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__--Radiation dose is the amountof radiationenergydepositedper unitmass

of absorbingtissue. Internaldosimetryappliesto assessmentsof dose to

internalorgansfrompenetratingradiationsourcesoutsidethe body and from

radionuclidestakenintothe body. Dosimetryis essentialfor correlatingenergy

depositionwith biologicaleffectsthat are observedwhen livingtissuesare

irradiated.Dose-responseinformationprovidesthe basisfor radiation

protectionstandardsand riskassessment.

Radiationinteractionswith livingmattertake placeon a microscopicscale,and

the manifestationof damagemay be evidentat the cellular,multi-cellular,and

evenorganlevelsof biologicalorganization.The relativebiological

effectivenessof ionizingradiationis largelydeterminedby the spatial

distributionof energydepositioneventswithinmicroscopicas well as

macroscopicbiologicaltargetsof interest.The spatialdistributionof energy

impartedis determinedby the spatialdistributionof radionuclidesand

propertiesof the emittedcharged-particleradiationinvolved.The nonuniformity

of energydepositioneventsin microscopicvolumes,particularlyfromhighlinear

energytransfer(LET)radiation,resultsin largevariationsin the amountof

energyimpartedto verysmallvolumesor targets. Microdosimetryis the studyof

energydepositioneventsat the cellularlevel. Macrodosimetryis a termfor

conventionaldose averagingat the tissueor organlevel. In betweenis a level

of dosimetrysometimesreferredto as multi-cellulardosimetry.The distinction

betweenthesetermsand theirapplicationsin assessmentof dose from internally

depositedradionuclidesis described.
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INI_ODUCI_ON

"In the Beginning there was ... Energy/"
o

Radiation dosimetry is the study of energy deposited in matter by ionizing

radiation. The amount of energy deposited per gram of absorber is determined

either by direct measurement, or by calculation when direct measurements are not

possible. Internal dosimetry is the science dealing with analysis and

measurement of radionuclides taken into the body and the assessment of radiation

doses to internal organs and tissues. Occupational exposures to radiation may

involve both external and internal exposures. In such cases, doses to internal

tissues are evaluated separately, but the total health detriment is considered to

be an additive function of the two types of exposures. Systems for dose

limitation are based on the sumof the dose to internal organs from external and

internal radiation sources (ICRP 1977).

Dosimetry studies are conducted to determine fundamental relationships between

energy deposition in biological tissues and resulting endpoints (radiation-

induced damage, or biochemical changes). The information provided by dosimetry

provides insight into the effects of radiation on living systems. Concepts of

dosimetry are useful for correlating microscopic patterns of energy deposition

with short-and long-term biological effects that result. An understanding of

energy deposition at the molecular level can help us understand the basic

mechanisms of radiation interaction that lead to specific types of damage. This

understanding can help us better predict the risks associated with radiation

exposure.

Purpose

The ultimate objectiveof dosimetryand microdosimetry,as applied to radiation

protection and radiobiology,is to establishdose-effectrelationshipsthat will

be helpful for settingappropriateradiationprotection standards. The purpose

of this chapter is to provide a brief review of concepts of dosimetryand to show

that the basic principlesof dosimetryare the same at the cellular level as they

are at the organ level. The differencesare primarily in the size of target and
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the way results are expressed. This review will show how dosimetryprovides

understandingabout the relationshipbetweenthe microscopicdistributionof dose

at the cellular level and resultingbiological effects.

LEVELS OF DOSE ASSESSMENT

"And there was Mass, both large and small, in the Universe..."

The prefixes "micro"and "macro"stem from the Greek mikros, meaning "small,"and

makros, meaning "large." They are used in the contextof microdosimetryand

macrodosimetry,or small-scale(cellular-level)and large-scale(organ-level)

doslmetry. Microdosimetryutilizesrandom (or stochastic)variablesto describe

energy deposition in microscopictargets,such as cells and cell nuclei.

Macrodosimetryignoresthe detail of energy deposition and involvesonly an

assessmentof the averagedose to an organ, tissue, or the whole body.

Microdosimetricvariablesincludethe concepts of specific energy and lineal

energy,which correspondto the nonstochasticquantities in macroscopicdosimetry

of absorbed dose and linearenergy transfer. These quantitiesare defined later

in the text.

The concepts of micro- and macrodosimetrymay be expanded to four distinct levels

of dose assessment in the radiologicalsciences: Org&n, tissue/sub-organ,

cellular/nuclear,and sub-nuclear(Table I).

Organ Level

Radiationabsorbeddoses are commonlydetermined for the major organs and the

whole body using conventionaldose-averagingor macrodosimetry. The total energy

deposited in the organ over time throughcomplete decay is divided by the mass of

the organ. Contributionsto organ dose from penetratingradiationsfrom other

organs or outside the body are includedin the total organ dose. The schema

developed by the Medical InternalRadiationDose (MIRD)Committeeof The Society

of Nuclear Medicine provideorgan-levelestimates of dose for medically



administeredradionuclides.Epidemiologicalstudiesrely almostexclusivelyon

organor whole-bodydoseestimates.
i

Althoughconventionaldose averagingaccountsfor manycomplexphysicaland

biologicalfactorsthat influencethe radiationenergyimpartedto organsof the

body,it does not, however,fullyaccountfor nonuniformlydistributed

radionuclidesin individualorgansor for inhomogeneousdose distributionswithin

organs. Neitherdoes it provideabsorbedfractionsfor beta-particleemittersin

smallorgansor deal at the subcellularlevelwith specificenergydistributions

for alpha-or beta-emitters.

Tissue/Sub-organLevel

The nonuniformdistributionof radionuclidesin biologicalsystemsproduces

nonuniformenergydepositionat the cellular,multi-cellular,and tissueor sub-

organlevels. The "localized"absorbeddose from nonuniformsourcedistributions

variessignificantlyfromthe whole-organaveragedose. Therefore,radiation

absorbeddosesare oftenevaluatedseparatelyfor specifictissueswithinlarger

organs. This levelof dosimetryinvolvesdose-averagingon a smallerscalethan

whole-organdosimetry,and is sometimesreferredto as "small-scale"or "multi-

cellular"dosimetry.

Multi-cellulardosimetrydescribesregionalvariationsin absorbeddose in smali

volumesof tissueconsistingof manycells. It is usuallyappliedto the

dosimetryof internallydepositedbeta-emitters,and may involvethecalculation

of isodosecurvesdescribingvariationsin the localabsorbeddosewithposition

or distancefrom a referencepoint.

Two examplesof dosimetryat the sub-organlevelare the assessmentof absorbed

dose to the bronchialepitheliumof the respiratorytractfrom inhaled

radionuclidesand the assessmentof dose to bone surfacesfrom bone-surface-

seekingradionuclides.

The firstexampleinvolvesinhaledradonprogeny,whichdepositon mucosal

tissuesin the nasal-pharyngealregion,in the trachea,on bronchialairway

4
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surfaces, and to somedegree in the pulmonary (deep lung) regions of the

respiratory tract, but deposition probabilities are quite different for each of

these regions. Probabilities of radiation-induced cancer also vary by region,

and are related to dose distribution. Thus, it is important to assess dose to

specific regions (and even specific cell populations) of the respiratory system.

The second example involves bone-seeking radioelements, which deposit selectively

on bone surfaces (e.g., plutonium, americium) or uniformly throughout bone

mineral volume (e.g., calcium, radium, strontium, uranium). The average dose to

radiation-sensitive osteoprogenitor cells on bone surfaces from plutonium is much

greater (and more relevant to biological effects) than is the average dose to
total bone volume.

Other examples of small-scale or multi-cellular dosimetry may be cited. One is

the assessment of skin tissue doses from highly localized beta-particle sources

and the expression of dose variations within small tumors. In these examples,

the average dose is highly variable within specific tissues over short distances.

Other examples of small-scale or multi-cellular dosimetry include assessment of

dose to bladder walls from radionuclides in fluid contents, and dose to lining

cells of microvilli in the intestinal tract.

Cell ul ar/Nuclear Level

The biological significanceof microscopicdistributionsof radiationenergy in

the single cell has long been an importantand fascinatingresearch topic in

radiation biology. Dosimetryat the cellular level accounts for the statistical

aspects of alpha particletrack structure,energy distributionpatterns and

interactionswith cells and cell nuclei,and radionuclidedistributionswithin

tissues.

"Microdosimetry"is the term used to describe the process involved in determining

the statisticaldistributionof energy deposition in very small targets such as

cells and cell nuclei. It provides a method for determiningthe number and

frequencyof cells irradiated,the probabilitydensities in specific energy,and

the average dose deliveredto cells or cell nuclei in the target tissue.

5
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Microdostmetry should not be confused with "microdistributton" analyses used for

describing the relative concentration of point sources (i.e., their activity) per

unit volume as determined from autoradiography. Microdistribution studies

provide important input to microdosimetry calculations.

Sub-Nuclear Dosimetry

The ionization (and excitation) of biomolecules lead to chemical reactions and

recombinations of molecules that ultimately produce alterations in the

composition and organization of sub-cellular microscopic structures (DNAand

chromosomes). All radiation effects, therefore, begin at the molecular or sub-

nuclear level of biological organization. Whentarget diameters are less than 1

micrometer, dosimetry is sometimes referred to as "nanodosimetry."

As early as 1922, Dessauer tried to explain the biologicaleffects of ionizing

radiationby theorizingthat the inactivationof "biologicalmolecules" increased

exponentiallyas a functionof dose (Dessauer,1922). This conceptwas expanded

by Lea (1956) as "targettheory," which assumedthat the inactivationof

moleculeswas caused by a direct hit from ionizing radiation. It was later

learnedthat multiple targetswithin the single cell were inactivatedby the

incidentradiation. Some radiationeffectswere found to be the result of the

chemical formationof highly reactive free radicals,which oxidized important

biomolelculesin the cell and caused "indirect"radiationdamage.

The exact mechanisms of radiationdamage leading to different kinds of sub-

nucleareffects are still largely unknown. However, much progress has been made

in our abilityto describe the energy imparted by ionizingradiationat the sub-

nuclear level of biologicalorganization.
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DOSIMETRIC QUANTITIES AND UNITS

"... and the Energy was deposited in Mass, and the mean ratio of

Energy to Mass was called 'Absohbed Dose' ..."

Definitions of dosimetric quantities and units are given in ICRU Report 51 (ICRU,

1993). Physical quantities are properties that can be quantified by measurement

or calculation. Units are the standard measures associated with each quantity.

For example, absorbed dose is a physical quantity defined in units of joule per

kilogram (J kg'l). Someof the more important quantities and units in macro- and

microdosimetry are given below.

Absorbed Dose

In simple terms, the absorbedradiationdose, D, is a nonstochasticmeasure of

the amount of mean energy,E, depositedper unit mass, m, of the absorbing

material, or

D = Elm (1)
The absorbeddose D is actually a statisticalmean value. It is a generally

applicablequantity for describingthe average dose to organs or to the total

body. By formal definition,the absorbeddose, D, is the quotient of dT by dm,

where dE is the mean energy impartedby ionizingradiationto matter of mass dm.

D - dT/dm (2)
The absorbed dose is expressed in units of J kg-1, and the specidl name for the

unit of absorbed dose is gray (Gy), where 1Gy = 10 kg"1 (ICRU, 1993).

Limitationsof the AbsorbedDose Concept

' For most purposes in radiationprotection,radiationbiology, and medical

radiationtherapy, the average dose to tissue is an adequate parameterfor

evaluating biologicaleffectivenessof radiation exposure. However, the use of

dose averagingover large masses may not be appropriateif the objectiveis to

better understand the specificeffectsof different kinds and distributionsof

radiation energy impartedto cells and cell nuclei.
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Internally deposited radionuclides distribute nonuniformly in tissue. Radiations

(alpha and beta particles) emitted by radionucltdes in the body produce

nonuniform energy depositio_ns in the form of toni_ations and excitations along

particle tracks. Charged-particle ranges are short, and the host organ or tissue

is seldomirradiateduniformly.The importanttargetis usuallynot the organas

a whole,but ratherindividualcellsor nucleiwithincells. Sinceradiation

effectsbeginat the cellularlevel,the variationin dose to individualcells

will leadto a widevariationin effectsat the cellularlevel. Conventional

dose-averagingneglectstrackstructuredetails,targetcell characteristics,and

fluctuationsin dose to microscopicunits(cellsand cell nuclei). These

distributionsare bestdescribedusingmicrodosimetricquantities.

SpecificEnergy

The specificenergy,z, is a stochasticquantityused in microdosimetry.It has

unitssimilarto absorbeddose (I Gy = I J kg'1). Specificenergydescribesthe

dose to a very smalltargetin termsof the ratioof energyand the massof the

site. Specificenergyimpartedis definedin ICRUReport33 (ICRU,Ig80)as the

quotientof ( bY m, wheree is the energyimpartedby ionizingradiationto

matterof massm in a verysmalltarget.

z m e/m (3)
The meanspecific energy, 3, is the absorbeddose, D,

= O (4)

and the absorbeddose, D, is equal to the limit of _"as the mass, m, approaches
zero.

D - lim _ (S)
m-+o

Thus, the absorbed dose is defined as a point function to allow absorbeddose to

be expressed in terms of spatial variation in D at the multi-cellular level.

This is purely a theoretical concept; the absorbed dose may be calculated but not

measuredat a point having zero mass.

The specificenergyimpartedto a smalltargetmay be due to one or moreenergy

depositionevents. An exactvalueforthe specificenergycannotbe predicted

for a microscopicvolumeof tissueor a cellnucleus,even underfullydefined

8



irradiation conditions. Instead, the possible values of the specific energy are

described by a probability density, f(z).
0

The probability density in specific energy, f(z), also tncludes the probability
that no energy is deposited in a site, or z = O. This component,called the

delta function, _, is the fraction of unirradiated sites.

= e-M, or M = -ln _ (6)

where M is the meannumberof hits per site. The delta function is a useful

parameter for interpreting microdosimetric distributions and the results of

radtobiology experiments.

Linear Energy Transfer

The point function defined for absorbeddose mayalso be used to describe the

distribution of absorbeddose in linear energy transfer at a point of interest.

Linear energy transfer (LET) or linear collision stopping power, L, of an

absorbing material, for a charged particle, is the quotient of dE by d7, where dE

is the meanenergy lost by the particle, due to collisions with electrons, whtle

traversing a distance dl in the absorber (ICRU, 1993).

L = dE/dl (7)

The unit of LET is 3 m"1, which maybe expressed in keV/_n"1. The concept of LET

was introduced by Zirkle (1940) to distinguish between radiations that exhibit

different track ionization densities. As a general rule, the LET increases with

particle charge and decreases with particle velocity.

Limitations of the LET Concept

The LET is the average value of the energy deposited along complete tracks of

chargedparticles.Two differenttypesof chargedparticlesmay have similarLET

but differentvelocities;sincetheirpatternsof localenergydepositionmay be

quitedifferent,theywillnot produceequivalentbiologicaleffectsat the

cellularlevel.

For a given particle and energy, the LET is a meanvalue for the distance di, and

LETdoes not refer to discrete energy-loss events along microscopic segmentsof

9
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the particle path. Thus, LET is a nonstochasticquantity,and certain aspectsof

importanceto microdosimetryare neglectedby the linear energy transferconcept:

the progressivechange in the rate of energy transfer along the track of an

ionizing particle as its velocitydecreases,the fact that a particle path has a

finite range that may end part-way into a site, the radial energy profilearound

a particle track, and the random generationof excitations,ionizations,and

secondaryelectrons (deltarays) producedalong the track by the primary

particle. These distributionsare best describedusing microdosimetric

quantities.

Lineal Energy

m

Lineal energy, or event size, y, is the quotient of ( by l, where ( is the energy

imparted to matter in a microscopicvolume of interest by an energy deposition

event, and I is the mean chord length in that volume (ICRU, 1993).

y = el7 (8)
The unit of lineal energy,as with LET, is J m';,which may be expressedin keV

/_m"I. If lineal energy is measured in a sphere with diameter d, then the mean

chord length is two-thirdsthe diameter.

I = 2d/3 (g)

and y- 3e/2d (10)

Lineal energy is thereforea stochasticquantity subjectto a geometriccutoff

rather than an energy cutoff. For sphericalsites, lineal energy, l, and

specific energy,z, due to a single energy depositionevent are relatedby

z = (4/pA)y (11)

where p is the density of matter in the volume, and A is the surface area. The

mean lineal energy, l, is similar in concept to the LET, and has the same

dimensions and units. However, LET is a nonstochastic quantity, whereas lineal

energy is a stochastic quantity.



THE 'DOSE EQUIVALENT'

"... and the concept was applied to all the face of the Earth ..."
=

The dose equivalent is a weighted absorbed dose designed for radiation protection

purposes. It serves as a basis for defining exposure limits on a commonscale

for all types and qualitiesof ionizingradiation. By definition (ICRU, 1993),

the dose equivalent,H, is the productof D and Q at a point in tissue,where q

is the quality factor at that point.

H = DQ (12)

The unit of dose equivalent (O kg-1) is the same as for absorbed dose, and the

special name for the unit is sievert (Sv), where 1Sv = 1J kg-1 (ICRU, 1993).

The quality factor,Q, at a point in tissues, has been defined by the ICRU

(1993),as

Q = I/D _ q(L) DL dL C13)
L

where D is the absorbeddose at that point, DL is the distributionof D in linear

energy transfer L, and Q(L) is the correspondingquality factor at the point of

interest. The purpose for this definitionof quality factor is to allow one to

measure radiation interactionswith a detector (such as a tissue-equivalent

proportionalcounter) to infer quality factor and dose equivalent. This makes it

possible to have a direct-readingmeasureof dose equivalent in rem or sievert.

Limitationsof the Dose Equivalent

The sievert is not a physicalquantity,as is the absorbeddose, but rather a

" i.e the multiple of anunit of "assumed equal biologicaleffectiveness, ., i

arbitraryvalue of Q, for use in radiationprotection standards, i

Limitationsof the Conceptof Quality Factor i
}

The quality factor,Q, weights the absorbeddose for the biologicaleffectiveness

of the radiationproducingthe absorbeddose. The quality factor was chosen to

encompassappropriatevalues of the relativebiologicaleffectivenessof the

II
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radiation, independentof the organ or tissue, or the biologicalendpoint under

consideration(ICRU, Igg3). It appliesprimarily to low-doseradiationexposures

and does not hold linearlywith increasinglevels,of absorbeddose.

Values of Q are chosen by committee,somewhat arbitrarily,to be related to the

LET, L, of the radiationin water, because the effectivenessof radiationwith

respectto endpointsof concernto radiationprotection (i.e.,chromosome

aberration,mutation, transformation)increaseswith increasingLET values. The

quantity Q is not to be confusedwith the 'relativebiologicaleffectiveness'

(RBE),which applies to specificradiationendpoints,radiationqualities,dose

rates, and cell types relativeto a standardradiationparametersuch as 6°Co

gamma rays. Since the energy spectrumof radiationfrom chargedparticles inside

the body cannot be determined,values of Q have been approximatedfor electrons,

neutrons,protons, and alpha particles (ICRU, 1986).

The ICRP currentlyrecommendsthe values of Q for both internaland external

radiationsources, expressedas "radiationweighting factors" (ICRP, 1991):

TRACK STRUCTURE AND IONIZATION PATrERNS

Microdosimetricanalysisof energy deposition patternsrequires considerationof

the physics, biology, and geometry of charged-particletrack interactionswith

living cells. This includesa physicaldescriptionof the radiationenergy

imparted,identificationof sensitivetargets in tissues, and geometrical

analysisof target size of and distance from radiationsources inside the body.

Molecular Ionizations

Charged-particleradiationinteractswith atomic electronsof the matter through

which it passes, and energy is impartedwith each interaction. The charge and

mass of the particle, its initialenergy, and the matter throughwhich it travels

determine the pattern of energy loss, the distance traveled,and the direction

taken by the particle. Ionizationsand excitationsare producedwhen the energy

12



! !

is transferredfrom the particle to the medium. On the average,about 34

electron volts (eV} are expended for each ion hair produced;thus, many atoms or

molecules are ionizedduring the interactionof charged particleswith matter.

This amount of energy also includesenergy loss by excitationevents. The

resultant ionizationpattern leads to free-radicalproductionand other chemical

changes, and is directly associatedwith the eventual subcellularbiological

damage.

Charged particles have differentvelocitiesand meat rates of energy deposition

in absorbingmedia. For example, a I-MeV proton is a slow, heavy particlethat

produces severalthousand ionizationsalong its path throughthe nucleus of a

cell, whereas a faster I-MeV beta particle (electron)may produce less than 100

ionizationsin the same nucleus. The path of the proton is a short, straight

line, but the electronwill take a circuitous,almost arbitraryand crookedpath

as it interactswith atomic nuclei in its path. A single,heavy proton has a

high probabilityof damaging or killingthe cell, whereas many thousandelectron

interactionsfrom sparsely ionizingradiationmay be required to producethe same

degree of intracellulardamage. Fewer cells, however, will be traversedby the

heavy, charged particles. These considerationshave importantimplicationsfor

radiobiologicalinterpretation.

Track Characteristics

Charged-particletracks from protons and alpha particlesconsistof a densely

ionized central core and radial secondaryionizationsor electron 'deltarays'.

Figure I shows a small (O.l-/_m}segmentof a hypotheticalproton track in water,

where primary ionizationsare designatedby x's, and secondary,delta-ray

interactionsare shown with solid dots. Relative specific ionizationincreases

with distance traveled by the particle,to a maximum near the end of the track

(discussedfurther in the next section).

13



DOSIMETRY FOR MICROSCOPIC TARGETS

"...from the Greatest to the Least of all of the Masses..."

Even on a microscopicscale, dose is the energy imparteddivided by the mass of

the target. For a given charged particletrack, the microscopicdose is

dependent on two factors: target size, and target location in relationship to the

track. Four hypothetical targets are shown relative to the track segment

illustrated in Figure 1; they represent unit-density, spherical targets with

diameters varying from 5 to 50 nm in the positions indicated. If the ionizations

are counted, a dose to each sphere may be calculated by dividing the ionization

energy (represented by the number of x's and solid dots) by the mass of the

spheres drawn. The differences in dose amongthe four sites along the same track

is due to the differences in target size and number of ionizations within each.

In this example the dose in specific energy is found to be 1.5xlO 5 Gy for

diameter = 5 nm; 5.2x104Gy for diameter = I0 nm; 1.7xlO4 Gy for diameter = 20 nm;

and 8.6xi03Gy for diameter = 50 nm.

In practice,an approximatedose to cells and cell nuclei may be determinedby

the same method. Consider,for example, a 5.5 MeV alpha particle from 241Amthat

traverses the center of an 8-#m-diametersphere. The range of this alpha

particle is about 40 _m in unit-densitymaterial, such as water or tissue.

Therefore,

D - elm, (14)

where ( = (8/40) 5.5 MeV,

= 1.1MeV, or 1.76x10 -6 erg, and

where m = (volume) (density)

= d3/6_ g cm3

= 2.68xi0-z°g. Therefore,

D = 1.76xi0-6erg/2.68x10-1°g

= 6.57xi03erg/g, or 65.7 rad, or 0.657 Gy

For random traversalsthrough the 8-pm sphere the energy imparted per track will

range from somethingslightlygreater than zero (grazinghits) to the maximum

imparted by a track passingthroughthe center of the sphere. The averageenergy

imparted per traversalwill be (2/3) (0.657)= 0.438 Gy.

14
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RelativeSpecificIonization

In the above example, an average linear energy is. used to estimate the dose to an

8-/an diameter sphere from a 5.5 HeYalpha particle. However, the relative

specific ionization (or ionization density) varies along the alpha particle

track, as described by the familiar Bragg curve (Figure 2), such that

the rate of energy _ransfer increases with distance traveled Until the end of the

track is reached. This variable rate of energy deposition per unit track

length must be taken into account in microdosimetry calculations.

EXlP]ERIMENTALDL"I_RI_NAI3[ONS OF z AND y

"And an accounting was madeof all that was done on the Earth .... "

Values of the specific energy, z, or of the lineal energy, y, maybe calculated

or determined by experimental measurement. A tissue-equivalent proportional

counter containing tissue-equivalent gas at low pressure and density may be

constructed to simulate the sensitive volumeof a unit-density target of 1 /_n or
less.

Energy Density as a Function of Mass

For each target, a specific energy (z = e/m) is calculated; alternatively, a

lineal energy (y = (/7) is recorded for each interaction in the detector. Figure

3 showsthe dose, or specific energy density, as a function of the massfor which

energy density is determined (Rossi, 1968). The horizontal line emerging from

the scatter of points showsthe relative range of target sizes for which absorbed

dose, D, may be established from a single measurement. A significant tissue

volume for determining absorbeddose should consist of at least 1 cm3, or about 1

g solid tissue (NCRP, 1971). The dotted region in Figure 3 showsthe range for

which statistical dose fluctuations are important. Since each dot represents a

measurementin (/m for an individual target or measurement, the variations in

local dose increase with smaller target size. Figure 3 showsthat the average

dose becomesless and less indicative of the complete dose distribution with

smaller and smaller target sizes. Thus, for very small sites, the concept of

15



absorbeddose becomesmeaningless, and the dose is best represented by a

statistical distribution (or probability density) in specific energy.
¢

Probability Densities in Specific Energy

Statistical distributions are used to describe alpha-particle doses to

microscopic targets in biological systems; they include the probability that

targets are missed and no energy is imparted. Probability densities are

calculated by determining the spatial distribution of alpha sources relative to

the target cells or cell nuclei and determining the frequency distribution of

particle track lengths betweenalpha sources and target cell nuclei. This

calculation provides the meanspecific energy (absorbeddose), and the

probabilities that cells or nuclei are missed, hit once, hit twice,..., or n

times. This dosimetric information allows for interpretation of experimental

data in fundamental radiobiological terms. Contrihutions from delta-ray

secondaries, the relative specific ionization as a function of track length, and

energy of recoil are taken into account.

A simple model of a body organ containing a uniformly distributed radionuclide is

given in Figure 4. The modelorgan is a flask containing a solution of living

cells and radionuclide sources. If the radionuclide sources emit heavy, charged

particles, individual cells will be irradiated. Dosesto individual cells will

vary, dependingon the length of each particle track through the cells and the

numberof times each cell is hit. Onemaydetermine the frequency distribution

of specific energies received by the cells. Taken into consideration are all

possible angles of alpha particle traversal through the site, and all possible
distances between the radionuclide sources and the cells.

Figure5 showsthe frequencydistributionof dosesreceivedby 8-#m-diameter

sphericalcells(solidline)followinga two-hourirradiationby 241Am02

particulatesin solutionat a concentrationof 1.15xi05Bq mL"I(3.1#Ci mL'1).

The averagedose deliveredis 0.7 Gy (70rad),althoughsomecellsreceiveup to

3 Gy. The deltafunctionis 0.22,indicatingthat22% of the cellsarenot

irradiated,and thus receivedno radiationdose.
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Figure5 also showsthe distributionof dosesto just the nucleiwithinthe

cells. The probabilityof a nucleusbeingirradiatedis smallerthan the

probabilityof a wholecell beingirradiated.However,if the nucleusis hit by

an alphaparticle,it receivesa greaterdose in specificenergythan doesthe

cell. The averagedose to all cell nucleiis still0.7 Gy, although58% remain

unirradiated(delta= 0.58). The differencebetweenthe two distributionsis

attributableto the effectof targetsize.

Factorsthat affectthe probabilitydensityin specificenergyinclude:

• diameterof the target

• geometricaldistributionof distancesbetweensourcesand targets

• numberof nucleartransformationsper source

• concentrationof sourcesin the volume(numbe_per unitvolume)

• energyof the particlesemitted

Factorsthat do not affectthe probabilitydensityinclude:

• concentrationof targets(numberper unitvolume)and therefore

• the distancebetweentargets

ABSORBED DOSE DISTRIBUTIONS FOR BETA.PARTICLES IN. TISSUE

"...among the Weakas well as amongthe Strong..."

Beta particlesare electronsor positronsejectedfromunstableatomicnuclei.

Some of the nucleardecayenergyis emittedsimultaneouslyby neutrinos,and

excessenergyis emittedin the form of one or more gammarays. As light-weight

chargedparticles,betaparticlesloseenergyduringinteractionswith the atomic

nucleiof absorbingmatter,slowdown,and are scatteredoverhighlytortuous,

circuitouspathsratherthanalongstraighttracks. Betaparticlesmay also

producesecondaryelectrontracksand low-energyphotonbrehmsstrahlung.The

totalpath lengthof a betaparticlemay be greaterthan itsmean rangeby a

factorof from about1.2to about4. Thus,beta particlesare characterizedby a

spectrumof electronenergies.The unpredictabilityof the betaparticle's

initialenergyand pathmakesconventionalmic_odosimetryimpracticable.Beta-

emittingradionuclidesalsodistributenonuniformlyin tissues.
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Betaemissionsproducenonuniformenergydistributionsin targetsthat are small

relativeto themaximumbeta-particlerange. Eventhe conceptof beta-particle
o

rangeis imprecise.Beta-particlerangeis usuallydefinedin term of theX9o

distance. The Xgodistanceis the radiusof a spherein which90% o: the beta

energyis depositedfor a pointsourcelocatedat the centerof the sphere. The

maximumbeta rangeis approximately1.8 timesthe Xsodistance,i.e.,the radius

of a spherein which99% of the betaenergyis deposited.For example,the

maximum(99%)rangeof the betaparticlesfrom iodine-131(averageenergy= 183

keV)is about1.5mm, but 90% of the beta energyis absorbedwithina radiusof

0.8 mm from a pointsourcein unit-densitymaterial. Yttridm-90has a more

energeticbetaemissionspectrum(averageenergy= 931 keV)and a maximumrange
of about9 mm in tissue.

Internalbeta dosimetryis frequentlybasedon Loevinger'sempiricalformulafor

the betapoint-sourcedose-ratedistributionin a homogeneousmedium(Loe_inger,

Holt,and Hine,1956;Fitzgerald,Brownell,and Mahoney,1967),or on Berger's

compilationsof absorbeddose aroundbeta-emittingpointsourcesin waterand

othermedia(Berger,1971). Accordingto Berger,the basicformulafor the

averagedose D(x) at distancex from a betapoint-sourceof averageenergyEB is

D(x) = [A Y k EB FB(X/Xgo)] / [4 _ p X' X9o] (15)
where A is the source activity, Y is the beta yield per disintegration, k is an

energy conversion constant, FB(X/Xgo) is the scaled absorbeddose distribution
that is a function of the distance from the source as a ratio of the distance to

the X9odistance, and p is the density of the absorbing medium. Dosesto volume
elements are obtained by integrating the formula over the appropriate regions of

interest. This approachforms the basis for determining radiation doses to small

organs, to regions within organs, and to regions where source distributions are

heterogeneous.

Doseratesfrom beta-emittingsourcescan be calculatedfrom a combinationof

experimentaland theoreticaldata. The tablesof Berger(1971)provide

distributionsof absorbedenergyaroundpointsourcesin waterfor 75

radionuclides.The dose ratesto any pointin a homogeneousmaterialof low

atomicnumber,as a functionof distance,may be calculatedfromthesedatafor
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many geometries. The fraction of emitted beta energy absorbed in the source

mediummay also be calculated.

The short range of beta particles meansthat there wtll be significant

differences tn the localized dJse for tnhomogeneoussource distributions compared

to uniformly distributed sources. The volumetric integrations outlined above are

performed numerically from information about the source distribution as a

function of position, and depends on the shape of the target.

CONCLUSIONS

"And it was Good!"

The concepts of average dose and linear energy transfer have severe limitations

and may not be appropriate for dosimetry at the cellular level. If the concept

of average or absorbed dose isused to describe the effects of radiation on

cel]s, then it is also important for the investigator to show that "average dose"

has significazlce in the context in which it is used. At low doses of alpha or

beta radiation, thts level of significance is rarely attained, and

mtcrodosimetric analysis or localized dosimetry must be used.

It Is frequel, tly assumed that biological effects will be a simple function of

average dose. However, closer examination using microdostmetry or localized

dosimetry shows that this is not necessarily the case. Radiation effects begin

at the cellular level of biological organization. Radiation dosimetry at the

cellular level is particularly important for internally deposited alpha- and

beta-emitting radionucltdes.

Hicrodosimetry and localized dosimetry are tools for studying the dose to small

targets in living tissue, and are particularly useful in cases where the

variation e/m from D exceeds 20_. Dose calculations are complex, and generally

require computer programs. The investigator must define the target and its size,

determine the source characteristics and the radionucltde activity per untt mass

for each region in which targets are located, describe the activity per

radioactive particulate, state the geometrical relationship between the activity

19



$ j

and the targets, and account for the biological retention of the activity in the

region over time.
I
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Table 1. Levels of DoseAssessment,Rangeof ApproximateTarget Mass(g) and
Diameters (m) for Each Level_ and Applications
i i i i i ,i i • L_ I_

TARGETLEVEL APPROACH APPLICATIONS
[ I IIII ii ii 1 i i i i [ i i i i ii ii i l/ i i i iii iiii iii ii II II II II ]

1. Organ Macrodosimetry General assessments,
mass- l-lOSg (conventionaldose- medicaldosimetry,and

_._dia.- 1-60cm averaging) ......ep.i.demiolog7

2. Tissue/sub;org,an Small-scale,multi- Respiratorytract,bone
mass - I0"-I0"g cellulardosimetry surface,skin,organ
dia. - 0.05-6cm wall,and tumor

dosimetr7

3. Cellular/nu_cleaT Mlcrodosimetry Alpha-particledose
mass- I0"_-I0"g distributions,and
dia.- 1-100/_m in vitrostudiesin

radiationbiology

4. Sub-nuclear Nanodosimetry Theoreticalradiation
mass < i0-Izg biology,and DNA damage

dla........_..!/_m ............ _...................studies

Table 2. Values Chosen for q, the qualItyFactor (Radiatto n Weighting Factor.

TYPe and EnergyRankle _........, ,,.(),o.r.RadiationWe!ghtin9Factor .

Photonsof all energies I

Electronsof all energies I

Neutrons,energy< 10 keV 5
10 to 100keV 10
>100 keV to 2 MeV 20
>2 MeV to 20 MeV 10
>20 MeV 5

Protonls P energy > 2 MeV (not recoill ) 5

Alpha particles, fission fragments, 20
and heavy nuclei

ii ill i i i i i i iI i i
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FigureCaptlons

Ftgure 1. Computer-simulated Proton Track Segment (O.1-/_m) in

Water. Primary Ionizations are indicated by x's, and

secondary Ionizations are shownwtth sol td dots.

Super|mposedspheres represent targets for dose
calculat|ons.

Figure2. BraggIonlzatlonCurve. Relatlvespeclflc1onlzatlon

wlth dlstancetrateledby a chargedpartlcle.

Ftgure 3. Variation tn Doseas a Functton of Target Mass, and

Convergenceof Specific Energy to AbsorbedDose. From

Ross1(1968); used by permission.

Figure 4. A Stmple Model of a BodyOrgan Containing a Uniformly

Distributed Radtonuclide tn a Solution of Ltvtng Cells.

Figure 5. Probability Density in Specific Energy for Cells and Cell

Nuclei after Irradiation In Vitro by 241Am02Alpha
Particles (1.15x10s Bq mL"1 for 2 h).
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