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 Chapter 7  Multiple Doses of Radiation

Distributed doses

A radiation dose may refer to a single occasion of irradiation, or

it may describe irradiation over a period, either continuously or

as  a  sequence  of  separate  exposures.  These  are  different  in

principle – an acute dose may be measured in millisievert and a

chronic  dose  in  millisievert  per  month.  If  a  radiation  dose  is

given over a period or continuously, how does its effect compare

with that of the same total dose given as a single burst?

A similar  question can be asked about place rather than time.

How does the effect of a dose of radiation given all in one place

differ  from that  of  the same energy dose spread more  widely

over the anatomy of an individual? Or even distributed between a

number of individuals?

The data discussed in Chapter 6 concerned an acute dose given

all at one time. The response to doses that are distributed raises

questions involving linearity that we discussed in Chapter 5. If

the  linear  no-threshold  (LNT)  picture  were  applicable,  the

probability of developing cancer would be the same whether a

given energy dose (in  joules)  was focussed onto a  smaller  or

larger mass of tissue. More generally the damage per joule of

radiation energy would be the same, whether spread over many

individuals, spread over the body of one individual, or delivered

over a period of time. If that were true, it would be appropriate to

base safety regulations on collective dose – and such regulations

would be relatively simple to apply. But this is not just a matter

of  convenience.  Does evidence justify such simple  picture,  or

not? 

For a given energy dose the damage due to different  types  of

radiation  varies,  as  described  in  principle  by  the  relative

biological effectiveness (RBE) discussed on page 47. The reason

why electrons and photons are least damaging is that the energy
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that they deposit is quite spread out. In a flux of charged particles

the situation is different, and each particle makes a track with a

density of collision events along it that depends on its charge  z

and speed  v,  as  z2/v2.  This  is  called  the linear  energy transfer

(LET).37 So an alpha (z = 2) has four times the LET of a proton

(z = 1) of the same speed. At energies normally encountered in

the environment, electrons are very fast (being light) and protons

and  alpha  particles  are  slow  (being  heavy).  So  the  LET  for

protons is much higher than for electrons, but much less than for

alphas. 

Neutral  radiation  – photons  and neutrons  – deposit  no energy

directly,  but photons kick electrons out of atoms and neutrons

knock nuclei about. These behave like a sequence of electrons

and  low  velocity  nuclei,  respectively  –  and  so  have  spatial

distributions corresponding to low and high LET, respectively.

The upshot is that the LET is the principal distinction between

types of radiation, and may be expected to determine the RBE –

given  the  indiscriminate  effect  of  deposited  radiation,  RBE

cannot really depend much on anything else.

If LNT was applicable, we should expect RBE to be the same for

photons and all radiation – that is unity. In the non-linear picture,

the local energy density of high LET is seen to impose a greater

load  on  local  repair  mechanisms  than  the  greater  spatial

uniformity of low LET. This argument suggests a spatial scale –

if the repair services were available at any distance, there would

be no LET dependence. This spatial scale38 typically extends to

groups of cells, signalling and cooperating together – or failing

to  do  so  when  collectively  overloaded.  This  distance  scale

appears  as  a  range  for  dose  integration  in  the  spatial  picture,

rather as the repair time appears in the time domain.  Both are

characteristic features of a non-linear response.

37 Note that the word  linear, as used in LET, simply means  along the line –

that is the track of the incident charge. The word  linear, as used elsewhere,

has the meaning described on page 55. These two meanings are quite distinct. 
38  Study of the local deposited energy density is called micro-dosimetry. We

have no space here to follow this active and important field. The main ideas

are discussed by Simmons and Watt [29].
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How does the biological damage vary when a dose is spread out

over a day, a month, a year or a lifetime? Simple ideas of repair

mechanisms  lead  us  to  expect  that,  given  enough  time,

accumulated  damage  should  be  eliminated.  The  important

numbers  are  the  repair  time  and  the  damage  threshold.  The

picture is therefore like this – if the dose accumulated within any

repair  time remains  below threshold,  no permanent  damage is

incurred. This is what we might expect from the discussion in

Chapter 5. If there are a number of repair mechanisms, there may

be several repair times. But these are just ideas – the real story

must be left to observational data. Single incidents such as the

bombs of 1945, or Chernobyl, cannot provide an answer on this

question.  Evidence  for  the  effect  of  large  multiple  or  chronic

radiation doses is needed and this is discussed in the rest of this

chapter. 

Cancer therapy

Arguably the most compelling evidence comes from a century of

clinical  experience  with  cancer  radiotherapy.  We  begin  with

some explanation of the use of radiotherapy in the treatment of

cancer.

A  cancerous  tumour  is  a  group  of  cells  that  grows  without

respect for the organism as a whole. Left unchecked, it develops

at  the  expense  of  the  normal  functioning  of  the  body,

monopolising its goods and services. If the patient is to survive,

the cells of the tumour must die before it colonises and spreads

(metastasises). If it has already spread, palliative treatment may

be designed to extend life for the patient by slowing the growth

of the cancer. Otherwise, death of the tumour cells is the aim,

and  this  has  to  be  achieved  without irreversibly  damaging

adjacent tissue and organs that are otherwise healthy. The broad

options  are surgery,  radiotherapy,  chemotherapy  and  focussed

ultrasound – or a combination of these. The stage that the cancer

has  reached  and  its  location  largely  determine  the  choice  of

treatment. 



114    Chapter 7  Multiple Doses of Radiation

What  is  needed is  a  precise knowledge of  the location  of  the

tumour  and its  three-dimensional  shape,  and then  a  means  of

targeting  the dose so as to  minimise  peripheral  damage while

delivering a terminal blow to the cells of the tumour itself. This

calls for a method of dose delivery that can match the shape of

the treated volume with a sharply defined edge, that is a high

gradient of dose, able to kill cells in one region but spare those a

short distance away.

In  radiotherapy  the  energetic  radiation  may  be  delivered  in  a

number of ways: by an external beam of gamma radiation, by an

external  beam  of  electrons  or  heavy  ions,  or  by  a  surgically

implanted radioactive source, a treatment called brachytherapy. 

Modern external gamma ray beams are generated by electrons,

whereas earlier  ones often used an external radioactive source,

such as cobalt-60. Surface cancers may be treated with electron

beams or gamma rays with less energy because less penetration

is required – that is a less demanding application. It is the deeper

cancers that pose difficulties.

Whatever  the source used in the clinical  treatment,  during the

initial radiotherapy planning phase, a three-dimensional scanned

image  of  the  tumour  and  its  surrounding  tissue is used to map

and optimise the delivery of the energy dose. However, unlike a

beam  of  light,  charged  ions  or  electrons,  a  beam  of  gamma

radiation cannot be focussed – such lenses and mirrors do not

exist.  As a result  when gamma rays are used for therapy,  the

targeting is poor and much of the energy is spilled in the wrong

tissue.  Some  goes  beyond  the  tumour,  some  is  absorbed in

healthy  tissue  before  it  gets  there  and  quite  a  lot  is  scattered

sideways out of the beam, as shown diagrammatically in Figure

15. This means that such treatment plans are not ideal.

The Report  of the Royal  College of Radiologists  [30] records

that the practice of radiotherapy has developed empirically rather

than as an exact science. Its early successful use was often for

superficial cancers, and the treatment of deep cancers has always
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Figure  15  A diagrammatic sketch of the radiotherapy of a

deep-seated tumour. The volume to be irradiated uniformly

is  indicated  by  the  heavily  shaded  box  within  tissue  that

should be spared, shown lightly shaded.

presented  the  greatest  challenge.  Extra  depth  penetration  is

achieved by using higher energy gamma rays of several MeV. 

Such radiation delivers a flux of energy that builds up below the

skin surface and then falls off sufficiently slowly with depth that

some of it reaches as far as the  tumour. To enhance the energy

deposited there, the treatment is given from a number of different

directions that overlap in the region of the tumour. The geometry

is improved further by shaping the transverse size of the beam

with computer-controlled lead collimator fingers. 

An example of a radiotherapy plan for treatment of the prostate

is shown in Figure 16. Although this is only a slice of what is a

three-dimensional  task,  it  is  sufficient  to  explain the situation.

Percentage contour lines of dose relative to the maximum are

shown. The inner 97% contour matches the region to be treated,

avoiding the region of the sensitive rectum, but only by a few

percent. The 30% contour shows that the various different beam

directions  used  in  the  plan  have  a  significant  effect  on  the
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peripheral dose suffered. Even the 50% dose contour (shown as a

thick line) extends far out from the tumour into the peripheral

tissue.  Evidently  the  ratio  of  dose  to  the  tumour  and  to  the

healthy tissue is less than a factor two in this case. 

Figure 16  A section of a treatment plan for radiotherapy of

the prostate, showing dose contours 97%, 90%, 70%, 50%

(heavier line) and 30% of the peak dose at the position of the

asterisk (*). The rectum is shown heavily shaded. The three

dots  on  the  surface  of  the  anatomy represent  registration

marks.  [From  an  image  by  kind  permission  of  Medical

Physics and Clinical Engineering, Oxford Radcliffe Hospitals

NHS Trust.]

Although such targeting seems poor, these treatments are given

in every major hospital, usually, but not always, with life-saving

consequences. This success relies essentially on the non-linearity

of the dose-damage curve – while the difference in dose between

the tumour and healthy tissue may be less than a factor two, the

ratio  of  cell  mortality  is  much  greater.  As  an  illustration,  the

steep slope of a non-linear curve, such as Figure 9 on page 81,

suggests that a 10% difference in dose might be responsible for a

factor two in cell mortality, if the right dose range is chosen. The

downside is that successful treatment is highly sensitive to any

small change in the dose given, because the curve is so steep. In

practice, doses need to be controlled to a percent or so. Too little,
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and the  tumour  will  not  be  controlled;  too  much,  and nearby

organs  will  be  permanently  damaged.  The Royal  College  of

Radiologists Report [30]  says,  in connection with treatment of

the spinal cord as an example, 

Dose-response relationships for tumour control are steep

and a 4-5% dose increase might lead to a 10% increase in

probability of tumour control. Yet 0.5-1% increase in the

risk of treatment related paraplegia is, for many radiation

oncologists, unacceptable. 

Failure  to  calibrate  and control  the  dose  is  the  most  frequent

cause of radiotherapy accidents when these occur.

Fractionation

Table 9  Dose and fractionation procedures recommended by

radiologists [30].  For gamma rays 1 Gray is  equal to 1000

millisievert.

Cancer Fractions Total dose Interval

bladder 302 Gray 60 Gray 5 times per week

breast 162.7 Gray 42.5 Gray 5 times per week

armpit 152.7 Gray 40 Gray 5 times per week

glioma 302 Gray 60 Gray 5 times per week

cervical 251.8 Gray 45 Gray 5 times per week

lung 361.8 Gray 54 Gray in 12 days

prostate 392 Gray 78 Gray 5 times per week

The first treatment by radiotherapy was given in 10 daily doses

over the period 24 November to 3 December 1896. The reason

for this protracted treatment was instrumental. When equipment

improved,  therapy could be given as  a  large single  dose.  But

after 20 years it was concluded that this was much less effective.

Today  recommended  treatment  plans,  selected  in  the  light  of
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experience, call for all radiotherapy treatment to be given as a

number of treatment fractions, coincidentally spread much as in

1896. Detailed practice varies, but some figures recommended

for the UK are given in Table 9. The schedules range from 12 to

40 days. A disadvantage of fractionation is that it prolongs the

treatment  by  requiring  many  hospital  visits,  which  reduces

patient throughput, increases costs, and does not help the patient

experience. 

Given an appreciation  of repair  effects  it  is  straightforward to

understand, at a simple level at least, how fractionation works.

The  daily  gap  between  fractions or partial doses  gives  time  for

simple  DNA  repairs in  the  healthy  tissue  –  repair  times  are

known from biological studies to be several hours, depending on

tissue and age. Within the tumour where the dose level is higher,

there is a greater chance of cell death in each fraction. So with

successive fractions cells in the peripheral regions just manage to

recover  each  time,  while  the  cells  in  the  tumour  suffer

progressive  attrition.  More  subtly,  as  the  treatment  continues,

apoptosis clears  away  the  cell  wreckage  within  the  tumour and

the oxygen concentration there starts to recover. This leads to an

increase in the oxidative biological damage to the tumour in later

fractions  of  the  treatment. Otherwise, initially at least,  the low

oxygen concentration in an active tumour makes it less radiation

sensitive  than  the  healthy  tissue,  and  this  has  a  counter-

productive influence in radiotherapy.

So the experience is that the efficacy of radiotherapy depends on

dividing the treatment into  fractions,  applied over a  period of

time  rather  than being  given  all  at  once –  so the Superposition

Principle fails and the effect is non-linear. The accumulated dose

to the tumour, 40 to 80 Gray as given in Table 9, is such that

peripheral healthy tissue receives about 30 Gray over a month of

treatment – far greater than it could survive if administered as a

single  dose.39 Without  the  non-linearity  of  the  dose-response

curve  radiotherapy  would  not  be  effective.  Although  the

peripheral  tissue  absorbing  these  high  fractionated  doses  may

39  Recall that the dose units Gray and sievert are effectively identical.
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recover its function, there may be some permanent damage in the

form of  scarring.  This  is  one  reason  why  a  repeat  course  of

radiotherapy treatment is often not recommended if the first is

unsuccessful. 

Radiation doses used in  radiotherapy are high,  and it  is  to  be

expected that, in addition to treating the cancer concerned, the

radiation  itself  should  occasionally  initiate  new  disease.  In

principle sufficient  data are available to measure this,  because

the  number  of  treated  patients  is  very  large.  However,

confounding  effects  make  such  studies  difficult.  Some

convincing evidence is based on the incidence of heart disease

among  women  who  received  therapy  to  the  right  breast

compared with those whose treatment was to the left breast [31].

Poor targeting of radiation treatment in the 1970s and 1980s was

such  that  the  dose  to  the  heart  was  greater  for  radiotherapy

treatment  of  the  left  breast  than  the  right.  Any  spurious

influences such as affluence,  diet or smoking are the same for

both groups. In the study of 20,871 women the number of deaths

from cardiac disease 15 or more years after treatment were noted

and separated according to whether they had radiotherapy or not,

and whether  they had a  tumour  in  the left  breast  or  the right

breast. The result shows an increase of heart disease mortality for

those who received radiotherapy to the left breast compared with

those who received it to the right breast, by a factor 1.25. The

doses to the heart  are not reported but could have been in the

range of 1 sievert per day. Taken with the measured increase in

heart disease of 10% for an acute dose of 1 sievert, reported by

Shimizu [20], it could be argued that this result suggests that the

integration  time  for  radiation  damage  that  leads  eventually  to

disease is about a couple of days. 

This  time  is  very  imprecise,  but  it  is  important  because  it

suggests that the repair time for damage that leads eventually to

disease is in the same range as the repair time for damage that

leads  to  cell  death.  This  does  not  support  a  picture  in  which

latent  cancer  builds  up  progressively  without  correction,  and

neither  do the observations  of the effect  of late  iodine on the
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incidence of thyroid cancer reported by Cardis [25], discussed on

page 101.

The targeting of radiotherapy is better today than it was in the

1970s,  and  research  is  in  hand  to  improve  it  much  further

through  the  use  of  focussed  energetic  ion  beams  in  place  of

photons [32, 33].  Such beams, for example carbon ions, scatter

less  than gammas  and have a rather  well  defined longitudinal

range  so  that  a  much  larger  fraction  of  the  energy  can  be

deposited  within  the  tumour.  Treatment  with  these  ions  will

provide a more tightly defined and heavily damaged region with

less  peripheral  dose.  To benefit  from this  improved  targeting,

better alignment of the tumour and beam, to track cardiac and

respiratory motion for example, is also required. Advances with

focussed  ultrasound,  some  involving  physically  targeted

chemotherapy,  also  promise  a  brighter  future  for  treatment

targeting with other cancer therapies [4]. 

Doses in the environment
The effect of a single acute dose is straightforward. For a dose

above 4,000 millisievert acute radiation syndrome is often fatal

within  weeks,  but  not  for  doses  below  1,000  to  2,000

millisievert. Acute doses above 100 millisievert increase the risk

of cancer in later life to a small but detectable extent but lesser

doses are risk-free, for all intents and purposes. 

However, experience with radiotherapy makes it  clear that the

difference between the effect of acute and chronic or repeated

doses is very substantial,  even when a dose spread over a few

days.  This  fact  is  all  but  ignored  in  radiation  safety.  Some

radiation exposure rates of interest are compared in Figure 17 on

a  common  scale  of  monthly  dose,  that  is  in  millisievert  per

month. To appreciate the difference between these doses they are

illustrated by areas.

To the  extent  that  recovery  times  are  shorter  than  a  month  a

chronic dose of 100 millisievert per month would be safer than

an  acute  dose  of  100  millisievert.  Depending  on  the  tissue

concerned and the age of the individual  this is often the case.
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Radiotherapy treatment effectively assumes a repair time of one

day. So the suggestion of a safety level at 100 millisievert per

month is conservative. 

Figure 17  A comparison of monthly radiation dose rates in

units of millisievert per month, shown by areas.

 a) a tumour therapy dose,  more than 40,000 units; 

 b) a healthy tissue therapy dose, more than 20,000 units;

 c) the maximum safe dose suggested here, 100 units;

 d) monthly dose if living continuously in Sellafield nuclear

waste dry storage hall, 1 unit [1 microSv per hour];

 e)  the maximum dose currently  permitted as  safe for the

public, 0.1 units [1 mSv per year].

A chronic radiation dose rate of 100 millisievert per month may

therefore be considered to  be as  safe as  a  single dose of  100

millisievert.  Such  a  rate  is  less  than  a  radiotherapy  dose  rate

delivered to healthy tissue by a factor 200 or more. Such a factor

gives  a  wide  margin  over  the  side  effects  of  scarring  and

occasional radiation-induced cancers incurred in healthy tissues

by radiotherapy.  The point  is  sometimes  made  that  there  is  a
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difference between the effect of a whole-body dose and a more

local dose. Radiotherapy kills tumour cells with a localised dose,

and, at least until it metastasises, a cancer usually occurs where

the chemical or radiation stress originally impinged. If an organ

and  surrounding  tissue  suffer  a  local  radiation  dose,  the

mitigating effect when it is not part of a whole-body exposure

must be small and well covered within the factor 200.

This  suggested  safety  level  for  chronic  dose  rate  of  100

millisievert per month is a thousand times larger than the ICRP

recommended  safety  level  of  1  millisievert  per  year  and  a

hundred times the monthly dose that would be received if living

permanently in the nuclear  waste storage hall  at  the Sellafield

nuclear plant (1 micro-sievert per hour). The factor of a thousand

is a measure of the extent to which the current radiation safety

regime is over-protective in respect of dose rates.40 If the repair

time  were  taken  to  be  a  day,  as  the  radiotherapy  experience

suggests, then this factor would appear even larger. However, the

cautious  use  of  a  month  is  appropriate  to  cover  a  range  of

characteristic  recovery  times.  It  also  matches,  or  exceeds,  a

normal convalescent recovery period (p. 70).

There remains the possibility that such a chronic low dose rate,

experienced year after year, might accumulate a risk with a much

longer  recovery  time  or  an  accumulation  of  damage  with  no

recovery  at  all.  We  need  to  look  at  evidence  based  on  large

numbers  of  humans,  exposed to  radiation  over  many years  or

even a lifetime.

Radon and lung cancer
There is a further question to be asked: what is the effect on the 

incidence of cancer of radiation with a high RBE or weighting 

factor41 relative to gammas, such as alpha radiation? These 

questions can only be answered by examining additional data.

40  In 1951 the safety level recommended by ICRP was set at 12 millisievert

per month, since when its recommendations have been tightened by a factor

150.  Instead  relative  to  1951 modern  evidence  suggests  a  relaxation  by  a

modest factor of six.
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Widespread  concern  was  expressed  when  a  source  of  alpha

radiation,  polonium-210,  was  used  internally  to  murder  the

dissident,  Alexander Litvinenko.  Such  a  radioactive  source,

emitting  radiation  undetectable  outside  the  body,  delivers  a

highly localised dose to the internal organs where the polonium

has  been  absorbed.  This  bizarre  story  caused  much  public

apprehension at the time.  One may ask whether there are any

similar  sources  of  radiation  in  the  environment,  and,  if  so,

whether they carry risks for those who encounter them.

There is a threat of this type from the radioactive gas radon-222,

which decays by alpha emission with a half-life of 3.8 days. It

occurs naturally in the decay chain of uranium-238 as described

in Table 3 on page 43. It is therefore a component of the natural

radiation environment, along with gamma rays that escape from

rocks and other materials. There is great geographical variability

in  radon  emission, depending on the uranium content of water,

soil and rock and whether the radon escapes into the air before it

decays.

The concentration of radon actually encountered in homes and

workplaces  within a region is also variable.  As radon is  eight

times denser than air it accumulates at floor level, and in cellars

and  mines,  unless  these  are  particularly  well  ventilated.  The

materials  from  which  the  walls  and  floors  of  buildings  are

constructed also affect the radon concentration. As a result the

average exposure to radon that an individual receives in his or

her life is quite difficult to measure. However, an immense effort

has been put into such measurements, and also into studying the

correlation  of  the  results  with  the  incidence  of  lung  cancer.

Radon concentration is measured in terms of its radioactivity in a

volume of air, becquerel per cubic metre (Bq m-3). The ICRP103

Report [27, p. 16] treats an average of 600 Bq m-3 in dwellings as

equivalent  to 10 millisievert  per year  'by convention'.  It  is not

clear how firm this equivalence is. 

41  See page 47.
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Many populations,  for instance in Europe,  North America and

China,  have  been  studied  in  this  way.  The  European  average

exposure  has  been  estimated  to  be  about  59  Bq  m -3,  but

individuals living in environments with average activity as high

as  800 to 1,000 Bq m-3 have been identified.  Some European

regions with high values include Devon and Cornwall in the UK,

the Czech Republic and the Massif Centrale in France. 

National studies have proved inconclusive – that is their data are

statistically  consistent  with  no  dependence  of  cancer  on  the

radon environment. Consequently, large combined studies have

been undertaken in the hope of establishing what was already

established to be a small effect at worst. The most widely quoted

of these combined studies is the pan-European study of Darby et

al  [34],  with  a  subsequent  more  detailed  publication  [35].  Its

conclusions,  based  on  the  combined  data  from  13  separate

national  studies,  have  been  summarised  by  the  World  Health

Organization (WHO) [36]:

From the results of (this)  study, when a non-smoker is

exposed  to  radon  concentrations  of  0,  100  and  400

Bq/m3, the risk of lung cancer by age 75 years will be

about 4, 5 and 7 in a 1000, respectively.  However, for

those  who smoke,  the  risk of  lung cancer  is  about  25

times  greater,  namely  100,  120  and  160  in  a  1000,

respectively.  Most  of  the  radon-induced  lung  cancer

cases occur among smokers.

It is important to examine carefully what Darby et al established.

Their  data  comprised  an  assessment  of  the  individual  radon

environment, at home and at work, over some 30 years for 7,148

individuals,  who subsequently did contract  lung  cancer  before

the age of 75, and 14,208 individuals, who did not. As noted by

WHO  the  incidence  of  cancer  is  dominated  by  the  effect  of

smoking. Therefore, the question is, what is the additional risk of

cancer due to radon? This question is reminiscent of the apples

and pears problem discussed on page 55.   In a linear picture the
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Figure  18  The percentage probability  of  death from lung

cancer before age 75 shown for different values of the time-

averaged  radon  environment:  (a)  plotted  for  non-smokers

alone  on  a  large  scale;  (b)  for  smokers  (upper  bars)

compared  with  non-smokers  (lower  bars)  together  on  a

smaller scale. The data shown are the 90% confidence limits

reported by Darby et al. 
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extra risk from radon is unrelated to smoking, whereas the result

from Darby et al quoted by WHO gives the extra risk  due to 100

Bq m-3 of radon as 0.1% for non-smokers but 2% for smokers.

This is a failure of linearity by a factor 20 or so. 

Their results are shown graphically in Figure 18. These are not

the actual data but the model  values fitted to the data using a

maximum likelihood analysis.  The values  depend critically  on

the model  assumed.  Since in the absence of radon the risk to

smokers  and  non-smokers  is 25:1,  by modelling the risk due

toradon relative to its value at zero radon, the analysis of Darby

et  al  assumes that  the added radon risk is  25 times larger  for

smokers than for non-smokers. This use of multiplicative relative

risk is not a linear assumption. Darby et al give no reason based

on cell  biology for this choice of non-linearity,  but,  evidently,

smokers have a much larger sensitivity to the radon environment

than  non-smokers.  The  risks  do  not  just  add,  and  so

superposition, the acid test of linearity, fails. 

A  conclusion  for  public  health  is  that  smoking  alone  is

responsible for a risk of 10% of dying of lung cancer before age

75.  The  added  stress  on  the  various  elements  of  the  immune

system of living in a high radon environment raise this figure to

about  16%.  However,  the  effect  of  radon  for  non-smokers  is

small – the risk of 0.1% or so should not be considered a serious

concern, in the sense discussed on page 7. But, in any case, in a

study of some 10,000 individuals statistical errors around 1% are

to  be expected,  and consequently  it  is  open to  doubt  whether

there  is  any  established  risk  due  to  radon  for  non-smokers.

Indeed the error bars shown in Figure 18 are consistent with no

dependence on radon at all, for smokers and for non-smokers.

At a practical level it is plain that, in the absence of smoking, the

health risk from radon is so small that it cannot be demonstrated,

even  in  a  thorough  Europe-wide  study.  It  would  therefore  be

better  for  public  health  if  the  extensive  resources  spent  on

reducing radon in homes and workplaces were spent, instead, on

further measures to discourage smoking. 
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Radiation workers and dial painters
There are other groups who have experienced doses over long

periods, such as radiologists, radiation workers and luminous dial

painters. How do their health records compare with those of the

general  population?  In  fact,  health  varies  significantly  with

socio-economic groupings,  and so it  is  necessary to  make the

comparison with an appropriate mix who have not been exposed.

The mortality of UK radiologists has been compared with other

professionals going back to the earliest treatments [37]. There is

reported  to  be  no  effect  for  those  registering  since  1954,  and

before that date the observed effect is consistent with zero. The

evidence is weak because the sample size (2,698) is too small

and the doses are unknown. 

An update on the health of UK radiation workers was published

in 2009 by Muirhead [38]. Here the sample was much larger and

the individual doses were assessed. The analysis was based on

174,541  workers  employed  by  the  Ministry  of  Defence,  or

government and related research industries. Their records have

been followed to age 85 or January 2002, whichever was earliest.

The  average  extra  dose  above  natural  background  was  24.9

millisievert,  accumulated over a number of years.  This dose is

very low but the number of workers is large so that statistical

errors are small. The authors analysed the data to determine the

standard mortality ratio, that is the number of deaths, divided by

the number of deaths for a comparable population of workers,

not exposed to radiation. So a real effect of ill health due to a

history of radiation  exposure would give a  result  in  excess of

100%,  within  a  range  representing  the  statistical  uncertainty.

According to Muirhead [38] the mortality ratio for all cancers is

between 81 and 84% after correction for social class effects. That

is to say that radiation workers are healthier than their peers in

other industries, from which the reader may conclude that it is

healthy  to  work  with  radiation.  The  statistical  uncertainty  is

small  because  the  sample  includes  26,731  deaths,  so  the

conclusion should be rather clear. However, the authors choose

to view the result as evidence that, although radiation is harmful,
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those who work with radiation are pre-disposed to be healthy, a

so-called  healthy  worker  effect. Once  given  a  name  and  the

acronym HWE, some view this interpretation as established. But

others in the field [39] are not convinced. The reader may prefer

the suggestion that a little radiation can be good for health.

A  group  of  workers  that  experienced  a  large  individually

measurable dose over a long period are the painters of dials and

clock  faces.  In  the  first  half  of  the  20th  century  radioactive

luminous  paint  was  used  to  make  the  figures  on  these  faces

visible  in the dark.42 The people who were employed to paint

these dials became contaminated, particularly because of a habit

of licking the tip of the paintbrush to achieve fine detail.  The

alpha-emitting  radium accumulated  in  bone,  and,  because  this

persists, it has been possible to assess individual doses accurately

and retrospectively. The activity delivers a continuous whole-of-

life dose, which is expected to induce a risk of bone cancer. In

the general population only 1% of cancers is bone cancer and

only  one  person  in  400  is  likely  to  contract  it.  As  a  result

confounding effects are small. Data on the dial painters is given

in a well known study by Rowland et al [40]. Out of 191 workers

with  whole-of-life  doses  greater  than  10  gray,  there  were  46

cases of bone cancer  (less than 1 expected).  However,  among

1,339 workers with accumulated dose of  less than 10 gray,  no

cases of bone cancer were found (less than 3 expected). Unlike

the non-smokers exposed to radon, or the radiation workers, this

is  unequivocal  evidence for  a  damaging  effect  on health  of  a

chronic lifelong dose.  It  is also not compatible  with LNT and

provides  firm  evidence  for  a  threshold  at  about  10  gray  for

cancer  due  to  a  whole-of-life  chronic  dose.  This  is  a  most

significant result.

42  The atomic electrons of radioactive isotopes emit visible light following

changes in the nuclear charge Z as a result of alpha or beta decay.
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Biological defence in depth

Radiobiology  is  part  of  the active  field  of  research  that  has

already  confirmed  the  extraordinary  level  of  protection  that

evolution has provided to cellular biology [41].

At the first level there is the production of anti-oxidants in cells,

which may be stimulated by the occurrence of oxidative damage.

Next there is the DNA repair mechanism for single strand breaks

(SSBs), which is error-free and for double-strand breaks (DSBs),

which may sometimes generate errors. Then there is cell death

and apoptosis in which the whole cell is scrapped, including any

DNA  errors  that  it  may  contain.  Finally  there  is  the  'ethnic

cleansing' effect of the immune system that kills cells that are not

sensed to be 'one of ours'. This is the main defence against any

viable  mutation  arising  from  a  mis-corrected  DSB.

Radiobiologists  now  understand  in  outline  how  these

mechanisms act together to protect life at the microscopic level

from the  major  ravages  of  general  oxidative  attack,  and  also

incidentally from the effects of irradiation. However, the report

by  BEIR  [42]  has  objected  that  protection  against  radiation

damage is quite distinct from that against oxidative attack. In fact

the  numbers  that  the  report  quotes  seem at  variance  with  its

conclusion. It gives a Venn diagram [42, Fig. A1-1], the contents

of which are summarised in Table 10.

This  shows  data  from  two  studies  of  genes  associated  with

oxidative damage due to hydrogen peroxide (a notoriously active

chemical  oxidant)  and  one  study  of  genes  associated  with

radiation  damage.  The  mutual  overlap  of  the  two  peroxide

studies  is  36%  –  presumably  fair  agreement,  given  that  the

methods were not identical. But, by the same measure, the 82%

and  28% overlaps  between  the  genes  involved  with  radiation

resistance and each of the peroxide oxidation studies are also in

fair agreement. Independently of any details the evidence seems

to confirm that many of the same genes are involved in resisting

radiative and chemical oxidative attack.



130    Chapter 7  Multiple Doses of Radiation

Table  10  Comparison of the genes responsible for damage

resistance in yeast from three studies, one of radiation and

two of hydrogen peroxide [42]. The studies are compared in

pairs.  For  each  pair  the  overlap  is  the  number  of  genes

identified by both studies and the percentage is the overlap

divided by the number identified by either. 

Comparison of pairs of

studies43

Number of

genes in each 

Overlap

Radiation with peroxide A 470 with 525 448 = 82%

 Radiation with peroxide B 470 with 260 158 = 28%

Peroxide A with peroxide B 525 with 260 207 = 36%

The various repair mechanisms may be stimulated by radiation

and  the  extra  adaptive  protection  afforded  may  persist  for  a

certain  time.  An  accessible  account  of  current  knowledge  is

given in  the  Report  of  the  French  National  Academies  [22].

Other  recent  studies  include  the  report  by the United  Nations

Scientific Committee on the Effects of Atomic Radiation [43].

There is extensive laboratory evidence for LNT failure and the

adaptive  response  to  radiation,  as  reported,  for  example,  by

Mitchel and Boreham [44]. They show that if cells are subjected

to  a  continuous  low  dose  over  a  period,  mortality  due  to  a

subsequent  single high  dose is  reduced.  Corresponding effects

are found in experiments with animals. 

This beneficial effect, often called hormetic, is interesting, but to

some extent it is a diversion from the main point. The observed

hormetic  effects  are  modest  in  scale,  while  the  inappropriate

level  of  current  radiation  safety  requirements  are  much  more

pronounced. Hormesis strengthens the case, but is not essential

to it. The fact that hormesis is not a large effect is to be expected

because  the  various  radiation  defence  mechanisms  (anti-

oxidants,  DNA  repairing  and  immunology)  are  stimulated

already  by  normal  oxidative  attack,  even  in  the  absence  of

43  Data A and B from the studies of Game et al and Thorpe et al respectively.
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radiation.  Radiation  is  a  side  show.  Even  among  those  who

survived Hiroshima and Nagasaki and died of cancer, the number

whose  cancer  was  radiation-induced  was  a  twentieth  of  those

who died of cancer in the normal way, presumably initiated by

oxidative attack. 

The  point  is  that  the  picture  described  by  radiobiologists  fits

together, and the actual mechanism of the non-linearity is at least

partially understood. No doubt further details will become clear,

but  the  reason  for  the  threshold  is  plain  and  the  biological

defence mechanisms are amazing in their ingenuity. This should

be seen as really good news for mankind as he considers whether

it  is  safe  to  exploit  civil  nuclear  technology  with  greater

enthusiasm.




