rate measurements, samples were selected for gamma-
spectrometry: as mentioned earlier, in the boiler, the maximal activity
concentration in the deposit on the water-pipe amounted to 190 kBq/kg.
Activity concentration in the fly-ashes was also determined.

– Radon concentration was measured in the desulfurization unit and in the
gypsum storage hall. The concentration in the gypsum storage was
negligible while the desulfurization unit shows a value of 67 Bq/m3.

– Because of the significant Pb-210 activity concentration in the deposit on
water-pipes, maintenance of the boiler was identified as the most critical
operation. Maintenance consists in several specific tasks: i) the cleaning
of the burner and of the walls of boiler, ii) polishing vaporization pipes
to prepare welding works iii) welding of the damaged pipes and some
other tasks. Dust concentration was measured during maintenance
operation with both portable and stationary dust-meters. Table 1 shows
the results of dust concentration for the different tasks.
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2 Hp(10) is the personal dose equivalent at a depth of 10 mm in the human body. It is an
operational quantity for external radiation used for strongly penetrating radiation.
Hp(0.07) (personal dose equivalent at a depth of 0.07 mm) on the other hand is used for
weakly penetrating radiation to monitor the skin dose.



– Badge dosimetry was also used for the maintenance workers. It did not
show any significant results.

5.2 Exposure-assessment
As shown from the badge dosimetry and as expected due to the dominance
in the NORM contamination of the Pb-210 component with its low-energy
gamma radiation, external radiation plays a negligible role in the exposure
assessment. On the other hand, inhalation is the most important exposure
pathway, as can be derived from the dust concentration measurements
shown in table 1.
Following the assessment methodology used in [7], the inhalation dose may
be assessed using the following formula:

Dinh = N . c . b . Σi ai . hi
inh

With N the exposure duration, c, the dust concentration, b the respiratory
debit of the operator (=1,2 m3/h), hi

in the dose conversion coefficient, and
ai, the activity concentration of nuclide i in the dust. The later is evaluated
conservatively as 190 kBq/kg Pb-210 for the most critical operation.

Although the maintenance operations request dust protective equipment for
standard operational health and safety, the dose-assessment in a first step
does not take into account any protection in order to check if the safety
equipment are also justified from a radiation protection point of view.

Table 2 shows the results of the dose-assessment for each work operation.
In the first line, one assumes that no dust protective equipment is worn. In
the second line, one assumes that a P3 dust protective mask is worn with
an efficiency of 95%.
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Table 1. dust concentration measurements during the most critical operations

Cleaning operations Polishing vaporization
pipes

Other operations
as polishing occurs
on another place

450 mg/m3 22 mg/m3 11,8 mg/m3



The duration of maintenance works may be estimated to 100 hours (minor
overhaul) or 400 hours (major overhaul). Without respiratory protection,
the internal exposure during polishing could thus reach 2 to 8 mSv/yr. There
is some degree of conservatism in this figure as the maintenance does not
only consist in polishing operation (the most exposed task) but on the other
hand one should also take into account the fact that these works are carried
out by sub-contractors who may possibly be exposed to NORM in some
other of their activities. Even under conservative assumptions, it is clear
that the respiratory protection will in any case bring the dose well under 1
mSv/yr. Respiratory protective equipment and usual work hygiene are in
any case necessary to keep the dose as low as reasonably achievable. On
basis of the dose-assessment, FANC issued a decision making the wearing
of the P3 mask compulsory during the critical operations.

The compliance with these protective measures fits into the global
operational health and safety approach of the company.

6) Conclusions
Thanks to an extensive campaign of measurements by the operator, an
accurate identification of the exposure risks to NORM in a coal-fired power
plant has been carried out. The maintenance of the boiler appeared to be the
most critical task, due to high dust generation during the works. Although
already put into force from operational health and safety reasons, the
wearing of dust protective equipment appeared to be also justified from a
radiation protection point of view.
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Cleaning
operations

Polishing 
vaporization 

pipes

Other operations
as polishing

occurs on another
place (after
cleaning) 

Without respiratory protection
Inhalation dosis 3,9 µSv/h 17,03 µSv/h 9,13 µSv/h
With respiratory protection
Inhalation dosis 0,2 µSv/h 0,85 µSv/h 0,46 µSv/h

Table 2. assessment of the inhalation dose without or with respiratory protection (P3 mask)



In identifying critical tasks and assessing the exposure, a good knowledge
of the specific work tasks and on-field working conditions is essential. The
health and safety officer plays thus a central role in the identification and
assessment of the risks.
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