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Background: In radiological emergencies with radionuclide incorporation, decorporation treatment is particularly
effective if started early. Treating all people potentially contaminated (“urgent treatment”) may require large antidote
stockpiles. An efficacious way to reduce antidote requirements is by using radioactivity screening equipment. We
analyzed the suitability of such equipment for triage purposes and determined the most efficient mix of screening
units and antidote daily doses.

Methods: The committed effective doses corresponding to activities within the detection limits of monitoring portals
and mobile whole-body counters were used to assess their usefulness as triage tools. To determine the optimal
resource mix, we departed from a large-scale scenario (60,000 victims) and based on purchase prices of antidotes and
screening equipment in Germany, we calculated efficiencies of different combinations of medical countermeasure
resources by data envelopment analysis. Cost-effectiveness was expressed as the costs per life year saved and
compared to risk reduction opportunities in other sectors of society as well as the values of a statistical life.

Results: Monitoring portals are adequate instruments for a sensitive triage after cesium-137 exposure with a high
screening throughput. For the detection of americium-241 whole-body counters with a lower daily screening
capacity per unit are needed. Assuming that 1% of the potentially contaminated patients actually need decorporation
treatment, an efficient resource mix includes 6 monitoring portals and 25 mobile whole-body counters. The optimum
mix depends on price discounts and in particular the fraction of victims actually needing treatment. The cost-
effectiveness of preparedness for a “dirty bomb” attack is less than for common health care, but costs for a life year
saved are less than for many risk-reduction interventions in the environmental sector.

Conclusion: To achieve economic efficiency a high daily screening capacity is of major importance to substantially
decrease the required amount of antidote doses. Among the determinants of the number of equipment units needed,
the fraction of the potentially contaminated victims that actually needs treatment is the most difficult to assess.
Judging cost-effectiveness of the preparedness for “dirty bomb” attacks is an issue of principle that must be dealt with
by political leaders.
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Background

A radiological dispersal device (RDD, “dirty bomb”) is a
conventional explosive combined with radioactive material.
Its construction is much simpler than an improvised nuclear
device as it requires only basic skills. Radioactive sources are
widely used in industry, research and medicine[1, 2] and it
seems relatively easy to get access to such material. The find
of abandoned radioactive material, although mostly in lower
activities, is regularly reported[3]. But “orphan sources” of

radioactivity have resulted in large-scale scenarios in several
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cases in the past as for example in Goiania[4]. The theft or
purchase of radioactive sources on the black market represents
another possibility to get radioactive materials.

A terrorist attack with a radiological weapon has never
happened up to now. However, several incidents suggest that
such attacks were planned and on the way to be prepared:
In 1995 authorities found a container of radioactive cesium
in Moscow’s Ismailovsky Park after a TV station had been
contacted about the cache. In 1998 a container filled with
radioactive material was found attached to a mine hidden
near a railway line in Chechnya. In 2004 a large number of
household smoke detectors containing small quantities of

americium-241 were found at a raid of a terrorist cell cache
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in London[5-7]. These few examples show that the attack
by a radiological dispersal device (“dirty bomb”) must be
considered as a serious terrorist threat[8, 9].

The way how a dirty bomb attack will occur and the means
used cannot be predicted and the probability of occurrence
cannot be quantified. It seems however reasonable to assume
that radionuclide(s) widely used for commercial civilian
applications and therefore easily available are of particular
concern. High activities in order to cause a maximum
of disruption may be of particular interest to terrorists.
Cesium-137 is included in industrial irradiators at high activity
levels in a powdered salt form (CsCl). Thus in combination
with an explosive, it can be easily dispersed, and considering
the high activities in the sources the contamination of a large
area may be expected (“area denial dirty bomb”)[10]. This is
less the case with cobalt-60: Although it is also used at high
activities in industrial irradiators or cancer treating teletherapy
machines, the radioactive material is in form of small metal
pellets. Therefore, aerosolization will be much less[11, 12]
and the maximum range of the fragments flying out of the
“dirty bomb” are expected to be much more limited causing a
scenario of a very different kind compared to cesium-137[10].
Both radionuclides mentioned emit gamma radiation
with a long range in air and can easily be measured with
radiation detection devices. This is not the case for nuclides
emitting only or mainly alpha radiation, like for example
americium-241, also widely available and prone to be misused
in a dirty bomb[3].

From a medical point of view, victims of a dirty bomb
attack may suffer blast injuries with mechanical trauma due to
fragments and burns. These injuries may be life threatening and
according to the principle “treat first what kills first” should
be treated with first priority[13, 14]. External irradiation may
occur, but the analysis of many hypothetical scenarios suggests
that the radiological doses absorbed by most victims would
not be sufficient to cause acute radiation sickness, at least
in the case of an area denial bomb attack with cesium-137.
However, deterministic radiation damages cannot be excluded
in all cases, and when assessing victims, it is crucial to take
into account that even prodromal symptoms may show up
only hours after irradiation. Besides mechanical trauma and
possible external irradiation, a much larger number of people
may be externally contaminated more or less with radioactive
material and this is always associated with the danger of
radionuclide incorporation and internal contamination[13].
The occurrence of acute radiation sickness is usually not to
be expected from radionuclide(s) incorporation[15], except

in special cases as the Litvinenko poisoning[16]. However,

internal contamination and irradiation may cause stochastic
health effects (e.g., cancer) in the long run.

The elimination of radionuclide(s) out of the body can
be enhanced by the administration of decorporation agents,
and thus the radiological dose absorbed and the negative
health impact can be reduced. For nuclear and radiological
emergencies, the main antidotes used for decorporation are
Ca(diethylenetriaminepentaacetic acid, DTPA) and Prussian
Blue[17-19]. Therapeutic efficacy decreases if treatment
initiation is delayed after incorporation and in most cases
there is a time slot of hours to several days to achieve optimal
results, depending on the radionuclide(s), the physicochemical
properties of the compound and the invasion pathway[20, 21].
Therefore, it seems prudent from a medical point of view
to start treatment already if radionuclide(s) incorporation
is only suspected until a substantial intake is excluded by
measurement. This “urgent approach” treatment strategy
seems particularly justified, as the adverse effect of short-
term treatments with Ca(DTPA) or Prussian Blue have been
shown to be slight[19, 22]. In the case of a large number of
victims who are potentially internally contaminated, as can be
expected after a “dirty bomb” attack, this “urgent approach”
strategy requires however a large number of antidote daily
doses that must be available in stock[23].

An additional factor determining the size of the required
stockpile is treatment duration. For the assessment of the
needs of an international stockpile, the Radio-Nuclear
Working Group of the WHO departed from 10 to 12 days[24].
The manufacturers of the antidotes recommend a treatment
duration of at least 30 days for Prussian Blue[25] and an
irregular dosing scheme over several weeks for Ca(DTPA),
depending lastly on laboratory results[26]. According to
our simulations of therapeutic schemes, therapeutic efficacy
reaches a plateau after about 90 days of treatment for some (e.g.
cesium-137) but not obviously for all radionuclide(s)[20].
Assuming a scenario with 60,000 potentially contaminated
patients (e.g. US National Planning Scenario Nr. 11)[27]
and treating all victims for 90 days for decorporation would
require 5,400,000 antidote daily doses and an immense logistic
challenge.

However, probably only a fraction of the potentially
contaminated patients, that is a priori unknown, will actually
need treatment[23, 24]. Rapidly identifying these patients,
or in the case of an “urgent approach” strategy rapidly
identifying victims that have not incorporated radioactivity
in substantial amounts to rapidly exclude them from further
treatment, permits to strongly reduce the number of daily

doses of antidotes needed[23]. The triage of patients is
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not possible by simple clinical examination, but only by
whole-body measurement of radioactivity after superficial
decontamination. The measurement of radioactivity is possible
with mobile equipment, but the requirements on the devices
and detection limits depend on the radionuclide(s) because
of different types and energies of the emitted radiation[28].
Monitoring portals permit a high measurement throughput
with a limited detection limit. Mobile whole-body counters
with heavier shielding have a higher sensitivity, but the time
needed to screen a single patient is also longer. In the first part
of our analysis, we assessed the suitability of this equipment
for the screening of victims potentially contaminated with
cesium-137 (gamma radiation emitter by its short-lived
daughter barium-137 m) or americium-241 (alpha radiation
emitter with an additional low energy gamma radiation
emittance).

There is trade-off between the number of antidote daily
doses needed for preparedness and the screening capacities,
i.e. the number of screening equipment units[23]. The goal
should be to achieve the best medical treatment efficacy with
a minimum of resources, i.e. the lowest possible financial
investment. In the second part of the present analysis, we
therefore determined the optimum resource mix by calculating
efficiencies resulting from different combinations of antidote
stockpile sizes and numbers of screening units. Efficiency must
be conceptually distinguished from efficacy as it quantitatively
relates an input to an output. Therefore, a (health) system can
have a high efficiency even if its efficacy is highly mediocre.
In our study, we analyzed efficiency for a preparedness level
achieving the best medical result (“urgent approach” strategy,
treatment duration sustained for 90 days if indicated) and we
did not consider options leading to less satisfactory medical
results, even if financial investments are obviously lower and

reveal to have higher efficiency.

Methods

Calculation of committed effective doses corresponding to
technical detection limits

Radiation exposure can be quantitated by the committed
effective dose that is defined as the total effective dose due to
radionuclide incorporation absorbed over S0 years after the
incident (70 years for children). This dose cannot be directly
measured by a sensing device like the dose rate of radiation
emanating from a source in the environment, but it requires
the measurement of radioactivity in the body, followed by
internal dosimetry calculations based on biokinetic-dosimetric
models[13]. Different values of the committed effective dose

have been proposed as thresholds for the indication of a
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decorporation treatment (“action levels”) ranging from 20 to
200mSv([19, 29-31]. Radioactivity detection equipment must
permit to measure activities leading to the defined threshold
values in order to identify victims actually needing treatment.
As after acute intake, the activity in the body will decrease
by physical decay, but also in many cases predominantly by
biological elimination, the required detection sensitivity will
depend on the radionuclide involved as well as the time period
necessary to screen the victims. Assuming that a full treatment
course lasts 90 days, as at least for certain radionuclides
efficacy shows a plateau at that time point after acute exposure,
the screening equipment should ideally be able to still detect
an amount of radioactivity at t=90 days corresponding to
the committed effective dose set as decorporation treatment
indication threshold. If opting for the implementation of an
“urgent approach” strategy for decorporation, this would also
be required in order to fully use the screening capacities to
reduce the antidote stockpile requirements according to the
algorithm previously described[23].

Based on the technical specifications of a monitoring portal
used at the Bundeswehr Institute of Radiobiology (Gate™
FastTrack-Fibre™ Mobile, Mirion Technologies, San Ramon,
CA, US) (Fig. 1)[32], we computed the committed effective
doses corresponding to activities detectable up to 90 days
after acute intake for cesium-137 or americium-241. Both
radionuclides were considered, as besides alpha radiation
americium-241 emits gamma radiation of lower energy
as cesium-137 (59.5keV vs. 662 keV for cesium-137) and
monitoring portals are known to have a limited sensitivity
particularly at gamma energies below 200keV([31]. The
different measurement modes available were taken into
account. This permits to assess whether a monitoring portal
is a suitable screening equipment to make decisions on the
indication of a decorporation treatment or whether more
sensitive whole-body counters are needed. All computations
were performed using the commercial Integrated Modules for
Bioassay Analysis (IMBA, National Radiological Protection
Board, United Kingdom) software[33].

Calculation of the efficiency and cost-effectiveness of
various medical countermeasure resource mixes

Scenario and basic assumptions on radionuclide incorporation
We assumed a large-scale scenario of a dirty bomb attack
containing cesium-137 as described by the federal interagency
community in the US National Planning Scenarios (Nr. 11)[27]
in order to identify the “range of response requirements” and
to permit a capabilities based planning process: At each of 3
sites where bombs detonated almost simultaneously there are

180 fatalities, 270 injured people requiring medical care and up
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Fig. 1 Monitoring portal used at the Bundeswehr Institute
of Radiobiology (CheckPoint: Gate™ FastTrack-Fibre™
Mobile) with technical specifications.

Detection limits are given for different measurement modes
and times[32]. Lead shielding 15mm: cesium-137 [wait in (5s):
1.35kBq; walkthrough (0.57s): 4.8kBq], americium-241 [wait
n (5s): 29kBq; walkthrough (0.57s): 105kBq]. Lead shielding
30mm: cesium-137 [wait in (5s): 1.25kBq; walkthrough (0.57 s):
4.5kBq], americium-241 [wait in (5s): 28 kBq; walkthrough

&.57 s): 100kBq] J

to 20,000 people having superficial radioactive contamination,
i.e. a total of 60,000 people (3%20,000=60,000) potentially

also internally contaminated. There are no victims that will

develop an acute radiation syndrome in the further course.

In our simulations, we assumed inhalations of a soluble
cesium compound (type “F”) or (differing from the original
scenario) a medium to poorly soluble americium compound
(type “M”), both leading to similar committed effective
doses of 200mSy, as this dose is usually considered as a clear
indication for decorporation treatment without being expected
to cause deterministic radiation damage.

Antidote requirements and assumptions on screening capacities
For decorporation of cesium-137, the usually recommended
dosage of Prussian Blue (Radiogardase®) is 3x1 g/d per os, and
in the case of americium-241, the administration of Ca(DTPA)

0.5-1g/d intravenously is indicated[18, 19, 34]. The total
antidote daily doses needed to implement an “urgent strategy”
treatment approach depending on the screening capacities
permitting to identify victims actually needing or not needing
continuation of treatment were calculated according to an
algorithm previously published[23]. For a 90-day treatment,
antidote requirements for the implementation of an “urgent
approach” strategy and different screening capacities are shown
in Fig. 2.

Taking into account measurement modes and times as
well as organizational frictions, we considered that using a
monitoring portal, screening 15 persons/min (total time per
person: 4s) is possible for a technically trained team. This
corresponds to roughly 1000 persons/h and assuming an
effective working day of 10h (without breaks) 10,000 victims/d.
An effective 10h working day has been assumed as it is a figure
found in some official documents on nuclear emergency
preparedness[35].

Detecting an activity of 250 Bq americium-241 by a 10 min
measurement in a mass casualty situation does not seem
absolutely necessary to us for triage purposes in a radiological
emergency. That’s why in the case of a measurement in a mobile
whole-body counter, taking into account the variability of the
detection limit in relation to the corresponding radiological
doses as well as practical constraints (installation of the
patient, short explanations), we assumed an hourly capacity
of roughly 10 people/h (i.e. 6 min and not 10 min for the
whole procedure) and again an effective working day of 10h.
Thus, we departed from the assumption that 100 people/d
may be examined per whole-body counter unit. A capacity of
10 people/h is a value that has also been given for entire body
scans in the TMT Handbook[31]. The possibility to reduce
measurement times seems limited for practical reasons or
detection limits. However, extending the effective working time
per day seems a more realistic option, provided to ascertain
that an adequate number of technically trained staff is available.
We therefore also considered the impact on efficiency and the
costs incurred for the gain of a statistical life year if extending
the daily working time from 10 to 20h, i.e. doubling the daily
screening capacity with the same number of screening units.
Evaluation of the lifetime saved
The committed effective doses and efficacy of treatment
were assessed based on the ICRP models for cesium-137 and
americium-241 as described previously[20]. We assumed
inhalation of cesium-137 or americium-241 activities leading
to similar committed effective doses of 200 mSv. We also
assumed decorporation treatment to be started 12 h after

acute radionuclide exposure in all victims until a relevant
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Fig. 2 Number of antidote daily doses needed for an “urgent approach” treatment strategy and a large-scale scenario with
60,000 potentially internally contaminated victims depending on the screening capacities (monitoring portals or whole-body

Assumption: 1% of the potentially contaminated victims actually need treatment. Treatment duration 90 days. Figures are
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incorporation activity has been excluded by measurement.
Treatment efficacy was expressed as the complementary value
of the dose reduction factor:

Efficacy=1-(dose with treatment/dose without treatment)

Daily treatment was sustained for 90 days in victims
with confirmed indication, leading to a therapeutic efficacy
of 53.8% after cesium-137 incorporation and 54.2% for
americium-241[20]. The absorption of an effective dose
of 1 mSv has been reported to reduce statistical lifetime
expectation by 0.42 days, averaged over both genders and
all age groups[36]. Thus, the statistical lifetime saved by
decorporation treatment was calculated by multiplication of
the radiological dose reduction in mSv with 0.42 d/mSv. As
the reduction of statistical lifetime caused by the absorption
of 1 mSv effective dose depends on age[36], we repeated our
computations for different age groups.

Depending on the scenario, the fraction of the potentially
contaminated victims actually needing treatment will vary
and is a priori unknown. Quite divergent figures have been
suggested: 1% according to the Radio-Nuclear Working
Group of the WHO[24]; 40%-60% according to the US
Department of Health & Human Services[37]. That’s why
in our calculations, we varied the percentage of victims

actually needing decorporation treatment from 0.01 to 100%.

340

Moreover, as a further factor determining the statistical
lifetime saved, we analyzed the impact of the threshold level
fixed to decide on the indication for a decorporation treatment
between 20 mSv up to S00 mSv (this latter value is far above the
usual level of 200 mSv considered as clear indication threshold,
but has been chosen for sensitivity analysis to visualize the
impact of the threshold level).
Evaluation of costs
Costs of antidotes were based on purchase prices at pharmacies
in Germany. The purchase price of 1 package Radiogardase®
with 36 capsules a 500 mg Prussian Blue each was determined
with 101.38 € and assuming a usual dosage of 3 g (6 capsules)/d
with 16.90 €/d. The price of 1 package of Ca(DTPA)-Heyl®
with § ampules & 1 g amounts to 72.95 € in Germany and thus
a treatment with 1 ampulla/d costs 14.59 €/d. To account for
the fact that authorities or hospitals may directly purchase
from the manufacturers and that rebates have to be expected,
we also considered the costs if purchasing with 30%, 50% or
70% discounts relative to pharmacy prices. The costs related
to acquisition transactions as well as of the holding phase
including the renewal of the stocks because of the limited shelf-
life of medication were not taken into account.

For a monitoring portal with the specifications required,

we estimated the purchase costs with 100,000 €. We assumed
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higher purchase costs of 500,000 € for a mobile whole-body
counter. As the precise costs will strongly depend on specific
requirements and the number of units ordered, we performed
a sensitivity analysis and varied the prices in a range between
—-50% and +50% of our assumptions.

Computation of efficiency by data envelopment analysis

Data envelopment analysis is a methodology to assess the
relative efficiency of a set of decision-making units[38]. It does
not depart from a defined production function as stochastic
frontier analysis, but is a non-parametric method and can be
used even on a small sample size. It has been widely used in
health economics for efficiency assessment at levels ranging
from single hospitals (microeconomic level) to health systems
as a whole (macroeconomic level)[39-41]. A further advantage
is the possible inclusion of multiple inputs and outputs valued
either in natural/physical or monetary units.

In our case, the screening equipment and the antidotes
represent the input. As the prices of both are known (antidotes)
or can be reasonably assessed (equipment), the whole costs
that have to be incurred can be expressed as a single input
in a monetary value. In data envelopment analysis the best
efficiency value for each decision making unit is computed
by calculating weights for multiple inputs and outputs and
optimal efficiency is often associated with a weight of zero for
individual items for which a unit performs less well. This also
means that efficiency corresponds to the concept of Farrel and
not Pareto-Koopman[42]. This issue is avoided as in our case
there is only a single input (total costs) and output (statistical
lifetime saved), and efficiency is just computed as the ratio
of productivity (statistical lifetime saved/total costs) relative
to the highest productivity value for the scenario considered
including all assumptions. For a given resource mix option i,
this means put into a formula:

Efficiency,=(Productivity),/ (Productivity),. =(Lifetime
saved/Costs),/ (Lifetime saved/Costs)

At the same time, the inverse of the highest productivity

max

represents the costs of a statistical life year saved and therefore
permits an assessment as in cost-effectiveness analysis.

In our data envelopment analysis, we used an input
orientation as we consider that the output is set by the scenario
and the highest medical benefit for the patients should be
sought by implementing an “urgent treatment” strategy. Thus,
only the investments in preparedness can be controlled. As
accepting a reduction of the best achievable gain of lifetime is
not an option for us, we considered only efliciency scores using
a constant (CRS) and not a variable return on scale (VRS).

Our simulations are based on a binary distribution (no

treatment or treatment), but we assume that all treated victims

would absorb exactly the committed effective dose fixed as
an indication threshold (and no higher dose) if remaining
untreated. In a real setting, this is not realistic and there will be
a more or less, but unpredictable variability in the committed
effective doses absorbed by victims exceeding the dose
threshold fixed. This means that the individual and average
lifetime saved per person, as well as the total lifetime saved for
all victims in reality will exceed our computed values. As long
as the distribution of the committed effective doses remains
constant in the victim population, this will however not aftect
efficiency values. But the costs to save a statistical life year will
vary depending on the concrete distribution and the values of
our computations are the highest costs for the dose threshold
fixed (as the total lifetime saved is at a minimum). Our
calculations for the costs of a saved statistical life year therefore

lead to very conservative estimations.

Results

Technical detection limits and the suitability of monitoring
portals and mobile body counters for triage purposes

In order to fully use the screening capacity to reduce antidote
stockpiling requirements, the detection limit of the screening
equipment should permit the identification of victims actually
needing decorporation treatment up to 90 days after the
incident.

Abody burden of 4.8 kBq (detection limit of the monitoring
portal) of cesium-137 at the time of acute radioactivity intake
corresponds to the inhalation of 5.85kBq (amount including
the deposited + exhaled activity) and leads to a 50-year
committed effective dose of 39.2 uSv. In order to be able to
stay over the detection level[32] all over the treatment period
using a “walkthrough” mode (i.e. body burden 4.8 kBq at t=90
days), the initial body burden at t=0 should exceed 9.4 kBq
and the inhaled activity 11.5kBq. However, in the case of an
“urgent treatment” approach, it must be taken into account
that Prussian Blue speeds up elimination. Without treatment,
the retention of cesium-137 follows a two exponential
decay function (R(£)=0.1xe" ¥+ 0.9xe*"**) and the
biological half-life is in a range of 70 to 130 days[43]. Although
results vary, it was described that Prussian Blue decreases the
elimination half-time of cesium-137 by about 65%[18]. We
assumed that the half-life was reduced from 110 to 40 days and
calculated that a remaining activity of 4.8kBq after 90 days of
treatment would correspond to an initital intake of 25.8 kBq
and inhalation of 31.5kBq. If untreated, this would lead to a
committed effective dose of 211 pSv. Using the more sensitive
“wait in” mode (detection limit 1.35kBq) would require the
intake of 7.27kBq (inhaled activity 8.86kBq) leading to a dose
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of 59.4 w.Sv. Therefore, even if selecting a very strict limit for
decorporation treatment indication (e.g. committed effective
dose of 20mSv), a monitoring portal is a suitable screening
equipment in the case of cesium-137 incorporation and is a
good mean to reduce the antidote amount requirements.

In the case of americium-241 (solubility type “M”,
recommended as default type), a body burden of 105kBq at
the time of acute radioactivity intake, corresponding to the
detection limit in the “walkthrough” mode, would be achieved
by the inhalation of 128 kBq and lead to a committed effective
dose of 3470 mSv. Even if using a “wait in” mode and reinforced
lead shielding of 30 mm instead of 15 mm, a body burden of
28kBq (detection limit, corresponding to an inhalation of
34kBq) at the time immediately after incorporation would still
lead to a dose of 922 mSv. In the case of an insoluble compound
(type “S”), 28 kBq body burden at t=0 would lead to a dose of
still 292 mSv and in the case of a soluble compound (type “F”)

to 3810 mSv. Considering these very high dose values, it does
not seem worth to deal with even higher activities permitting to
still detect americium-241 after 90 days. Besides detecting very
high activities for orientation, monitoring portals do not seem
to be the right screening equipment to decide meaningfully on
the indication of a decorporation treatment. For that purpose
whole-body counters seem to be required[44].

The impact of screening equipment-antidote combinations
on preparedness efficiency and cost-effectiveness
Assuming that 1% of the potentially contaminated victims
have incorporated cesium-137 amounts leading to a dose of
over 200 mSv and thus need treatment, the availability of 6
monitoring portals (113,400 antidote daily doses needed for a
treatment of 90 days) is associated with the highest economic
efficiency (Fig. 3). The costs of saving 1 statistical life year
amount to 33,860 € if considering the average of all age groups

(Fig. 4). This situation corresponds to initiating treatment in all
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Fig. 3 Efficiency of combinations involving various numbers of screening equipment units to detect cesium-137 or

Decorporation treatment is started according to the “urgent treatment” approach 12h after acute radioactivity incorporation with
Prussian Blue for cesium-137 or Ca(DTPA) for americium-241. Inputs are measured in monetary units based on prices in Germany and
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\monitors are not an acceptable option for that purpose because of their limited technical detection limits

Number of monitoring portals

/

342



Rump et al. Mil Med Res 2021
http://mmrjournal.biomedcentral.com

-

2.5+

mm Cesium-137, screening by monitoring portal
B Americium-241, screening by whole body counter

2.0

1.5

1.01

0.5

Costs per statistical life year saved (€/year X 109)

exposure.

\

0-9 10-19 20-34 35-49 >49
Age group (years)

Fig. 4 Costs to save a statistical life year in different age groups after the acute inhalative incorporation of cesium-137 or

americium-241 if implementing an “urgent approach” treatment strategy with decorporation starting 12 h after radioactivity

Assumptions: Decorporation treatment threshold level 200 mSyv; 1% of the potentially contaminated victims actually need treatment;
purchase costs of equipment and antidotes: see method section without discounts
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victims on the first day (assuming availability of antidotes 12h
after exposure) and thereafter immediately starting screening
and completing it in all persons before a second antidote
dose would normally be administered. Only patients with
confirmed substantial radioactivity incorporation are treated in
the further course.

Whole-body counters are not a reasonable alternative
for cesium-137 activity measurements from an economic
viewpoint. The highest efficiency if relying solely on whole-
body counters would be achieved with 2$ units (Fig. 3),
but the costs to save one statistical life year would amount
to 349,312 €, i.e. about 10 times the amount spent if using
monitoring portals.

In the case of americium-241, mathematically the highest
efficiency would also be reached with 6 monitoring portals
and compared to cesium-137 values differ only slightly
due to relatively small daily price differences between the
two antidotes. However, from a clinical point of view, it is
not meaningful to base procurement decisions on relative
efficiency values in this case, as the americium-241 activities
that can be detected by a monitoring portal are far above the
treatment threshold levels usually considered as acceptable
(see section 3.1: 922 mSv with reinforced shielding vs. a
treatment threshold of 200 mSv) (in Fig. 3 efficiency values
for monitoring portals and americium-241 are only shown
for completeness). Efficiency must not be considered
independently of clinical effectiveness and a satisfactory

detection of americium-241 requires the use of a whole-body

counter.

In the case of americium-241 and 1% of the victims actually
needing treatment, the highest efficiency is also attained with
25 whole-body counters, corresponding to a daily screening
capacity of 2500 people/d (Fig. 3). This is much less than the
capacity of 60,000/d achieved with 6 monitoring portals and
may be associated with organizational issues (e.g. necessity of
appointments over many days) or psychological fears related
to uncertainties inducing unnecessary workloads in emergency
departments at hospitals. The costs for saving 1 year statistical
lifetime in case of americium-241 incorporation (322,343 €/year)
is in a comparable order of magnitude than in the case of the
use of whole-body counters to detect cesium-137 (Fig. 4).
This is the consequence of the fact that in both cases a 90-day
treatment has a comparable efficacy (53.8% for cesium-137
and 54.2% for americium-241). However, in the case of
americium-241 there is no cheaper alternative if a satisfactory
detection limit is to be ascertained and so efficiently preparing
for a “dirty bomb” attack with americium-241 is more
expensive and cost-effectiveness less.

Efficiency values and the costs of a statistical life year
strongly depend on the way the available equipment is used.
Increasing the screening capacity of every monitoring portal
to 2000 people/h seems possible from the detection limit for
cesium-137, but might be difficult from a practical point of
view. However, it seems quite possible to extend the effective
daily working time from 10h to 20h a day, if the number of

technically trained personnel is available. This would increase
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the daily screening capacity to 20,000 persons/d and unit.
Efficiency would be achieved with 3 monitoring portals and
costs would be reduced to 29,823 € per statistical life year
saved. Extending working hours to 20 h per day would also
permit to achieve efficiency with only 15 whole-body counter
units (costs: 232,362 € per saved life year). On the other
side, realizing a better detection limit for americium-241
by extending individual measurement times to 15 min (i.e.
screening capacity of 4 persons/h and 40/d if working 10h)
means that 38 units will be necessary for efliciency, and costs of
a statistical life year saved will amount to 501,859 €. Therefore
besides equipment, the availability of technically trained staff
is a further important determinant of the number of screening
units required to reach efliciency.
Further factors affecting efficiency: the age of the victims,
the fraction of the victims needing treatment and the
treatment indication threshold level
The sensitivity to radiation depends on age with children and
young adults statistically losing more lifetime as elderly people
if irradiated (Table 1). The benefit of decorporation treatment
is higher in younger age groups and this is reflected in lower
costs to save a statistical life year (Fig. 4, Table 1). In the age
group over 50 years, the costs amount more than 20 times the
costs in children below 10 years of age. The costs to save life
time after americium-241 incorporation are about 10 times
higher than after cesium-137 exposure, as expected from the
more expensive screening equipment in combination with a
lower screening capacity.

The efficient resource mix and the costs of a life year saved
heavily depend on the proportion of potentially contaminated
victims who actually need decorporation treatment. In

the case all victims would need decorporation treatment

Table 1 Costs to save a statistical life year in different age

groups
Age Lifetime Costs (€/year saved)
group saved A ) . .
(years)  (d/mSv) Cesium-137 intake Americium-241 intake
0-9 15 9481 90,259
10-19 0.99 14,366 136,756
20-34 0.59 24,104 229,483
35-49 031 45,879 436,736
>50 0.066 215,450 2,051,100

Assumptions: Acute inhalative incorporation of cesium-137 or
americium-241 and implementing an “urgent approach” treatment
strategy with decorporation starting 12 h after radioactivity
exposure; Decorporation treatment threshold level 200 mSy; 1% of
the potentially contaminated victims actually needing treatment;
purchase costs of equipment and antidotes: see method section
without discounts; Source for the lifetime saved in the age
groups[36]
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(100%), it does not make sense to keep screening equipment
available, as they are costly but do not allow to spare on
antidote stockpiling. The lower the percentage of potentially
contaminated people that actually need treatment, the more
important are high screening capacities to achieve efficiency, in
the case of cesium-137 as well as americium-241 incorporation
(Table 2). However, the costs to save one statistical life year
strongly increases with lower proportions of patients needing
treatment and for 0.01% reaches huge amounts of several
million € after cesium-137 but particularly americium-241
incorporation (Table 2). This is also intuitively easy to
understand, as the investment permits to identify only a few
patients needing treatment (0.01% of 60,000 means 6 people)
with each of these persons gaining only very short additional
lifetime (for an indication threshold level of 200 mSv: 45 days/
patient).

Table 2 Number of monitoring portals or whole-body
counters (n) associated with economic efficiency and
corresponding costs of a statistical life year saved depending
on the percentage of potentially contaminated victims
actually needing decorporation treatment

Percent of Cesium-137 Americium-241
pathents needing ___Mmonitoring portal whole-body counter
treatment (%) n €/year n €/year

0.01 6 2,183,833 25 31,336,742
0.1 6 229,312 25 3,141,834
1.0 6 33,860 25 322,343
10.0 6 14,315 20 40,212
25.0 6 13,012 20 21,314
50.0 3 12,565 15 14,932
75.0 3 12,402 10 12,609
90.0 2 12,341 5 11,636
100.0 0 12,280 0 10,529

Assumptions: Scenario with 60,000 potentially contaminated
people; purchasing cost of a monitoring portal 100,000 € and
screening capacity of 10,000 people/d and unit; purchasing cost
of a whole-body counter 500,000 € and screening capacity of 100
people/d and unit. Antidote requirements depending on screening
capacities and percentage of victims needing treatment calculated
according to the algorithm described in [23]

The fraction of the victims needing treatment will also
depend on the threshold value fixed as a limit to initiate
decorporation therapy. The lower the value, the higher the
costs of a life year saved (Fig. S, Table 3). It must however be
emphasized that the costs calculated are the consequence of
the fact that we consider all victims needing treatment to have
absorbed a committed effective dose equal to the threshold.
Therefore, the direction the cost-effectiveness varies has to be
considered, but the monetary values should be considered just

as overestimated indications.
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Table 3 Costs of a statistical life year depending on the threshold level fixed for the indication of decorporation treatment and

a resource mix corresponding to optimum efficiency

Threshold level C T/

Americium-241

Total lifetime saved

(MSv) Costs per life year saved Total lifetime saved Costs per life year saved
(years) (€/year) (years) (€/year)
20 7432 338,598 7483 3,223,431
50 18.58 135,439 18.71 1,289,200
100 37.16 67,720 3741 644,772
200 74.32 33,860 74.83 322,343
300 111.47 22,575 112.24 214,905
500 185.80 13,544 187.10 128,920

Assumptions: Scenario with 60,000 potentially contaminated people and 1% of them actually needing treatment; purchasing cost of a
monitoring portal 100,000€ and screening capacity of 10,000 people/d and unit; purchasing cost of a whole-body counter 500,000 € and

screening capacity of 100 people/d and unit

The impact of discounts on the efficiency of the resource mix
Discounts on antidote purchase prices affect the number of
screening equipment units required for efficiency and the costs
of statistical lifetime saved (Table 4). In the case of cesium-137,
the number of monitoring portals needed for an eflicient mix
will remain at 6 as long as the discount for Prussian Blue does
not exceed 40%. In the case of americium-241, even very
small discounts will affect the number of mobile whole-body
counters needed: 25 units are needed only as long as discounts
for Ca (DTPA) does not exceed 3%—4%.

Similarly, changes in the price of the screening equipment
will particularly influence the number of wholebody counters
needed to reach efficiency. Whereas 6 monitoring portals are
the efficient solution in the price range of £50% (50,000

150,000 €/unit), the number of whole-body counters to reach
an efficient resource mix will vary from 20 (750,000 €/unit) to
30 units (250,000 €/unit) (Table 5).

Resource requirements for a comprehensive preparedness
including cesium-137 and americium-241 involvement
The previous results apply to preparedness to attacks involving
cesium-137 or americium-241 considered separately.
Whole-body counters are necessary for the measurement of
americium-241 activity because of their lower detection limits.
However, the same whole-body counters may also be used to
screen people having incorporated cesium-137. Therefore, the
question whether it is justified to invest in the procurement of
additional monitoring portals when whole-body counters are

available seems justified.
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Table 4 Number of screening equipment units needed to reach optimum efficiency depending on the discount granted on

antidote prices

Discount on Cesium-137 Americium-241
antldczzz)prlces Monitoring portal units Gasis pe(rel/lzleeglgar saved Whole-body counter units etz pe(%l/l)f/zglre)ar saved
-10 6 31,281 20 304,674
-30 6 26,124 20 266,666
-50 3 20,307 15 224,202
-70 3 13,799 15 174,612
-90 2 6620 5 100,042

Assumptions: Scenario with 60,000 potentially contaminated people and 1% of them actually needing treatment; purchasing cost of a
monitoring portal 100,000 € and screening capacity of 10,000 people/d and unit; purchasing cost of a whole-body counter 500,000 €

and screening capacity of 100 people/d and unit

Table 5 Number of screening equipment units needed to
reach optimum efficiency depending on the purchase price of
the equipment

Purchase price (€) eL:’;:::tISeIE?:;/ Gesis pe(rél;)f/ee;/re;ar ==
Monitoring portal
50,000 6 29,823
75,000 6 31,841
100,000 6 33,860
125,000 6 35,878
150,000 6 37,896
Whole-body counter
250,000 30 232,362
375,000 25 280,582
500,000 25 322,343
625,000 20 357,088
750,000 20 390,497

Assumptions: Scenario with 60,000 potentially contaminated
people and 1% of them actually needing treatment; no discounts
for antidotes

Assuming 1% of victims actually needing decorporation
treatment after americium-241 incorporation, efficiency
is reached with 25 whole-body counters (assumption for

capacity 10 people/h, 100 people/d and unit, 2500 people/d

for 25 units, price 500,000 €/unit) corresponding to a
total of 12.5 million € purchasing costs. The costs for the
required Ca(DTPA) daily doses amount to 11.62 million €
(no discounts). With 25 whole-body counters available, the
corresponding needed Prussian Blue antidotes will cost 13.46
million €. The whole costs for preparedness relying only on
whole-body counters for measurement will amount to 37.58
million € (Table 6).

The purchase of 6 monitoring portals will amount to 0.6
million €, but considering the much higher screening capacity
per hour (100 people/h, 1000 people/d and unit, 60,000
people/d for 6 units), the number of Prussian Blue daily doses
required in stock (113,400 instead of 796,500 daily doses) will
be much lower with a purchase value even without discounts
of 1.9 million €. Therefore the total costs of preparedness
including measurement equipment (monitoring portals and
whole-body counters) and antidotes [Ca(DTPA) and Prussian
Blue] will total 26.64 million € and thus will be roughly 30%
less than relying solely on whole-body counters (Table 6).

Discussion
Our results show that high screening capacities are a major

determinant to achieve efficiency in the resource mix when

Table 6 Costs related to preparedness based on whole-body counters only (option 1) or a combination of whole-body counters

and monitoring portals (option 2)

Htem Option 1 Option 2

Units/daily doses Costs (million €) Units/daily doses Costs (million €)
Whole-body counter 25 125 25 125
Monitoring portal 0 0 6 0.6
Ca(DTPA) 796,500 11.62 796,500 11.62
Prussian Blue 796,500 13.46 113,400 1.92
Total costs - 37.58 - 26.64

Assumptions: Number of units of screening equipment corresponds to efficiency for the resource mix if considering preparedness to a
dirty bomb attack with americium-241 or cesium-137 separately. The daily screening capacity of 25 whole-body counters is assumed
to be 2500 victims/d and for the monitoring portals 60,000 victims/d. Further assumptions: Large-scale scenario with 60,000 potentially
contaminated victims and 1% actually needing treatment. For the equipment and antidote prices see the text without discounts. -: Not
applicable
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preparing to cope with the medical consequences of a dirty
bomb attack. High screening capacities reduce the costs of a
statistical life-year saved, but probably there are also indirect
cost reducing-effects not reflected in our figures, like fewer
visits of “worried well” patients at emergency departments.

Efficiency values and the precise optimum antidote
screening capacity combination depend on several factors that
in part can be voluntarily fixed by planners or are outside of
their influence. The decision on the threshold levels justifying
a decorporation treatment is a normative decision as long
as scientifically based limits excluding stochastic radiation
damages are not known. The committed effective doses used
to define thresholds are cumulative doses over 50 years after
radionuclide(s) incorporation (or over 70 years for children).
However, this dose is not evenly distributed over the whole
time period[45]. Based on the assumption that the area under
the whole-body activity time curve is proportional to the
dose, around 50% of the committed effective dose from acute
cesium-137 incorporation is absorbed within 3 to 4 months
and about 90% within the first year. This is not surprising as,
despite a physical decay half-life of 30 years, the biological half-
life is in a range of 70 to 130 days (more precisely, the retention
follows a two exponential decay: R(t)=0.1xe"**""40.9x
09 (437 This means that a committed effective dose of
200 mSv will lead during the first year after incorporation to
an effective dose of much more than 20 mSv which is the dose
limit for workers exposed to radiations according to German
occupational regulations[46]. Thus, fixing threshold levels for
decorporation treatments may be based on considering just the
total committed effective dose, i.e. the total lifetime saved on
average by the treatment (threshold x efficacy x 0.42d/mSv)
or alternatively it may be based on radiation protection
regulations already established for other purposes, in which
case the situation is more complex and the threshold will
depend on the particular radionuclide, the physicochemical
properties of the compound involved and the invasion
pathway. Moreover, age may be an additional factor that may
be considered when making decisions on threshold levels that
may be fixed at a lower level for children as younger people are
more sensitive to radiation[31, 47].

The optimum mix of countermeasure resources depends
on the prices of the screening equipment and antidotes. Thus,
our quantitative results apply only to the present conditions in
Germany, although we believe that high screening capacities
are probably of value in many other countries. Price levels vary
among countries and in particular national regulations on the
price settings of pharmaceutical products differ, ranging from

free market rules in the US to highly regulated often formula-

based mechanisms, e.g. in Japan[48]. However, purchase prices
of antidotes by authorities are prone to bargaining and deals.
On the other side, it should not be overseen that the market for
uncommon equipment and antidotes represent a small market
segment and the number of manufacturers may be limited
or even monopoly exists. Before deciding on quantitative
investments, a thorough market survey should be performed
and information from the manufacturers gathered.

Operational costs and in particular the costs of the
personnel operating the screening equipment and distributing
antidotes or giving advises on the treatments have not been
considered in our calculations. The reason is that we feel that
it is not justified to keep personnel constantly on alert only
to cope with nuclear or radiological emergencies that may
happen anytime, but are nevertheless very uncommon. In
particular from a psychological point of view this would be a
very frustrating occupation. It seems much wiser to organize
nuclear and radiological emergency rescue activities in the
frame of a task force involving personnel mainly assigned to
other but related daily activities (e.g. technicians in laboratory
dealing with radiological issues, paramedics) as practiced
at the Bundeswehr Institute of Radiobiology[49]. This
does not preclude that the additional task to staff teams for
emergency situations should be taken into account in the
total staffing of the institution. Moreover, staffing must be
quantitatively adapted to the screening equipment available
and to the effective daily working time targeted in the case of
an emergency.

Among the factors that cannot be influenced by emergency
planners is the scale of the scenario. Our computations are
based on the US National Planning Scenario Nr. 11. Although
it is a large-scale scenario, it seems realistic to us when
considering possible sites of dirty bomb attacks in German
cities with their particular density of population and/or
visitors[23].

Another determinant that is extremely difficult to predict
but highly relevant for countermeasure efficiency assessments
is the fraction of the potentially contaminated victims that
actually need decorporation treatment. Estimations vary
greatly. Based on the data known from the Goiénia incident a
figure of 1% has been suggested for a dirty bomb attack[24].
Although no explosion occurred in this incident, it was
reported that a primary cause of area contamination in
Goiania was nevertheless by atmospheric dispersion[50, 51].
For the scenario used in this study, the US Department of
Health states that probably 40% to 60% of the contaminated
victims will need treatment[37]. The chosen threshold level

for decorporation treatment indication will be an important
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determinant of the fraction of the victims actually needing
therapy.

Based on information given on the scenario, we calculated
the mean radioactivity concentration in the radioactive plume
before complete deposition of the particles depending on
their size (100 pm particles, deposition velocity 0.3 m/s;
S um particles, 0.002 m/s)[52]. Depending on the duration
of stay in the proximity of the detonation point, we derived
the activity inhaled (assumed breathing rate 3.3x10™"m’/s)
and determined the absorbed doses using IMBA software.
Assuming that most particles are of large size (100 wm
particles 100%) as given in the scenario, the committed
effective dose (S0 years) by internal contamination would
amount to only 4.2 mSv if inhaling the air of the plume for
30min. In the case of a larger proportion of small size particles
(e.g. 100% of S um particles), the dose would amount to
140 mSv or 278 mSv if staying in the plume for 30 min or
60 min, respectively. The values are in a range where the
decision to initiate decorporation treatment or not will depend
on the selected indication threshold value. Our estimates are
based on many assumptions and actually the absolute number
and percentage of victims needing treatment will depend on
the combination of many factors: The explosive load in the
bomb, the construction of the device, the radionuclide(s) and
the physico-chemical properties of the compound, the total
amount of radioactivity, the location of the detonation and the
density and position of people in the surrounding areas, the
meteorological conditions and the architecture of buildings
and blocks affecting the dispersion of the particulates[12].

An additional question is whether the health benefits
achieved are worth the specific investments in the preparedness
for a dirty bomb attack. Besides the ethical side, the issue
should also be considered from the perspective of health
economics, as financial inputs in such specific countermeasures
will probably lessen the resources available for other fields of
health care. The issue is particularly difficult as the probability
of occurrence of a dirty bomb attack cannot be predicted and
therefore the concept of risk as a product of probability and
damage cannot be used. Risk is just a function of the intention
and the will of the terrorists to harm as well as the availability
of means and abilities[ 53].

Life years saved is a popular metric to assess effectiveness as
it accounts for premature deaths at all ages and the comparison
of costs incurred to save a statistical life year permit to select
among mutiple competing policies[54]. However, there is an
enormous range of values for different interventions targeted
at reducing health risks. Alone among medical lifesaving

procedures, the costs per life year saved have been reported to
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range from 92.14 US-$ for a Cesaerian section or 102.67 US-$
for an appendectomy at the lower end to 14,087.50 US-$ for a
simultaneous prancreas/kidney transplant and 20,472.11 US-$
for a heart transplant at the upper end[55]. Depending on
the methodology, values differ among authors (e.g. heart
transplantation for younger patients and favorable prognosis
3600 US-$/year; heart transplantation for patients with
terminal heart disease 100,000 US-$/year)[56]. Comparing
cost-effectiveness ratios show astonishing differences between
sectors of society with increasing costs of interventions to save
lifetime in the order health care (median 19,000 US-$/year),
residential (36,000 US-$/year), transportation (56,000 US-$/
year), occupational (350,00 US-$/year) and environmental
safety (4,200,000 US-$/year)[S6]. Costs to save lifetime are
particularly high for interventions with the goal to control
chemical hazards[56]. Putting investments into screening
capacities and decorporation antidotes to prepare for a dirty
bomb attack in this broader perspective, despite all moderating
variables affecting the costs of a life year saved, suggests that
cost-effectiveness is less than for health care interventions, but
better than for environmental improvements (Fig. 6).

Another approach may be based on the concept of “value
of a statistical life” (VSL). A value of statistical life (VSL) is the
amount that a group of people is willing to pay (WTP) for fatal
risk reduction in the expectation of saving one life[$7]. We
already used this methodology to assess at the microeconomic
level of an individual patient the costs-benefit ratio of
cesium-137 decorporation by a Prussian Blue treatment
and stockpiling[58]. Based on two different VSL values
determined for Germany in wage-risk studies using different
methodologies[59] and similarly to Oka[36], applying these
values to a middleaged person with on the average a remaining
statistical life expectancy of 40 years, we determined the
value of a single life year with 112,275 €/year (4.491 million
€/40 years) or 41,150 €/year (1.646 million €/40 years). The
latter value seems quite low compared to the bulk of the VSL-
literature, but roughly corresponds to the value of a quality-
adjusted life year (QALY) used by the National Institute for
Health and Care Excellence (NICE) in the United Kingdom
when assessing the cost-effectiveness of new technologies
(20,000-30,000 £ equivalent to 26,000-39,000 € at market
exchange rates)[60, 61]. Assuming 1% of the potentially
contaminated victims to actually need treatment, a threshold
level for treatment indication of 200 mSv and an efficient
(1.000) resource mix, our results indicate that the investment
for the preparedness with portal monitors to a dirty bomb
attack with cesium-137 is worth the benefit achieved

(33,860 €/year saved) compared to spending in medical
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care, even if applying the standards of NICE. Investments in
mobile whole-body counters to an extent to reach economic
efficiency to cope with attacks involving americium-241 are
far more expensive (322,343 €/year saved), but as already
mentioned they are still in a comparable range as interventions
in occupational or environmental safety. As explained in the
Method section, it should also be remembered that because of
our methodology (the lifetime saved is calculated based on the
fixed threshold level and no dose above), there is a tendency
that in our results the total benefit of decorporation treatment
expressed as total life time saved is underestimated and the

costs of a life year saved therefore overestimated.

Conclusion

Based on a concrete dirty bomb attack scenario and estimated
price levels for screening equipment and antidotes, it is possible
to calculate from an economic point of view the optimum mix
of medical countermeasure resources necessary to achieve the
best medical results using an “urgent treatment” approach.
High screening capacities using monitoring portals or mobile
wholebody counters, depending on the radionuclide(s)
expected, are of major importance to achieve a high efficiency
of the resource mix. Assessing the cost-effectiveness ratio in
comparison to policy interventions in other sectors of society
is a much more difficult task. Among the determinants of
the costs of a saved life year, the fraction of the potentially
contaminated victims actually needing treatment is a crucial
point and deserves to be grasped more precisely. Whether

the costs for the lifetime saved by a high preparedness level

for dirty bomb attacks should be compared only to the cost-
effectiveness of relatively cheap interventions in medical care
or to much more expensive interventions for risk reductions in
the occupational or particularly in the environmental sector is

a decision of a political nature.
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