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ABSTRACT 

 

The UK Ionising Radiations Regulations 2017 require employers to restrict radiation doses to 

their employees and the public to be As Low As Reasonably Practicable (ALARP). This article 

looks at the boundary between what might be considered to be reasonable and 

unreasonable in protecting staff and the general public in the field of hospital-based 

diagnostic radiology. Guidance on cost-benefit analysis in support of ALARP has been used 

to formulate relationships for the estimation of the cost at which a radiation protection 

intervention is no longer ALARP.  These relationships allow for a direct link between a 

reduction in radiation exposure and the maximum reasonable ALARP cost of intervention. 

Application of the approach to hospital-based radiation protection situations show that the 

ALARP cost limits for protecting radiation workers against the residual risks in the hospital 

environment are relatively low. Conversely, the ALARP limit to investment in public dose 

reduction by means of reducing patient doses can be very high. 

 

Introduction 

Under Regulation 9(1) of the Ionising Radiations Regulations 2017 [1], ‘every employer 

must, in relation to any work with ionising radiation that it undertakes, take all necessary 

steps to restrict as far as is reasonably practicable the extent to which its employees and 

other persons are exposed to ionising radiation.’ This is normally expressed as the duty to 

make staff and public radiation doses As Low As Reasonably Practicable (ALARP). This 

wording implies that some potential actions of the employer to lower radiation doses may 

not be reasonably practicable, and therefore that the employer is relieved of the legal 

requirement to take such unreasonable actions. This paper looks at the boundary between 

what might be considered to be reasonable and unreasonable in protecting staff and the 

general public in the field of hospital-based diagnostic radiology. 

 

Many of the regulations protecting UK employees derive from the Health and Safety at 

Work Regulations of 1974
 
[2]. Although these regulations place some absolute duties on the 

employer, other duties are qualified by expressions such as ‘so far as is reasonably 

practicable’ (SFAIRP), ‘as low as reasonably achievable’ (ALARA), and ‘as low as reasonably 

practicable’ (ALARP) in order to avoid the imposition of duties that no-one can fulfil
 
[3].  

These terms are substantially interchangeable
 
[4] and the question arises as to the meaning 

of ‘reasonably practicable’. The most significant and commonly cited case is that of Edwards 

v. National Coal Board (1949)
 
[5], the judgment on which included the requirement that 

there should be a ‘gross disproportion’ between the cost of a safety intervention and the 

potential cost of failure to act. This gross disproportion factor acts to encourage a risk-

averse approach to the implementation of safety measures. 

 

Cost of a radiation-induced late fatality 

The UK Health and Safety Executive (HSE) provide periodic advice on the monetary value of 

an attributable fatality for the purposes of cost-benefit analyses of potential safety 



measures. As this value changes with time, it will be assigned the symbol VF in the 

discussions below. (At the time of writing, VF has the value of £1,296,000 as the human cost 

plus £449,100 as the cost to society, so a total of £1,745,100 [6]). In the field of radiation 

protection of workers and the general public in hospitals (not nuclear accidents), any 

resulting fatality would be due to cancer. Due to the perceived public intolerance of a death 

due to cancer, another HSE document recommends that the value of a death by cancer 

should be multiplied by 2 compared with that of a conventional accidental death [3][7]. 

Research by HSE [8] concludes that this factor of 2 may be too high, but no updated value 

has yet been advised, so the factor of 2 is retained here. A still further HSE document on the 

public tolerability of risk from nuclear power stations [9] notes that for late deaths due to 

exposure to ionising radiation, the attributable death is unlikely to occur until ages in the 

region of 60 to 80 years. This implies that the impact of the death is less than that of an 

immediate death in an industrial accident, and it is argued that an appropriate correction is 

the life lost due to a late death, approximately 15 years, divided by the years lost for an 

immediate death, typically 35 years. The suggested correction factor is 0.43. The cost of a 

radiation-induced late fatality for the purposes of cost-benefit analysis therefore becomes: 

 

CF = 0.86 VF       (1) 

 

Where: CF is the cost of a radiation-induced late fatality 

  VF is the current monetary value of an attributable fatality 

 

 

Gross Disproportion Factor 

Interventions carried out by the employer or operator to reduce the risk from ionising 

radiation to employees or the general public will normally involve a cost. Such an 

intervention will also bring about a benefit in terms of lives saved (or fractional probabilities 

of lives saved) which can be expressed in monetary terms.  The ratio of the costs to the 

benefits can be used to judge the value of the proposed intervention. If this ratio becomes 

greater than some defined value, then the cost can be said to be ‘grossly disproportionate’ 

to the benefits and the proposed intervention would be not ‘reasonably practicable’. The 

gross disproportion factor therefore defines the boundary between an intervention that is 

ALARP, and required by regulation to be implemented, and an intervention which is 

unreasonable and which the employer or operator has no legal requirement to proceed 

with. 

 

In this section a quantitative relationship between the annual individual risk of fatality and 

the ALARP gross disproportion factor will be suggested. At the outset it must be emphasized 

that there is no firm guidance on actual values for the gross disproportion factor because it 

is essentially a matter defined by legal decisions arising from court cases. A range of 

published views exist, however, against which the relationships suggested here can be 

tested for consistency. 

 

The HSE framework for the tolerability of risk is based on the existence of a level of risk 

above which the risk is considered to be intolerable, and a much lower level of risk below 

which risks are considered to be broadly acceptable. Between these two levels the risks are 

considered to be tolerable if ALARP [3]. The HSE give the value of intolerable annual risk of 



fatality for workers as 10
-3

, for the general public 10
-4

, and the lower broadly acceptable 

annual risk is given as 10
-6

 [9, 10]. In HSE guidance [10], the basic principle of a disproportion 

factor rising between 1 at the broadly acceptable boundary to a suggested value of 10 at the 

intolerable boundary is outlined although it is stressed that the way the gross disproportion 

factor changes with risk is still unclear. A number of suggestions for specific values of gross 

disproportion factor have been made, and it is important to note that since the intolerable 

boundary for the general public and workers lie at different levels of risk, there are two 

different relationships to be derived. 

 

For the general public, Bowles [11] suggests a relationship rising linearly from a value of 3 at 

the broadly acceptable boundary to 10 at the intolerable boundary against a logarithmic 

scale of risk. This is not inconsistent with the values of 2 and 10 for low and high risks to the 

general public quoted in the HSE submission to the Sizewell B enquiry [12]. A lower value of 

1 for individual risks is contained within the range of factors quoted by the HSE in Annex 1 of 

reference 10. These data also show that the gross disproportion factor increases with 

number of fatalities arising from an incident, and this emphasizes that it should be the 

individual risk used in this work, with the risk resulting in a statistical fraction of a fatality. 

Earlier work by the then UK National Radiological Protection Board (NRPB) attempted to 

quantify the increasing level of individual radiation risk aversion as a multiplier to the 

baseline detriment cost [13] which also has the effect of a disproportion factor. This factor is 

expressed as a band of values on a logarithmic scale of annual individual dose and can be 

converted to risk of fatality for the purposes of comparison using the ICRP radiation fatal 

risk factor of 0.05 per Sv [14]. The ICRP conversion factor for approximated overall fatal 

cancer risk has been used (rather than detriment-adjusted risk coefficients) to make a direct 

link to the broadly acceptable and intolerable boundaries which are set in terms of annual 

risk of fatality. 

 

Figure 1 illustrates these various references together with the relationship suggested here, 

which is a gross disproportion factor with value 1 at the broadly acceptable level of 10
-6

 

fatalities per year for the general public, rising to 10 at the intolerability boundary of 10
-4

 

fatalities per year on a logarithmic scale of risk. 

 

DP = 4.5 log10(F) + 28      (2) 

 

Where: DP is the ALARP gross disproportion factor for the general public 

  F is the annual individual risk of fatality where 10
-6

 < F < 10
-4

 



Figure 1: The proposed relationship between the ALARP disproportion factor and risk of individual 

fatality for the general public (solid line). The disproportion factor rises from 1 at the broadly 

acceptable risk level to 10 at the intolerable risk level in line with HSE guidance, but on a 

logarithmic scale of risk in line with suggestions by Bowles [11] (upper dotted line) and a 

multiplicative risk aversion factor from NRPB [13] (lower dotted line). 

 

Turning to the case of workers, for whom there is considered to be some personal benefit to 

accepting a higher risk tolerance, Yasseri [15] suggests a disproportion factor rising linearly 

from 2 to 10 on a logarithmic scale of risk, although the broadly acceptable and intolerable 

limits in this paper are higher as they refer to existing risks in the offshore industry. The HSE 

submission to the Sizewell B enquiry [12] gives a value of 3 for workers but no risk level is 

specified. The NRPB multiplying factor for the greater risk range again provides a useful 

comparison [13]. Figure 2 illustrates these various references together with the relationship 

suggested here, which is a gross disproportion factor with value 1 for workers at the broadly 

acceptable level of 10
-6

 fatalities per year rising to 10 at the intolerability boundary of 10
-3

 

fatalities per year again on a logarithmic scale of risk. 

 

DW = 3 log10(F) + 19      (3) 

 

Where: DW is the ALARP gross disproportion factor for workers 

  F is the annual individual risk of fatality where 10
-6

 < F < 10
-3

 



Figure 2: The proposed relationship between the ALARP disproportion factor and risk of individual 

fatality for workers (solid line). The disproportion factor rises from 1 at the broadly 

acceptable risk level to 10 at the intolerable risk level in line with HSE guidance, but on a 

logarithmic scale of risk in line with suggestions by Yasseri [15] (upper dotted line) and a 

multiplicative risk aversion factor from NRPB [13] (lower dotted line). 

 

ALARP cost of a radiation protection intervention 

A previous paper looked at whether the mechanisms of ALARP could be used to help with 

decision-making on radiation protection interventions by estimating the cost at which a 

given intervention becomes no longer ‘reasonable’ [16]. The approach is to use the 

collective dose saving to calculate the probability of avoiding a fatality. With the additional 

information about the cost of an attributable fatality CF and the gross disproportion factor 

derived above (equation 1), this approach can be further refined. In the expressions below 

the gross disproportion factor has been redefined as a function of dose reduction again 

using the ICRP conversion factor from effective dose to fatal cancer risk of 0.05 per Sv [14] 

and the unit of effective dose has been set to mSv for convenience in practical radiation 

protection problems. The factor of 0.86 from equation 1 has been included. For the general 

public, the cost above which a radiation protection intervention is no longer ALARP 

becomes: 

 

AP ≈ 4.3x10
-5

 VF R N T [4.5 log10(R) + 8.7]    (4) 



 

0.02mSv/yr < R < 2mSv/yr 

 

and for workers: 

 

AW ≈ 4.3x10
-5

 VF R N T [3 log10(R) + 6.1]    (5) 

 

0.02mSv/yr < R < 20mSv/yr 

 

Where: AP is the cost above which a radiation protection intervention for the general 

public is no longer ALARP (£) 

AW is the cost above which a radiation protection intervention for workers is 

no longer ALARP (£) 

VF is the current monetary value of an attributable fatality (£) 

R is the proposed annual dose reduction to the individual (mSv/yr) 

N is the number of individuals to which the dose reduction will apply 

T is the time over which the proposed intervention will apply (yr) 

 

Examples of use in hospital radiation protection 

Two of the following examples are the same as used in a previous publication [16] that used 

only directly citable fixed values for the gross disproportion factor and an ‘upper end’ value 

for the cost of a fatality. The current formulation of the ALARP limit and the inclusion of the 

years of life lost correction produce different results but the principle is the same. 

 

Example 1: reduction of radiologist/cardiologist occupational doses 
Investment in various relatively expensive products ranging from floor or ceiling supported 

heavy lead personal protective equipment to the use of remotely operated robots could be 

considered to reduce the occupational dose of radiologists/cardiologists to close to zero. 

The Health Protection Agency 2010 review of radiation exposure to the UK population gives 

an average figure of 0.11 mSv/yr occupational exposure for radiologists and 0.12 mSv/yr for 

cardiologists [17]. Taking the higher figure of 0.12 mSv/yr and supposing that 10 individual 

radiologists/cardiologists would be using the purchased equipment over a period of 5 years, 

then the upper limit to ALARP expenditure in the expression for workers above using the 

current value of VF is £1503 over the 5 year period, or only £301 per year. This low figure 

reflects how well radiologist/cardiologist occupational doses are already controlled. 

 

Example 2: design of a CT room 
The designer of a computed tomography (CT) room has calculated that Code 4 lead 

plasterboard will be sufficient to protect a neighboring office occupied by three persons 

down to the required dose constraint of 0.3 mSv/yr. The designer is uncomfortable with this 

result and specifies Code 5 lead plasterboard instead to allow for possible future changes to 

equipment or workload. The change in lead thickness from 1.8mm to 2.24mm will result in 

lowering the yearly exposure to the three occupants from 0.3 mSv/yr to 0.1 mSv/yr [18]
 
for 

the life-time of the CT scanner, which can be taken as 7 years [19]. From the expressions 

above using the current vale of VF, the maximum ALARP cost of this intervention would be 

£1262 for three workers or £1751 for three members of the public e.g. volunteers. The wall 

extends 4m between the floor and ceiling slabs of the building and is 5m across. Using 



online quotes for lead plasterboard, the additional cost of the change from Code 4 lead to 

Code 5 is approximately £500, well within the ALARP cost for three people but marginal for 

one worker. The intervention is therefore ALARP in terms of cost, and the designer could 

use this in support of the decision to specify protection over and above that strictly required 

to meet the dose constraint. 

 

Example 3: additional protective equipment and/or training for nuclear 

medicine staff 
The Health Protection Agency 2010 review of radiation exposure to the UK population gives 

an average figure of 1 mSv/yr occupational exposure for nuclear medicine radiographers 

and technicians and 0.4 mSv/yr for nuclear medicine nurses [17]. Such specialist staff 

already work in an environment strictly controlled by the requirements of the Ionising 

Radiations Regulations 2017 [1], including Local Rules and the requirement of the employer 

to provide adequate radiation protection equipment and training. The relatively large 

average annual occupational exposure for this group does, however, suggest a possible cost-

benefit value in attempting to reduce these levels. 

 

A nuclear medicine department has 20 staff in these categories; 10 nuclear medicine 

radiographers and technicians, and 10 specialist nurses. If an annual radiation protection 

intervention could half the occupational exposure to this staff group then the maximum 

ALARP cost of the intervention would be £1950 for the radiographers and technicians plus 

£650 for the nurses (whose dose reduction would be smaller) or £2600 per year for the 

group using the current value for VF. Such information might be of use in bidding for training 

funds or protective equipment. 

 

Example 4: the ALARP value of reductions in CT patient doses 
The UK Ionising Radiation (Medical Exposures) Regulations of 2017 [20] reflect the wording 

of the Euratom Directive from which they are derived [21] in requiring that ‘the operator 

must select equipment and methods to ensure that for each exposure the dose of ionising 

radiation to the individual undergoing the exposure is as low as reasonably achievable and 

consistent with the intended diagnostic of therapeutic purpose’. It is, however, difficult to 

directly link the cost-benefit definition of ALARP investigated here with individual patient 

doses, which are controlled by justification and optimization [21] and for which no fixed 

value of intolerable risk exists. The reduction in radiation exposure to the UK population 

resulting from recent reductions in doses for patients undergoing CT examinations can, 

however, be analyzed from the standpoint of an intervention benefiting public health. 

 

The 2010 survey of radiation exposure to the UK population gives a figure for medical 

exposure from CT of 0.27 mSv per capita per year [17]. This is by far the highest component 

of man-made radiation exposure to the population. Taking the increase in number of CT 

scans in England from 4 million in 2010 [22] to 6 million in 2019 [23] to be representative of 

the proportional increase for the UK, and the increase in UK population from 62.8 million in 

2010 to 66.8 million in 2019 [24], the figure of average medical exposure from CT would 

have been expected to rise from 0.27 mSv per capita per year in 2010 to 0.38 mSv per capita 

per year in 2019 if the scanners had stayed the same. The 2019 UK survey of CT scanner 

doses in fact shows a 20-30% decrease since the previous survey of 2011, due to the 

widespread introduction of scanners featuring iterative image reconstruction and automatic 



exposure control plus efforts in dose optimization [25]. Taking the average reduction in CT 

scanner patient dose over the period to be 25%, then the population average exposure from 

CT will have reduced from the predicted 0.38 mSv per capita per year in 2019 to 0.285 mSv 

per capita per year, a saving of 0.095 mSv per capita per year. If the programme of scanner 

replacement and optimization in the period 2010 to 2019 is recast as an intervention aimed 

at reducing the population radiation exposure from CT, then the value at which this 

intervention becomes no longer ALARP can be estimated. Taking the individual dose 

reduction to be 0.095 mSv/yr, the time period over which the intervention applies to be the 

7 year average life-time of a CT scanner [19], the number of people to whom the saving 

applies to be the population of 66.8 million in 2019 [24] and using the current value for VF, 

then the cost at which the intervention is no longer ALARP is, from equation 4, 

approximately £13.7bn over 7 years. If the number of CT scanners in the UK is taken as 607 

[25], then the cost at which replacing a CT scanner becomes no longer ALARP is £22.6m, 

compared with the actual replacement cost of approximately £0.5-1m. The replacement of 

older CT equipment is driven by the improvements in clinical image quality, radiation dose 

efficiency, greater throughput etc. given by modern designs, but this analysis shows that it is 

also strongly indicated as an ALARP measure for public radiation protection. 

 

Conclusions 

UK guidance on cost-benefit analysis in support of ALARP has been used to formulate 

relationships for the estimation of the cost at which a radiation protection intervention is no 

longer ALARP.  Although these relationships have no legal status, they are consistent with 

the guidance available and allow for a direct link between a reduction in radiation exposure 

and the maximum ALARP cost at which an intervention would still be considered to be 

reasonable. Examples of application to hospital-based radiation protection situations have 

shown that the ALARP cost limits for protecting radiation workers against the residual risks 

in the hospital environment are perhaps surprisingly low. Conversely, the ALARP limit to 

investment in population dose reduction by means of reducing patient doses can be very 

high. 
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