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5.1. INTRODUCfION

Assessment of the environmental impact of pollutants requires extensive
knowledge of doses and effects for a variety of receptors and for a variety of effects
in those receptors. Most discussions (verbal and written) of the results of
environmental pollution concentrate on effects and neglect the problem of
estimating doses. Without accurate knowledge of the dose there can be no
quantitative assessmentof the effects. This problem of estimating dose is one of the
things that distinguishes ecotoxicology from classicaltoxicology. In the latter the
dose and the route of intake are known because they are determined by the
experimenter, but in the former they can often be estimated only after much
investigation. It was perhaps in radiation protection and radiobiology that the
science of dosimetry was first givenits proper recognition.

The treatment of the subject in this chapter is strongly coloured by the
experience of the author in radiation dosimetry for radionuclides that enter the
human body. The concepts and knowledge for this situation are much better
developed than they are for the behaviour of chemical pollutants and in species
other than man. Nevertheless the 'radiation' approach is offered without apology
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92 Principles of Eco toxico logy

because it has proved to be practical and becauseit indicates the kind of
information, thinking, and procedures that could be useful for other pollution
problems.

Classically 'dose' was used to mean the amount of substance inhaled, ingested, or
absorbed through the skin by receptors, or the amount injected or administered.
This was called 'exposure' by the Stockholm Conference (U.N., 1972) which gave
the definition: 'exposure: the amount of a particular physical or chemical agent
that reaches the target.' A more recent definition of dose was given for use in
establishing dose-response relations for heavy metals (Nordberg, 1976), viz. 'the
amount or concentration of a given chemical at the site of effect.' To permit the
calculation of integrated dose as well as dose rate it is recommended that this
definition should have added to it, '. . . at all times following a single uptake or the
beginning of a chronic uptake.'

It is important at this point to begin distinguishing between intake and uptake.
Intake is the entry of a substance into the lungs, the gastrointestinal tract, or
subcutaneous tissues of animals; the fate of this material will be governed by
processes of absorption. Uptake is the absorption of the substance into extracellular
fluid. The fate of the material taken up will be governed by metabolic processes.
This distinction will be observed throughout the report.

Since it is rarely possible to measure the dose directly by non-destructive means
(except in the case of radionuclides emitting electromagnetic radiations) the dose
may be estimated by indirect means, such as:

calculation from the measured or calculated uptake and the retention equation;
measurement of the concentration in tissues or excreta and the calculation of

the amount in the body from excretion equations and 'standard' tissue
distributions. The commonest media for measurement are: blood, urine,
faeces, exhaled air, hair.

Some clues to methods of calculatingdoses may be obtained by consideringthe
units or dimensions in which the dose is expressed*.Dose rate is usually a function
of concentration and total dose is a function of concentration multiplied by time.
In the case of air pollutants such as oxides of sulphur or nitrogen the dose may be
expressed as the concentration inhaled x time of exposure. For systemic poisons
the dose will be concentration in the body (or organ) x the residence time. If the
concentration is constant, dose = concentration x time. If the concentration is not
constant, dose = mean concentration x time, or

Dose = f: C(u )du (5.1)

*Recently there have been proposals (Bridges 1973, 1974; Crow, 1973; Latarjet, 1976) to
describe doses of chemical mutagens in terms of the amount of X- or Y-rays producing the same
effect. The units 'radiquiv' or roentgen equivalent dose (RED) have been proposed. Although
some unifying concept is needed this particular one has been much critized in the light of
experimental results (Auerbach, 1975; Hahn, 1975).
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C(t) = q(t)m
(5.2)

where

C(u) ==concentration at time u
C(t) = concentration at time t
q(t) = amount of pollutant in massm at time t

m = massof body or organ

Standard values of m for man can be found in ICRP (1975) and for other animals in
Spector (1956) and Altmann and Dittmer (1972).

The body or organ content as a function of the time followingthe beginningof
intake may be calculated from the equation (Butler, 1972)

t

q(t) = fo I(~)Rit - nd~ (5.3)

where

q(t) =the amount of pollutant in the body or organ at time t
I(n =the rate of uptake at time ~

Rs(t - n=the fractionof a singleuptakeremainingaftertime(t - n

5.2. UPTAKE

The information required, as well as the amount available, about intake and
uptake is different for various biota and will be presented under four headings:
mammals, fish, plants (terrestrial), and plants (aquatic).

The mammal of greatest interest is man and for this species we have the largest
amount of information. For averagevaluesthe Reference Man data of ICRP (ICRP,
1975) are most useful.

Skin absorption of several potential environmental pollutants has been demon-
strated experimentally in man. A small proportion of the radioactive iodide applied
to human skin appeared in the thyroid gland (Harrison, 1963). Osborne (1966)
found that in workmen one-third of the total absorption of tritiated water (HTO)
vapour took place by way of the skin compared with two-thirds by way of the
lungs. Wahlberg(Dukes and Friberg, 1971) found that when compounds of several
metals in aqueous solutions were applied to skin the greatest absorption took place
from a tenth-molar solution for mercuric and chromate ions. All these findingsmay
be important for occupational health but it is difficult to conceive that
percutaneous absorption is an important route of exposure to environmental
pollutants for humans. More, needs to be known, however, about the magnitude of
this mode of uptake for aquatic animals.

The behaviour of ingested materials can be predicted on the basis of the
physiological model of Eve (1966), which was developed for radiation dosimetry
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(Dolphin and Eve, 1966). Accordingly,oneofits mainpurposeswasto giveaverage
residencetimesandconcentrationsof ingestedradionuclidesin eachsectionof the
gastrointestinaltract. This is of lessimportant for non-radioactivepollutants;for
theseit is essentialto havevaluesfor11, the fractionof ingestedpollutant whichis
absorbedinto extracellularfluids.Valuesof 11 for manyelements,includingthe
heavy metals, are givenin ICRP (1977a). For most organiccompounds such as DDT
and for metal-organic compounds such as methylmercury the value of 11 could be
taken to be near unity. This crude estimate of the total fraction taken up during
passage through the intestines is adequate for most calculationsof dose in terms of
organ concentration x time (long times). More detailed knowledge about the
circumstances of the ingestion may make it possible to modify the averagevalue of
11 (Forth, 1971). For calculations which require a knowledge of the maximum
concentration reached in a tissue at some time (short time) after a single ingestion a
more refined approach is needed (Goldstein and Elwood, 1971).

Terrestrial animals may be exposed to airborne pollutants of various kinds and
particle sizes (Fennelly, 1975). The fraction of inhaled particulate material that is
deposited in the parts of the respiratory tract varies with particle size and the
fraction absorbed from the tract into the body varieswith the chemical nature of
the aerosol. The ICRP Task Force on Lung Dynamics produced the 'Lung Model'
for Reference Man (Bates et aL, 1966). In this model inhaled substances were
divided into three classesaccording to the time they remained in the lungs: classD
(days), W(weeks), Y (years). The most recent version (ICRP, 1977a) of that model
is displayed in Figure 5.1 which represents the behaviour of particles with a median
aerodynamic diameter of 1 micron. The information in this scheme can be

T
R
A
C
T

Figure 5.1 ICRP lung clearance model. N-P =nasopharyngeal compartment,
T-B= techoebronchial compartment, P = alveolar compartment, L = lymphatic
compartment. (Reproduced by permission of Pergamon Press, Ltd., from ICRP,
1977a)

Class

Compartment D W Y

T f T f T f

N-P a 0..01 0..5 0..01 0..1 0.0.10..01

(D3 = 0..30.) b 0..01 0..5 0..4 0..9 0..4 0..99

T-8 c 0..0.10..95 0..0.1 0..5 0..0.10..0.1

(D4 =0..0.8) d 0..2 0..0.5 0..2 0..5 0.2 0.99

e 0..5 0..8 50. 0.15 50.0.0..0.5
P f n.o. n.o. 10. 0.4 to. 0..4

(Ds =0..25) 9 n.o. n.o. 50. 0.4 50.0.0.4

h 0.5 0..2 50. 0..0.: 50.0.0..15

L i 0.5 10 50. 1.0. 10.0.0.0..9
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Table 5.1 Fraction of Inhaled Material
Absorbed

Inhalation class

0
w
y

10 =0.48 + 0.15 II
Iw = 0.12 + 0.5 II
Iy = 0.05 + 0.6 II

displayed in another form (Table 5.1) more readily available for application. This
shows the amount absorbed into the body, quickly and slowly, for classesD, W,
and Y. The classification of substances into D, W, and Y behaviour is given in
Bates et al. (1966). Revisions to this classification are given for many inorganic
materials in lCRP (1977a). Most organic pollutants could be assumed to be of
classD.

This model was meant to be applicable to human beings but in the absence of
more pertinent information it might be used for other mammals. It should always
be remembered that this model applied to Reference Man as defined in ICRP
(1975) under normal conditions of light work in a temperate environment. There
can be significant departures from the quantitative model due to species and the
attendant differences in morphology. Within anyone species there can be variations
due to age, sex, state of health, and environmental conditions. For all these reasons
the numbers in the model should be used only when there is no information about
the individual(s)being considered.

The rate of uptake of pollutant by freshwater fish by the ingestion of
contaminated food has been shown to depend on both the maintenance metabolic
rate and on the rate of growth (Norstrom et ai., 1975). At 20°

I(t) = Cf(O.25 mO.8 + 2 dm)fl gjday
ing dt

(5.4)

where

I(t) =rate of uptake from the intestinal tract (gjday)
ing

Cf =concentration of pollutant in food (gjg)
m =body mass (g)

dm
- =rate of increase of body mass (gjday)dt

fl =fractional absorption from the gastrointestinal tract

The respiratory uptake of pollutant (methylmercury) through the gills of
freshwater fish was shown experimentally to be dependent on the metabolic rate
(de Freitas and Hart, 1975b). At 20°

l(t);;;; 1000Xmo.8x Cwx fr g/day
resp

(5.5)
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where

!(t) = rate of uptake through the gills(g/day)
resp

m =body mass (g)
Cw = concentration of pollutant in water (g/g)

fr = fractional absorption through the gills

The uptake of pollutants by terrestrial plants has been studied because it is a
first step in the transport to human beings through food chains. The approach used
for 90Sr was (Burton eta!., 1960) to develop the equation

C= PdFd + PrFr (5.6)
where

C=yearly average 90Sr/Ca ratio in cows' milk (pCi/g)
Pd = 'soil' factor
Fd = total accumulated deposit of 90 Sr in soil (mCi/km 2)
Pr = 'rate' factor
Fr = yearly fall-out rate of 90Sr(mCi/km2)

Calculations from field observations in 1958 gave values of Pd =0.15-0.2 and for
Pr =unity. From these values it is clear that foliar deposition is much more
important than uptake by the roots as the mechanism for contamination of the
forage plants. This approach has been much used by the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR) (U.N., 1964). It is
probable that for heavy metals also, foliar deposition is a more important route of
contamination than is root absorption (see NRC, 1973, for a summary). The
importance of deposition on the aerial part of mosses is so well recognized that
analysing mosses for pollutants is a useful method of assessingpast and present air
pollution (Goodman and Roberts, 1971).

In higher aquatic plants the uptake of water-borne pollutants by stems and
leaves is much more important than the absorption from sediments by the roots
(Eriksson and Mortimer, 1975). The rate of uptake from the water of both
inorganic and methylmercury by growing aquatic plants (Elodeadensa) can be
expressed as

[Hg] plants =3000t
[Hg] water

where t is the duration of growth in days. This relation was found to hold for water
concentrations rangingfrom 1-10,000 ng/l (Mortimer, 1976).

5.3. RETENTION

Equations describing body or organ content as a function of time are needed for
Rs(t) in equation (5.3) and in the excretion equations to be presented later. The
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most direct way to determine retention equations is to introduce the substance into
the man, animal, or plant in a short period of time and measure the amount
remaining at intervals thereafter until the amount retained has declined by several
orders of magnitude. For experimental animalsand plants the measurements can be
made by analysis of the tissues after excision; for man and some experimental
organisms it can be done by external counting of the -y-rays emitted by a
radioactive tracer. When the amount retained on day T, Rs(T), is plotted against
time a die-away type of curve is obtained. Further analysismay show either of the
following:

(a) A plot of log Rs(T) against time may give a straight line or two or more straight
lines joined by curved portions. The general equation describing this result is

Rs(t) =qo"LKje-f3jt
j

(5.7)

where

qo =the amount administered (retention at time 0)
{3j=the slope of each segment

Kj =the coefficient of each term such that "LKj= I
j

The number of terms in the equation and the valuesof Kj and (3jfor each term are
determined by the standard procedures of curve fitting. It will be found that the
number of terms varies from one to five depending on the metabolic behaviour of
the substance in the organismunder investigation.
(b) A plot oflogRs(T) against the log of time may yield a straight line over some
intermediate range of times beginning at a few hours or days. The equation for such
a straight line is of the form

Rs(t) =qoeb(t + e)-b (5.8)

where

e =a constant with a value between 0.1 and 4

b =a positive number <1

With man and experimental animals, if the amount of substance remaining in the
body cannot be measured a retention equation may be obtained by measuring the
total amount excreted per unit time. The results, plotted against time, may show
the same two possible types as above

(a) Es(T) =qo"Lkje-f3jT
j

(5.9),

where

kj =Kj{3j

(b) Es(T) =qo x aCT+ e)-(b+1) (5.10)
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where

a =bE-b.

The retention equation can then be obtained by integrating the excretion
equation which gives

(a) equation (5.7) and
(b) equation (5.8).

Examples of retention equations obtained in this way are:
tritiated water in man,

0.693
--t

Rit) = e 10 (ICRP, 1977a)

lead in man,

0.693 0.693 0.693
--t --t --t

Rs(t)=0.7e 12 +0.17e 180 +O.13e 12000

cobalt in man,

(ICRP,1977a)

0.693 0.693 0.693 0.693--t --t --t --t
Rs(t) =0.5 e 0.5 + 0.3 e 6 + 0.1 e 60 + 0.1 e 800

(ICRP, 1977a)
strontium in man, a combination of (a) and (b) types,

Rs(t) = 0.4 e-o.25t + 0.45 (t + 0.2)-0.18 (0.55 e-6.6 x to-St

+ 0.45 e-2.65 x lO-4t)

methylmercury in fish,

(Marshallet al., 1973)

-0.58
Rit) = e-O.029m t

m = body mass, in grams

methylmercury in aquatic plants (Utricularia and Elodea),

(de Freitasetal., 1975a)

0.693 0.693
--t --t

Rs(t) =0.4 e 140 + 0.6 e 700 (Mortimer and Kudo, 1975)

There have been studies of the variation of retention time with mammalian

species (see, for example, Stara et al., 1970). It has been found that the longest
half-life for the retention of caesium, i.e. that for the third exponential term, T3,
increaseswith body weight according to the equation

T3 =2mO.35 (Stara et al., 1970; Guillot, 1972)
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Two comments can be made about these retention equations:

The type of equation shown for strontium in man (a product of a power
function and an exponential) is difficult to integrate and therefore it is
preferable to use a retention equation which is a sum of exponentials for
substitution in equation (5.3).

In carrying out the research to develop a retention equation it is important to
make a special effort to determine the last term or two (with the slowest rate
of loss) accurately. When the equation is integrated to calculate dose these
'slow' terms make the greatest contribution to the integral.

One organ or tissue of the body may be affected most by the uptake of a
pollutant, in which case it may be called the critical organ. There are a number of
possible reasons for such a designationin that the organ may:

(a) receivethe highest dose;
(b) be the most easilydamaged;
(c) be the most important to the body.

It is important to have the same kind of retention function for a critical organ as
those shown above for whole organisms. If this information is not available one
should know what fraction of the body content is in the critical organ. If this
fraction is Fe then the retention function for the critical organ is assumed to be
Fe XRs(t). It may happen that one of the exponential terms in a retention equation
can be identified with retention in a particular organ. For example, for iodide,

0.693 0.693
--t --t

RsCt)=0.7 e 0.35 + 0.3 e 100 (ICRP, 1968)

and the amount in the thyroid gland at any time t is represented by the second
term of the equation.

5.4. EXCRETION

From the (above) description of how the equations for Rs(t) are determined it
will have been realized that the relation between retention and excretion equations
for a single uptake is

d I

YsCt) =- dtRs(t) =-Rs(t)
where

YsCt) = the fraction of the original uptake excreted per day on day t if t is in

days

(5.11)

Eit) =qo x fit) (5.12)
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where

Eit) =the amount excreted per day on day t

For a prolonged uptake the equation developed by Butler (1972) for the rate of
excretion is

E(t) = - f: 1(~)R~{t- nd~ (5.13)

This comes from equation 5 of Butler (1972) and has the term for radioactive
decay omitted.

The body contentmaybe calculatedfromthe amountexcretedwiththe helpof
equation (5.12) or (5.13). Es(t) is measured and Rit), R~(t), and Ys(t) are
known; therefore qo or l(t) may be calculated. If qo is substituted into
equation (5.16), or l(t) into equation (5.20), the dose may be calculated. In the
case of monitoring contaminated workers, this may be the only method possible.
Since only one route of excretion, usually urinary, is monitored at one time it is
necessary to know the fraction of the total excretion that takes place by each
route. This information is given for Reference Man for about thirty elements in
ICRP (1975), chiefly the fractions excreted in urine and faeces. These fractions
may not be constant with time as was found in the case of technetium (ICRP,
1977b) and methylmercury (Miettinen et al., 1971). Sometimes the concentration
of a heavy metal in hair can be measured to calculate the concentration in the body,
for example, the concentration of methylmercury in hair is 300 times that in blood
(Expert Group, 1971).

5.5. PATTERNSOFUPfAKE

In real life four main patterns of uptake, depending on the times and routes of
intake, are encountered. They are illustrated in Figures5.2, 5.3, 5.4 and 5.5. The
equations for retention and excretion are slightly different for each case so they
will be presented in turn.

()-

Figure 5.2 Single uptake. (Reproduced by permission of
Pergamon Press, Ltd., from ICRP, 1971)
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Figure 5.3 Chronic uptake. (Reproduced by permission of
Pergamon Press, Ltd., from ICRP, 1971)
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Figure 5.4 Declining uptake resulting from initial contamin-
ation of the lungs or a wound. (Reproduced by permission of
Pergamon Press, Ltd., from ICRP, 1971)

--- (:}-

0 T 0 T
tt

Figure 5.5 Several uptakes in a limited period. (Repro-
duced by permission of Pergamon Press, Ltd., from ICRP,
1971)

(i) Single Isolated Uptake

If there is a short-term uptake of qo at time 0 and if, thereafter, I(t) = 0, then

q(t)=qoRit) (5.14)

E(t) = qo x Ys(t) = -qoR~(t) (5.15)

The dose during time v

= qo JovRs(t) x Hdt

where R is a dose coefficient.

(5.16)
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(ii) Chronic Uptake

If the intake continues at a steady rate

I(t) =a constant I

q(t) =I J; Rs(u)du (5.17)

E(t) =II: Yiu)du (5.18)

If the intake continues for a long time the rate of uptake is balanced by the rate of
loss and the body content becomes constant at

q =I I000 Rs(t)dt (5.19)

In this situation the annual dose

=q x 365 x H= 365 I Jooo Rs(t)dt x H (5.20)

and the total future dose (Dose Commitment - see below) from a year of uptake

=365 I Jooo Rs(t)dt xH

which is identical with equation (5.20). This is the basisof the theorem, important
in assessing environmental pollutants: 'Under conditions of constant intake and
constant body content, the Dose Commitment from a year's uptake is numerically
equivalent to the annual dose.'

(ill) DecliningUptake Followinga SingleExposure

There may be a short-term intake of insoluble contaminant to the body resulting
in an initial deposition (e.g. in lungs or in subcutaneous tissue) followed by a slow
uptake to extracellular fluid. The case of greatest practical interest is the inhalation
of a classW or Y substance and the subsequent movement from the lungs into the
systemic circulation. According to the lung clearance model there will be a rapid
uptake occurring within a day or two followed by a slow uptake, directly from the
lungs and indirectly from the gastrointestinal tract. According to the lung clearance
model (Figure 5.1), the rapid uptake can be formulated as

qo = O.3a+ 0.08e + (O.3b+ 0.08d + 0.25[)[1

and the slow uptake can be formulated as (approximately)

I(t) =0.25L'(t)(e + h +g[l)
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where

, d ,
L (t) = - x L(t) =Ae tdt

L(t) =e-I\t

0.693 0.693
A=- for class Wand - for class Y

50 500

Since the parameters for class Wand Yare different they are given separately.

ClassW

qo = 0.7 + 0.41 11 of that inhaled

0.693
--t

let) = 3.5 x 10-3 (0.2 + 0.4 11)e so

ClassY

qo = 0.004 + 0.48/1

0.693--t
let) = 3.5 x 10 -4 (0.2 + 0.4 11)e 500

Then the total amount in the systemic metabolism of the body at any time t will be
givenby substituting qo in equation (5.14) and let) in equation (5.3) and adding.

This approach could also be used to calculate the effective toxic concentration
of DOT or PCB when it moves out of the adipose tissue reservoirduring starvation
or exercise (Findlay and de Freitas, 1971; de Freitas and Norstrom, 1974). But
more information is needed about the rates of migration and metabolism of these
compounds.

(iv) SeveralUptakes in a LimitedPeriod

In practice it is not uncommon to encounter repeated and unequal exposures in
some period of interest such as a year. If these are well separated in time (by 3 or 4
half-lives) each one can be considered as a single uptake, evaluated according to
equation (5.14) and summed for the period of interest. If, however, the uptakes
overlap a different approach is needed. It is simplest to consider the total uptake A
in the period T days giving an averagedaily rate of uptake of A/T. The equations
describing the body content at various times are givenin Butler (1972). The one for
the end of the period Tis

A
f

T

q(T) =T 0 Rs(u)du
(5.21 )
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The corresponding equations for excretionandintegraldosearealsotobefoundin
Butler (1972).

5.6. DOSECOMMITMENT

Since doses of environmental contaminants and their concomitant harm or

detriment to a population are to be used to measure the cost of the practice causing
the contamination, they must be estimated quantitatively as a function of the
~peration. Most results of human activities are audited annually; doses and
detriment are no exception but in some cases the yearly audit will not provide an
adequate measure.

In an environmental situation there may be many possible sources each emitting
a number of possible pollutants. From the point of view of calculating doses and
harm the types of releases and pollutants may be considered as follows:

Release Contaminant

A. Single
{

I. Short-lived
2. Long-lived

{

I. Short-lived

2. Long-lived
B. Continued

For case A.l the annual dose will encompass the total and will be adequate to
assess the total detriment. For the other three cases the estimates must extend
beyond one year and for these cases UNSCEAR developed the concept of 'Dose
Commitment'. Although that Committee used the concept for assessingthe total
effects of detonating a nuclear weapon, the concept has many other potential uses
in evaluating the results of some activity that contaminates the environment. The
assessmentof effects beyond one year may be necessarybecause:

the amount of the practice may increasein the future;

the pollutant may persist in the environment long after its release;

the pollutant may be produced in the environment long after the release of its
parent substance, e.g. methylmercury;

the pollutant may remain in the body of the receptor long after its intake;

the biologicaleffects may be expressed long after the initial intake.

The foregoing summarized the reasons for estimating 'Dose Commitment'; the
essential steps in the process will now be reviewed.Details of the individual steps
have already been presented in the chapter on Environmental Transport, and in the
earlier part of this chapter on calculations of doses to Reference Man. The
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information required for calculating 'Dose Commitment' usually consists of
monitoring data, varying in time and space, on sources, pollutants released,
receptors and information from research on the organs and processes of the
receptor affected by the pollutant. When it is realized that each of these elements
has multiple possibilities, some appreciation of the complexity of the assessment
emerges. For simplicity of presentation the sequel will consider only a single
possibility for each element and will treat the four cases displayed above, viz.A.I
and 2, B.1 and 2.

Earlier in this chapter it was shown how in principle the content of pollutant in
the receptor could be calculated from the rate of intake and the retention function
(equation 5.3). As modified for the present purpose the equation would be

t

q(t) = fo I X C(r) x A x Rs(t - r)dr (5.22)

where

q(t) =the amount in the body or organ
I =the amount of air, water, or food taken in per unit time

C(r) =the concentration of pollutant in the medium taken in at time r
A =the fractional absorption to the blood of the pollutant ingested or

inhaled
Rs(t) =the fraction retained in the body at time t after a singleuptake

Some pollutants can be metabolically detoxified (by conversion or excretion) at
an appreciable rate. In these cases, if there is no accumulation of subclinical effects,
no effect will result until the concentration of pollutant in the receptor, q(t)fm,
exceeds its detoxifying capacity, i.e. exceeds a critical concentration (threshold).
There would therefore be a threshold dose and the effective dose would be the

tissue concentration minus the critical concentration or threshold. Equation (5.3)
would be appropriate for calculating the tissue contents relevant to an acute effect
resulting from this situation.

For other pollutants such as radioactive substances, and possibly some heavy
metals, the relevant dose is the time integral of tissue concentration, i.e.

D(v ) =f v q(t)
-dt

0 m (5.23)

where

D(v) = the dose deliveredin time v

q(t) is defined in equation (5.22)

m = mass of tissue
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The calculation and integration of q(t) for the fourcasesA.I and2, B.I and2, will
now be discussed.

Case A.I. The total intake from a single release of short-lived material should
take place in a time much shorter than a year. Thus the total dose can be calculated
from equations (5.3) or (5.14) by integrating the latter over any time from one year
to infinity, all giving the same result. In other words the annual dose is the same as
the 'Dose Commitment'.

CaseA.2. Even from a single release, an appreciable fraction of the pollutant
may persist in the environment beyond one year; it is usually assumed, however,
that it does not persist beyond three decades. To calculate the total effect (dose) it
is necessary to carry out the integration of equation (5.23) beyond one year; it is
usually integrated to infinity.

Case B.1. With continuous release of a short-lived pollutant C(T), the rate of
uptake and the body or organ content become constant after a time equivalent to
three or four effective half-lives.When this condition is reached the yearly dose
from the constant content becomes equivalent to the total dose, integrated to
infinity from a year's uptake. Earlier in the chapter this proposition was
demonstrated algebraically; it makes it possible to calculate annual doses from a
knowledge of either the constant body content or the constant annual uptake. This
state of affairs is the one most frequently assumedby UNSCEARin its calculations
of annual doses and 'Dose Commitments'. For a constant practice the total dose for
the duration of the practice is calculated by multiplying the constant annual dose
by the number of years the practice is expected to continue.

Case B.2. In this case the annual dose is not all-inclusivenor does it become
constant. Because the pollutant, constantly produced, persists in the environment
for a very long time, C(T), the rate of uptake and the total dose continue to increase
without limit. It is important yet difficult to decide over what period the
integration of equation (5.23) should be carried out. The only possibility is to guess
how long the practice will last and use this time as the limit of integration.

The foregoing has explained how to calculate annual or total expected doses for
an individual from a knowledge of his mass, intake, uptake, and retention. It is not
practicable to know these things about all individualsbeing exposed but fortunately
it is not necessary since the assessment of harm or detriment is concerned with the
total response. It is calculated by multiplying the average dose received by an
individual by the number of individuals receiving it. The product so obtained is
called the collective dose; if it is an annual dose the product is called the annual
collective dose; if it is the total expected dose the product is called the collective
dose commitment.

To calculate these collective doses the procedure is the same as for an individual
(equation 5.23) except that the values or formulae used for I, A, m, and R(t) are
averagesfor the population at risk. Since C(T)may not be reported as a continuous
function but sometimes as an integral to infinite time it is preferable to rewrite the
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dosimetric equation as

f ooq(t) IxA f
oo

f
oo

D(co) = -dt =- dt C(r)R(t - r)dr0 m mOO

I: A Jooo(C(DdS-) (fooo R(1/)d1/)
(5.24)

where

S-= t-r

1/=r

The average total dose calculated from this equation is multiplied by the number of
individuals in the population to give the collective dose commitment, the total of
all doses to the whole population for all time.

Such a summation is possible in this straightforward way only if there is a
constant proportionality between effects and doses and if there is no dose without
an effect (threshold dose). The ICRP assumed these conditions for making
recommendations about lifetime radiation doses to workers. They further assumed
that each unit of dose had the same effect regardlessof the rate at which it was
received. For calculating collective dose commitments UNSCEARmade the same
assumptions.

This concept of collectivedose commitment was developedfor, and is applicable
to, the stochastic* effects of irradiation. It is probably also applicable to single
releasesof persistent heavy metals such as lead and mercury. It may also be used for
the release of shorter-lived pollutants by a process that goes on for a very long time
without any foreseeable termination. It would be interesting and probably
profitable to search, by epidemiologicalresearch, for other pollution problems that
lend themselves to this kind of assessment.

5.7. SAMPLE CALCULATIONS OF DOSE, DOSE COMMITMENTAND HARM
COMMITMENT

It will be helpful to the reader to illustrate the foregoingprinciples by using real
data to calculate doses of interest in protecting human populations. Two caseswill
be discussed: the aerial release of radioactive iodine and the aquatic release of
mercury.

*ICRP (1977c) defined stochastic effects as those for which the probability of the occurrence
rather than the severity varies with dose and for which there is no dose without an effect
(threshold).
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(i) Radioactive Iodine

Isotopes of iodine are among the most abundant products of nuclear fission in
uranium and plutonium. Beinggaseousthe iodines may escape and contaminate the
air around nuclear reactors or fuel reprocessingplants. It will be sufficient to base
the calculations on one isotope of iodine, viz. 131I with a radioactivehalf-life of 8
days. Metabolicdata for a child 1-4 years old (MRC,1975).

mass of thyroid gland, 1.8 g
fl,1
biological half-life of iodine in thyroid, 23 days
fraction of iodine in blood deposited in thyroid, 0.35
milk intake, 0.7 l/day

Chronic releaserate of 1 Ci/yr at ground level (ICRP, 1977d):

air concentration at ground zero, 0.27 pCi/m3
above surface food crop at 1 km, 320 pCi/m2
pasture grassat 1km, 310 pCi/m2
milk concentration at 1km, 120 pCi/l
Rate of uptake to thyroid = 0.7 x 0.35 x 120 pCi/days =29.4 pCi/day

-O.693(~ +~ )t

Rlt)=e 238 =e-O.117t

J
00 29.4

Constant thyroid content =29.4 e -O.117t dt =- =251 pCi
0 0.117

251
Concentration x time (1 year) = - x 3651.8

251 x 365
Radiation dose =- x 51 x 0.23 x 10-6 (ICRP, 1977d) = 0.6 rads/yr1.8

Singlereleaseof 1 pCi at ground level(ICRP, 1977d):

milk concentration at 1 km, 1.3 pCi-days/l

1.3 x 0.7
integrated thyroid concentration = x 0.35 pCi-days1.8
radiation dose =0.18 rads

Lifetime risk of thyroid cancer from irradiation in childhood ~ 200 cases per rad
per million people exposed including about 7 fatal cases/M/rad (U.N., 1977).
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(ii) Methylmercury

The situation for which calculations will be made results from the release of

inorganic mercury (HgO, Hg+ or Hg2+) into water, its concentration in sediments,

bioconversion to monomethylmercury (CH3-Hg+), release of CH3-Hg+ to the
water, followed by its uptake and bioconcentration in fish. When man eats the fish

the CH3-Hg+ is further concentrated in the human body.
The concentration in fish is calculated for the Ottawa River at Ottawa (Ottawa,

1976).

velocity of flow = 17 Km/day
area of sediment in 17 Km=17 X 106 m2

volume of flow =1.5 X lOllI/day

Rate of CH3-Hg+ production by sediment =2 ilg/m2 /day (Langley, 1973)

:. Concentration of CH - Hg
+.. 17 X 106 x 2 x 10-6

3 mnver=-
1.5 x 1014

= 2.3 X 10-13 gig

Uptake rate = 2 x 1000 x mO.8 xC pw
= 2000X 100°.8 x 2.3 x 10 -13

=20 ng/day for a 100 g fish

(5.25)

Rs(t) for a 100 g fish = e-O.OO2t (de Freitas et al., 1975a)

:. at equilibrium
= 20

q(t) = 20 r e -0.002t dt =- = 10 000 ngJo 0.002'

Concentration of CH3-Hg + in a 100 g fish =100 ng/g =0.1 ppm

From studies of Japanese fish-eaters some of whom suffered from poisoning
with CH3-Hg+, it was found that there were no symptoms with blood levels below
0.1 ilg/g of whole blood or 30 ilg/g of hair (Skerfving, 1972). It was also found

that 10% of the CH3-Hg+ in the body was in the blood (Miettinen et aI., 1971)
(volume = 5,500 mI).

:. 0.1 ilg/g blood corresponds to a body content of 0.1 x 5,500 x 10 ilg = 5.5 mg

Rs(t) = e-O.Olt(SCOPE, 1977)

f
= I

q(t) at equilibrium = I e -0.01 t dt = -
0 0.01

I
If-= 5.5 mg,I= 55 j1g/day0.01
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If the subject eats x g of fish per day the concentration ofCH3-Hg+ in fish to give
an equilibrium concentra tion of 0.1 J.1g/g blood = 55/x ppm.

5.8. CONCLUSIONS

1. With a knowledge of the rate of uptake and the retention equation of a
pollutant, it is possible to calculate the body content and its time integral
(dose) for the four patterns of exposure actually encountered.

2. There are metabolic models for the uptake by man resulting from ingestion
and inhalation. Similar models are needed for other receptors.

3. The application of the dose commitment concept requires that the
dose-effect relation be of the 'linear non-threshold' type. This concept
becomes more difficult to apply as the period of release, the time of
disappearance, and the latent period of effects of the pollutant become
longer.

4. From two examples it can be seen that, when adequate data are available, it
is simple to calculate the dose, dose commitment, and harm commitment
resulting from the release of a contaminant to the environment.
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