
DEMYSTIFYING INTERNAL DOSE CALCULATIONS*

Michael G. Stabin

Introduction
Internal dose calculations have intimidated many would-be students, as the material often seems to involve hundreds of mystifying equations and symbols.  In truth, internal dose calculations are not very difficult, although the complexity can be a little daunting in some problems due to the number of contributing terms.  This, however, is just a matter of adding up of parts, which computers are particularly good at, and whose help should be employed when possible.  But the underlying principles of the ONE equation that needs to be learned in internal dosimetry are not very difficult, and, when understood, makes clear the equations from all of the major internal dosimetry systems published.  In this class, we will develop this ONE equation, and show how it has been expressed  and applied in all of the major published systems.  We will also go over some sample calculations.  If this material is understood, then basically internal dosimetry is understood, and any health physicist should be able to understand most problems encountered, with the handling of more complex problems being just a matter of adding details.

Basic Concepts
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To define the task of calculating internal doses, we must define the quantities we wish to estimate.  The principal quantity of interest in internal dosimetry is the absorbed dose, or the dose equivalent.  Absorbed dose (D) is defined (ICRU 1980) as:
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where d is the mean energy imparted by ionizing radiation to matter of mass dm.  The units of absorbed dose are typically erg/g or J/kg.  The special units are rad (100 erg/g) or the gray (Gy) (1 J/kg = 100 rad = 104 erg/g).  The dose equivalent (H) is the absorbed dose multiplied by a 'quality factor' (Q), the latter accounting for the effectiveness of different types of radiation in causing biological effects:

Because the quality factor is in principle dimensionless, the pure units of this quantity are the same as absorbed dose (i.e. erg/g or J/kg).  However, the special units have unique names, specifically, the rem and sievert (Sv).  Values for the quality factor have changed as new information about radiation effectiveness has become available.  Current values, recommended by the International Commission on Radiological Protection (ICRP 1979), are given in Table 1.  


TABLE 1


Quality Factors Recommended in ICRP 30

Alpha particles

20

Beta particles (+/-)

1

Gamma rays


1

X-rays



1

The quantity dose equivalent was originally derived for use in radiation protection programs.  The development of the effective dose equivalent (EDE) (to be defined later) by the ICRP in 1979, and the effective dose (ED), in 1991, however, allowed nonuniform internal doses to be expressed as a single value, representing an equivalent whole body dose. 

Main Equation
In order to estimate absorbed dose for all significant tissues, one must determine for each tissue the quantity of energy absorbed per unit mass.  This yields the quantity absorbed dose, if expressed in proper units, and can be extended to calculation of dose equivalent if desired.  What quantities are then needed to calculate the two key parameters energy and mass?  To facilitate this analysis, imagine an object which is uniformly contaminated with radioactive material.  
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Depending upon the identity of the radionuclide, particles or rays of characteristic energy and abundance will be given off at a rate dependent upon the amount of activity present.  Our object must have some mass.  Already we have almost all of the quantities needed for our equation: energy per decay (and number per decay), activity, and mass of the target region.  One other factor needed is the fraction of emitted energy which is absorbed within the target.   This quantity is most often called the "absorbed fraction" and is represented by the symbol .  For photons (gamma rays and X-rays) some of the emitted energy will escape objects of the size and composition of interest to internal dosimetry (mostly soft tissue organs with diameters of the order of centimeters).  For electrons and beta particles, most energy is usually considered to be absorbed, so we usually set the absorbed fraction to 1.0.  Electrons, beta particles, and the like are usually grouped into a class of radiations referred to as nonpenetrating emissions while X- and -rays are called penetrating radiations.  We can show a generic equation for the absorbed dose rate in our object as:
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               D = absorbed dose rate (rad/hr or Gy/sec)

               A = activity (Ci or MBq)

               n = number of radiations with energy E 

                     emitted per nuclear transition

               E = energy per radiation (MeV)

                = fraction of energy absorbed in the target

               m = mass of target region (g or kg)

               k = proportionality constant (rad‑g/Ci‑hr‑MeV or

                   Gy‑kg/MBq‑sec‑MeV)

It is extremely important that the proportionality constant be properly calculated and applied.  The results of our calculation will be useless unless the units within are consistent and they correctly express the quantity desired.  The application of quality factors to this equation to calculate the dose equivalent rate is a trivial matter; for most of this chapter, we will consider only absorbed doses for discussion purposes.
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The investigator is not usually interested only in the absorbed dose rate; more likely an estimate of total absorbed dose from an administration is desired.  In equation 3, the quantity activity (nuclear transitions per unit time) causes the outcome of the equation to have a time dependence.  In order to calculate cumulative dose, the time integral of the activity must be calculated.  Regardless of the shape of the time activity curve, its integral, however obtained, will have units of transitions (activity, which is transitions per unit time, multiplied by time).  Therefore, the equation for cumulative dose would be:

               D = absorbed dose (rad or Gy)

               Ã = cumulated activity (Ci-hr or MBq-sec)

The quantity cumulated activity (Ã) gives the area under a time-activity curve:



If activity is in units of Bq and time is in units of seconds, Ã will have units of Bq-sec.  This is a measure of the number of disintegrations that have occurred in a source region over time - Bq is a number of disintegrations per second, thus Ã has units of disintegrations.  If activity is in units of Ci and time is in hours, the principle is the same; 1 Ci-hr is equivalent to 1.33 x 108 disintegrations.

Now consider that we have two objects that are contaminated with radioactive material, and are able to irradiate themselves, each other, and possibly some other objects in the system:







To obtain the total dose to any object in the system, we just need to define absorbed fractions for one object irradiating another.  So we may have absorbed fractions for an object irradiating itself (as in our first definition of this term, above) - (1(1) - and then absorbed fractions for the other source and target pairs - (1(2), (2(2), (2(1), (3(1), etc.  Then, to calculate the total dose to an object from all sources, we just add up the individual contributions:
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Adding up lots of contributions is something that computers are good at, so it is natural to employ them in performing these calculations, once the problem has been defined, and assuming that all of the factors in our equation have been calculated.

Dosimetry Systems
Equation 4 is a generic cumulative dose equation.  Many authors have developed this equation in one form or another to apply to different situations.  Usually many of the factors in equation 4 are grouped together to simplify calculations, particularly for radionuclides with complex emission spectra.  Some of the physical quantities such as absorbed fraction and mass can also be combined into single values.  However these quantities may be grouped, hidden, or otherwise moved around in different systems, all of them incorporate the concepts in equations 3 and 4, and all are based on the same principles!  Given the same input data and assumptions, the same results will be obtained.  Sometimes, the apparent differences between the systems and their complicated-appearing equations may confuse and intimidate the user who may be frustrated in trying to make any two of them agree for a given problem.  Careful investigation to discern these grouped factors can help to resolve apparent differences.  Let's try to understand each of the systems, and see how they are equivalent.

The Marinelli/Quimby Method
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Publications by Marinelli and Edith Quimby (Marinelli et al. 1948, Quimby and Feitelberg 1963) gave the dose from a beta emitter which decays completely in a tissue as:

where D is the dose in rad, C is the concentration of the nuclide in Ci/g, E is the mean energy emitted per decay of the nuclide, and T is the half life of the nuclide in the tissue.  As we will show later, the cumulated activity is given as 1.443 times the half life times the initial activity in the tissue.  The other terms in the equation in relation to Equation 4 are: k is (73.8/1.443), or 51.1; C is A/m; and for beta emitters we assume that  is 1.0.  For gamma emitters, values of  were estimated from the Geometrical Factors of Hine and Brownell (1956) for spheres and cylinders of fixed sizes.  Dose rates were based on expressions for dose near a point source gamma emitter integrated over the source volume:
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It is difficult to see how this equation fits the form of our general equation, but it does.  The factor C is still the activity per unit mass.  The specific gamma rate constant, , essentially gives the exposure rate per disintegration into an infinite medium from a point source (equivalent to k(niEi in our generic equation).  Finally, the factor {e-r/r2 dV} acts like an absorbed fraction ( is an absorption coefficient and 1/r2 is essentially a geometrical absorbed fraction).  The integral in this expression can only be obtained analytically for simple geometries.  Solutions for several standard objects (spheres, cylinders, etc.) were provided in the Geometrical Factors in Hine and Brownell's text.

International Commission on Radiological Protection
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The ICRP has developed two comprehensive internal dosimetry systems, intended for use in occupational settings (mainly the nuclear fuel cycle).  ICRP Publication 2 (ICRP 1960) became part of the basis for the first set of complete radiation protection regulations in this country (Code of Federal Regulations, Title 10, Chapter 20, also known as 10CFR20) (USNRC 1992).  These regulations were only replaced (completely) in 1994 when a revision of 10CFR20 incorporated the new procedures and results of the ICRP Publication 30 series (ICRP 1979).  Even these two systems, published by the same body, appear on the surface to be completely different.  We have already noted, however, that they are completely identical in concept and differ only in certain internal assumptions.  Both of these systems, dealing with occupational exposures, were used to calculate dose equivalent instead of just absorbed dose.

In the ICRP 2 system, the dose equivalent rate is given by:


[image: image9.wmf]Q

 

 

E

 

n

 

 

=

 

i

i

i

i

i

f

x

å


This looks somewhat like our equation 3, converted to dose equivalent, but a lot seems to be missing.  The missing components are included in the factor :

The factor 51.2 is k, which puts the equation into units of rem/day, for activity in microcuries, mass in grams, and energy in MeV.  The ICRP developed a system of limitation of concentrations in air and water for employees from this equation and assumptions about the kinetic behavior of radionuclides in the body.  These were the well-known Maximum Permissible Concentrations (MPC's).  Employees could be exposed to these concentrations on a continuous basis and not receive an annual dose rate to the so-called critical organ which would exceed established limits.
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In the ICRP 30 system, the cumulative dose equivalent is given by:

This equation looks altogether new; nothing much is similar to equation 4 or any of the other equations we have looked at.  This is simply, however, the same old equation wearing a new disguise.  The factor SEE is merely:
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The factor US is another symbol for cumulated activity, and the factor 1.6 x 10-10 is k.  In this (SI-based) system, this value of k produces cumulative dose equivalents in sieverts, from activity in becquerels, mass in grams, energy in MeV, and appropriate quality factors.  As in ICRP 2, this equation was used to develop a system of dose limitation for workers, but unlike the ICRP 2 system,  limits are placed on activity intake during a year which would prevent cumulative doses (not continuous dose rates) from exceeding established limits.  These quantities of activity were called Annual Limits on Intake (ALI's); Derived Air Concentrations (DAC's) which are directly analogous to MPC's for air, are calculated from ALI's.

The real innovation in the ICRP 30 system is the so-called effective dose equivalent (He or EDE).  Certain organs or organ systems were assigned dimensionless weighting factors (Table 2) which are a function of their assumed relative radiosensitivity for expressing fatal cancers or genetic defects.  


TABLE 2


Weighting Factors Recommended in ICRP 30


for Calculation of the Effective Dose Equivalent

Organ
Weighting Factor
Gonads

0.25

Breast

0.15

Red Marrow
0.12

Lung

0.12

Thyroid

0.03

Bone Surfaces
0.03

Remainder

0.30

The assumed radiosensitivities were derived from the observed rates of expression of these effects in various populations exposed to radiation.  Multiplying an organ's dose equivalent by its assigned weighting factor gives a 'weighted dose equivalent'.  The sum of weighted dose equivalents for a given exposure to radiation is the effective dose equivalent.  It is the dose equivalent which, if received uniformly by the whole body, would result in the same total risk as that actually incurred by a nonuniform irradiation.  It is entirely different from the dose equivalent to the 'whole body' that is calculated using values of SEE for the total body.  'Whole body' doses are usually meaningless because nonuniform and localized energy deposition is averaged over the mass of the whole body (70 kg).

One real difference which can sometimes be seen between doses calculated with the ICRP 2 system and the ICRP 30 (and MIRD) system is that the authors of ICRP 2 used a very simplistic phantom to estimate their absorbed fractions.  All body organs and the whole body were represented as spheres of uniform composition.  Furthermore, organs could only irradiate themselves, not other organs.  So, although contributions from all emissions were considered, an organ could only receive a dose if it contained activity, and the absorbed fractions for photons were different from those calculated from the more advanced phantoms used by ICRP 30 and MIRD (described below).

The MIRD system
The equation for absorbed dose in the MIRD system (Loevinger et al. 1988) is deceptively simple:
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No one is fooled by now, of course.  The cumulated activity is there; all other terms must be lumped in the factor S, and so they are:

In the MIRD equation, the factor k is 2.13, which gives doses in rad, from activity in microcuries, mass in grams, and energy in MeV.  The MIRD system was developed primarily for use in estimating radiation doses received by patients from administered radiopharmaceuticals; it is not intended to be applied to a system of dose limitation for workers.

Practical Considerations
The previous section developed basic equations for all of the major dosimetry systems.  The use of these basic equations has been facilitated over the years by the publication of some lumped variables which have been solved for various radionuclides, source and target organ combinations, and phantoms (mathematical representations of the human body). 

S-values for Reference Man
In 1975, the MIRD Committee published a compilation of S-values (Snyder et al. 1975) in a heterogeneous phantom developed at Oak Ridge National Laboratory (ORNL), primarily by Drs. Fisher and Snyder (Snyder et al. 1969).  This phantom is most properly called the Fisher-Snyder phantom, but has often been called the "MIRD phantom" because of its original publication as a MIRD document.  The phantom is comprised of a series of geometric shapes designed to represent the size, shape, and mass of the human body, as described in ICRP Publication 23 (Report of the Task Group on Reference Man, ICRP 1975).  The organs' boundaries are described by mathematical expressions, and their contents are comprised of either soft tissue, bone, or lung tissue, with elemental compositions defined by ICRP 23.  This phantom has been used with Monte Carlo based codes to calculate empirically the absorbed fractions of photon energy for source organs irradiating themselves and other organs.  Absorbed fractions for electrons and beta particles (plus or minus) are generally held to be 1.0 for an organ irradiating itself and 0.0 for any organ irradiating another organ.  Exceptions to this rule include (1) organs with separate wall and contents sections (the contents are generally the source, and the absorbed fraction of electron energy absorbed by the wall per unit mass is 1/(2 x mc), where mc is the mass of the contents) and (2) segments of the bone and marrow (electrons starting in the cortical or trabecular bone may reach some marrow spaces, and the absorbed fractions have been defined in various ways).  
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Once the rules for defining absorbed fractions have been determined, the S-value for any radionuclide and a given source-target combination may be calculated as in equation 10, using the energies and branching fractions, the absorbed fraction, and the target organ mass.  Therefore, in MIRD Pamphlet No. 11 (Snyder et al. 1975), these S-values are tabulated for the 117 radionuclides and 20 source and target regions defined in the phantom.  If one can estimate the cumulated activity for all important source organs, absorbed doses for any defined target organs may be estimated simply as:

where rh represents a source region and rk represents a target region.

This equation reduces the entire dose equation to a two-step calculation (per source organ) once the integrals of the time-activity curves are known.  Often determination of this latter quantity is the most difficult in a dosimetry analysis.  It is important to remember that absorbed doses calculated using this equation are defined for a model of a standard size (70 kg) with a uniform activity distribution in each source region.  This simple equation is quite powerful, but understanding of its underlying assumptions is essential to its proper application.

Pediatric Phantom series
In 1987, Mark Cristy and Keith Eckerman of Oak Ridge National Laboratory (ORNL) developed a series of phantoms representing children at five different ages (newborn, 1-year-old, 5-year-old, ten-year-old, and fifteen-year-old) and a new 70 kg adult (Cristy and Eckerman 1987).  These phantoms were derived from an extensive study of medical and other literature, from which the organ sizes, locations, compositions, etc. were taken.  Specific absorbed fractions (absorbed fractions per unit mass of the target organ) derived for these phantoms can be combined with decay data to develop S-values. However, the MIRDOSE 3 software, available since 1994 (Stabin 1996) and a new publication (Stabin 1997) from the Radiation Internal Dose Information Center (RIDIC) in Oak Ridge have made available S-values for Reference Man, Reference Woman, the pediatric phantoms, and all of the pregnant female phantoms.

Pregnant Female Phantom series
Evelyn Watson and Michael Stabin of the Oak Ridge Institute for Science and Education (ORISE) developed a series of three phantoms representing the pregnant female at the end of each trimester of pregnancy (Stabin et al. 1995).  Again, only specific absorbed fractions were provided with their published document, but S-values are available through the MIRDOSE software and the RIDIC S-value compendium.

Values for use in the ICRP systems
Most of the quantities needed to perform calculations in the ICRP 2 system were provided in the lengthy document ICRP 2, published both as an ICRP document and as part of an issue of Health Physics (Vol 3, June 1960).  As this system is not in much use any more, one probably does not have much need for all of these quantities, but they are there nonetheless.

In ICRP 30, only some of the values that you might ever want to work with are available.  ICRP 30 is a very large document (actually a series of documents) in which the dosimetry was developed for a many different radionuclides that might be encountered in the workplace.  Consequently, there was a need to limit the amount of printed material provided.  In this system, after developing the dosimetry for a nuclide, intake and air concentration limits were derived, based on predetermined limits for organ dose and effective whole body dose.  When all of this was worked out, the authors then printed the information needed for this assessment, but nothing more.  So, if an organ is not important to the overall dosimetry for a nuclide, there may not be published values of US and SEE for that organ.  To my knowledge, there is not a large document in which many SEEs are published; however, there is a computer code, called SEECAL, available from Keith Eckerman at ORNL, which can provide values for most organs and phantoms.

A Few Examples
In order to develop some numerical examples, we will first introduce a few quantities critical to the calculations.

Effective half‑time
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We know that radioactive materials decay according to first order kinetics, i.e. a certain fraction of the remaining activity is removed during a specific time interval:

The well‑known solution to this equation is:
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In these equations, N is the number of atoms, No is the initial number of atoms, A is the amount of activity and Ao is the initial activity (A = N).  Many materials are also cleared from the body or certain organs by first order processes.  If we develop an equation for the reduction in the amount of a nonradioactive substance by a first order system, it would look much like the equations above:
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where   X(t) = the amount of the substance at time t

            X0 = the initial amount of substance X

            b = the biological disappearance constant = 0.693/Tb
            Tb = the biological half‑time for removal.

A biological half‑time for removal is exactly analogous to a radioactive (or physical) half‑life; i.e., it is the time in which half of the remaining material is removed.
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If we now consider a certain amount of radioactive material in the body that is being cleared from the body by a first order process, two first order processes are involved in removing activity from the body ‑ radioactive decay and biological disappearance.  Because the decay constants are essentially probabilities of removal per unit time, the disappearance constants for the two processes can be added to give an "effective disappearance constant":

where          e = effective disappearance constant

                    p = radioactive (physical) decay constant

                    b = biological disappearance constant
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We can also define an "effective half‑time" equal to 0.693/e, which is the actual time for half of the activity to be removed from the body or organ.  The effective half‑time is related to the other two half‑times by the following relationship:

For materials which can be described by this type of relationship, the integral of the time‑activity curve may be easily evaluated:
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Where Ao is the administered activity, and f is the fraction of administered activity in a region at time zero.  So, effective half‑time is a critical parameter in the determination of cumulated activity and cumulative dose.

Residence time
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Equation 17 shows the calculation of cumulated activity, Ã.  Another quantity defined in the MIRD system is residence time, defined as:


The units of this expression are units of time  (e.g. Ci-hr/Ci (hr).  The dose equation does not change:
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Alternatively, one can express:
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This gives the dose estimate per unit of administered activity (e.g. mGy/MBq, rad/mCi), allowing the results to be applied easily to a number of different studies, each of which employ a different quantity of activity.  The calculation of  is therefore:

Example - Calculation of S-value for average organ dose

We can calculate an S-value for liver self-irradiation from Tc-99m by combining the appropriate decay data with calculated absorbed fractions.Here is the decay scheme for Tc-99m (Weber et al. 1989):

At first glance there appears to be a considerable number of emissions to consider.  However, for our purposes, we can consider Tc-99m to have only five emissions: one  ray, three x-rays, and a group of nonpenetrating emissions.  We can group the nonpenetrating emissions together because they are all multiplied by the same absorbed fraction (1.0), and so in the sum niEii, we may sum the niEi and multiply the whole sum by =1.0.  To calculate the S-value for liver irradiating itself, then, we need only to look up the appropriate absorbed fractions for the penetrating emissions (from MIRD Pamphlet 5 (Snyder et al. 1969)), and sum over all emissions:

Emission


  n  

  E  

 k(niEi 

    

 k(niEi
 2:



0.891

0.1405
0.267 


0.162

 0.0432

K1 x-ray


0.04

0.0184
0.0016


0.82

 0.0013

K2 x-ray


0.021

0.0182
0.0008


0.82

 0.00066

K1 x-ray


0.0068

0.0206
0.0003


0.78

 0.00023

"Nonpenetrating"
  --

  
--

0.0343


1.0

 0.0343

TOTAL 
= 
0.080

We set k equal to 2.13, which causes the units on the third and fifth columns to be g-rad/Ci-hr, given the energy in MeV.  The S-value is simply the sum of the values in the fifth column divided by the mass of the liver, 1800 g:

S(liver(liver) = 0.080/1800 g = 4.4 x 10-5 rad/Ci-hr

Example - Dose to One Organ
Data extrapolated from an animal study yield the following parameters for a new compound tagged to Tc‑99m:

Liver

f1 = 0.3

Te1 = 0.5 hours

f2 = 0.1

Te2 = 5.5 hours

Kidneys

f = 0.2

Te = 1.2 hours

where f is the fraction of injected activity (note that only 60% of the injected activity is accounted for by considering only these two organs).  Let's calculate the dose to the liver. If this were a real problem, we would calculate dose to the liver, kidneys, gonads, red marrow, and perhaps a few other organs.  We find the following S‑values in MIRD 11:

           S(liver(liver) = 4.6 x 10‑5 rad/Ci‑hr

           S(liver(kidneys) = 3.9 x 10‑6 rad/Ci‑hr

(The liver to liver S-value is slightly different than we had calculated, as MIRD 11 used slightly different decay data).  Assume Ao = 1 mCi = 1000 Ci; then,

Ã(liver) = 1.443 . 1000 Ci (0.3 . 0.5 hr +  0.1 . 5.5 hr) = 1010 Ci-hr

Ã(kidneys) = 1.443 . 1000 Ci . 0.2 . 1.2 hr = 350 Ci-hr

D(liver) = 1010 Ci-hr 4.6 x 10‑5 rad/Ci‑hr + 350 Ci-hr . 3.9 x 10‑6 rad/Ci‑hr

D(liver) = 0.0465 rad + 0.0014 rad = 0.048 rad.

Note that the liver contributes 97% of its total dose.  Dividing by the injected activity, the dose, given these input assumptions, is 0.048 rad/mCi.  So, if we redesigned the study to use 3 mCi, the liver absorbed dose would be 3 mCi x 0.048 rad/mCi = 0.14 rad.

Example - Dose to the Fetus
MIRD Dose Estimate Report No. 13 (Weber et al. 1989) gives the following residence times for intravenous administration of Tc-99m MDP:

Cortical Bone


1.36 hr

Cancellous Bone

1.36 hr

Kidneys



0.148 hr

Urinary Bladder

0.782 hr

Remainder of Body
1.64 hr

If 17 mCi of Tc-99m-MDP has been given to a woman who is two weeks pregnant, what is the likely absorbed dose to the fetus?  In early pregnancy, the dose to the nongravid uterus is a reasonably good estimate of the fetal dose, because the size and shape of the uterus relative to other organs has not changed substantially.  Therefore, we can use S-values for these source organs irradiating the uterus:

S(Uterus(Cortical Bone) = 
5.7 x 10-7 rad/Ci-hr

S(Uterus(Cancellous Bone) = 
5.7 x 10-7 rad/Ci-hr

S(Uterus(Kidneys) = 

9.4 x 10-7 rad/Ci-hr

S(Uterus(Urinary Bladder) = 
1.6 x 10-5 rad/Ci-hr

S(Uterus(Total Body) = 

2.6 x 10-6 rad/Ci-hr
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The last S-value is not exactly what we need.  It is the S-value for an organ being irradiated by activity uniformly distributed in the whole body (i.e. including bone, kidneys, etc.).  The formula for calculating the S-value for remainder of the body for a given configuration of other source organs is (Cloutier et al.1973):

where
S(rk(RB) is the S-value for "remainder of the body" irradiating target

                        region rk
S(rk(TB) is the S-value for the total body irradiating target

                        region rk
S(rk(rh) is the S-value for source region h irradiating target

                        region rk
mTB is the mass of the total body

mRB is the mass of the remainder of the body, i.e. the total body

                        minus all other source organs used in this problem, and

mh is the mass of source region h.

For this problem, the S-value for Remainder of the Body to Uterus is 2.7 x 10-6 rad/Ci-hr (4% higher than that for the total body).  The total dose to the uterus is calculated as:

Cort Bone x S(Uterus(Cort Bone) = 
1.36 hr x 5.7 x 10-7 rad/Ci-hr = 
7.8 x 10-7 rad/Ci

Canc Bone x S(Uterus(Canc Bone) = 
1.36 hr x 5.7 x 10-7 rad/Ci-hr = 
7.8 x 10-7 rad/Ci

Kidneys x S(Uterus(Kidneys) = 
0.148 hr x 9.4 x 10-7 rad/Ci-hr =   
1.4 x 10-7 rad/Ci

Urin Bl x S(Uterus(Urin Bl) = 
0.782 hr x 1.6 x 10-5 rad/Ci-hr =   
1.2 x 10-5 rad/Ci

RB x S(Uterus(RB) = 

1.64 hr x 2.7 x 10-6 rad/Ci-hr =           4.4 x 10-6 rad/Ci

TOTAL = 
1.8 x 10-5 rad/Ci 

Total dose from incident = 1.8 x 10-5 rad/Ci x 17,000 Ci = 0.30 rad.

It would probably be more accurate to use the 57 kg model for the adult female (Cristy and Eckerman 1987) instead of the 70 kg adult male model to calculate this estimate.  Using S-values for the adult female, a dose of 2.3 x 10-5 rad/Ci is estimated, leading to an estimate of the total dose of 0.39 rad.

Example - Dose to Several Organs
In MIRD Dose Estimate Report No. 12 (Thomas et al. 1984), the following residence times are found for intravenous administration of Tc-99m DTPA:

Kidneys

0.092 hr

Urinary Bladder
0.84 hr  (2.4 hr voiding intervals)

1.72 hr  (4.8 hr voiding intervals)

Remainder of Body
2.84 hr

Let's calculate the absorbed dose to these organs and to the ovaries, testes, and red marrow.  For each target organ, then, we will need all of the S-values for the three source organs.  We also have two conditions to the problem: 2.4 hour and 4.8 hour voiding intervals for the urinary bladder.  As in the previous example, we will have three contributions to each target organ's total dose for each set of residence times.  An easy way to represent what proves to be a rather substantial amount of math for a simple problem is through the use of matrices.  If the set of dose estimates we want is a 2 x 6 matrix (two sets of dose estimates by six target organs - kidneys, bladder, ovaries, testes, red marrow, and total body), this can be found by multiplication of a 2 x 3 matrix of residence times and a 3 x 6 matrix of S-values:
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Note from the results the increase in absorbed dose to the bladder, as well as to the gonads, from the increase in bladder residence time. 

Example - Effective Dose Equivalent
Going back to our first example above, assume that the liver receives 0.048 rad, as we calculated.  Furthermore, assume that the kidneys receive 0.030 rad, the ovaries receive 0.015 rad, the testes receive 0.011 rad, the red marrow receives 0.022 rad, the endosteal cells on bone surfaces receive 0.025 rad, and the thyroid receives 0.002 rad.  Because all of the quality factors are 1.0, these absorbed doses can be directly converted to dose equivalent:

  Dose Equivalent
                      Organ

rem

mSv
                      Liver

0.048

0.48

                      Kidneys

0.030

0.30

                      Ovaries

0.015

0.15

                      Testes

0.011

0.11

                      Red Marrow
0.022

0.22

                      Bone Surfaces
0.025

0.25

                      Thyroid

0.002

0.02

The weighting factor for the gonads may be applied to the higher of the values for ovaries or testes.  There is a little confusion on this point; ICRP 30 (ICRP 1979) used the higher of the two while ICRP 53 (ICRP 1988) used the average of the two.  If you don't have significant doses for a particular organ, you can skip it; although the weighting factors add up to 1.0, you don't necessarily have to consider all organs every time.  To use the remainder weighting factor (Table 2), choose the 5 organs not assigned an explicit weighting factor which have the highest dose equivalents and assign them a weighting factor of 0.06.  In our example, we only have two to consider.  Assign each a factor of 0.06, and ignore the remaining weight of 0.18 (out of 0.30).  You could always calculate doses to breast and lung and the other organs and add their contribution, but they will probably be of limited importance.  To calculate the He, add up the weighted dose equivalents:

       Weighting
 
Dose
          Weighted Dose

         Organ     
          Factor     Equivalent (mSv)    Equivalent (mSv)
Liver


0.06

0.48

0.0288

Kidneys

0.06

0.30

0.0180

Ovaries 

0.25          
0.15

0.0375

Red Marrow

0.12          
0.22

0.0264

Bone Surfaces 
0.03          
0.25

0.0075

Thyroid

0.03     
0.02

0.0006

TOTAL





0.1188

So we would conclude that the He for this compound is 0.12 mSv (0.012 rem or 12 mrem).  This means that if the whole body were uniformly irradiated to receive 0.12 mSv, the individual would receive the same risk (of fatal cancer or genetic defects) as from 0.48 mSv to the liver, 0.30 mSv to the kidneys, etc.

The He concept is useful in quantitatively evaluating total risk (in populations, not individuals) and in comparing two different exposures on an equivalent basis.  For instance, the total risk from an X‑ray series could be evaluated with the He concept and the result compared directly to the effective dose equivalent for a diagnostic nuclear medicine procedure.  Similarly, two radioactive compounds for imaging could be compared on the basis of He even if their distributions were different.  The He calculation should never replace the consideration of individual organ dose equivalents; it should only supplement it.  If absorbed doses approach levels where nonstochastic effects may occur, as in radionuclide therapy, this must be considered as well.

Example - ICRP 30 Dose Calculations
When I-131 is ingested, it is assumed that 100% of it passes quickly into the bloodstream.  Then, about 30% is assumed to go to they thyroid and stay with a biological half-time of 120 days.  The other 70% is distributed uniformly throughout the body and passes quickly from the body (biological half-time 0.25 days).  Let’s calculate the dose per unit intake of I-131, and calculate an ALI.
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We can ignore the 70% that leaves the body quickly.  For the thyroid, the initial uptake after intake of 1 Bq of I-131 is 0.30 Bq.  The effective half-time for removal is:

The number of disintegrations in the thyroid over the next 50 years is (50 years is essentially ( relative to a 7.5 day half-time):
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From ICRP 30, the SEE for thyroid irradiating thyroid is 1.0 x 10-2 MeV/g-dis.  The dose to the thyroid is:

(Note - these numbers deviate slightly from what you will find in the ICRP 30 tables, due to roundoff differences). 
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It turns out that there is only one organ to consider in calculating the effective dose equivalent, the thyroid.  The EDE is:
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The ICRP limit on organ dose is 0.5 Sv.  The limit for EDE is 0.05 Sv.  To estimate the permissible limit on activity intake, we will express these doses as dose per unit intake (as the intake assumed here was 1 Bq, these are already dose per Bq), and divide each into the corresponding dose limit to find out how much activity is allowed to be taken in during one year of work:

The lower of these two values, namely 1 x 106 Bq, is the actual ALI.

Setting Dose, Intake, and Air Concentration Limits
Both the ICRP 2 and ICRP 30 documents were written with the intent of developing a system of dose limits for radiation workers (the MIRD system is primarily designed simply to calculate doses, as there are no dose limits for patients in nuclear medicine).  These two systems were fundamentally different in the approach that they used to limit a worker’s dose.  In the ICRP 2 system, the worker was assumed to be continuously taking in nuclides, in air or water, during his/her working lifetime.  When a continuous intake of material occurs, with constant elimination by a first order process (exp (- t) behavior), the concentration of radioactive material in an organ or the total body builds up to an equilibrium level:
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where

A(t) = the activity in the organ or total body as a function of time

I = the intake rate (Bq/d)

e = the effective elimination rate constant = 0.693/Te




In ICRP 2, limits were set on the dose rates for the total body and individual organs, assuming that intake had occurred to reach this equilibrium situation (when t is long compared with Te).  But, once these levels were set (5 rem/yr to the total body or gonads, 15 rem/yr to most organs, except skin and thyroid, for which a limit of 30 rem/yr was suggested), the rates of intake could easily be established, using equation 8, and concentration limits in air and water (maximum permissible concentrations, MPCs) were set by assuming standard intake rates of these substances.

In ICRP 30, the cumulative dose over a 50 year period (assumed to represent a working lifetime) following a single acute intake of a radionuclide was used as the basis for the system of limitation.  Now, the doses integrated over 50 years are calculated, by equation 10, with the cumulated activities (US) calculated over a 50 year period, and intakes of activity (annual limits of intake, ALIs) and permissible concentrations in air (derived air concentrations, DACs) were calculated (concentrations in water were not considered).  The dose limits are 0.05 Sv (5 rem) for the effective whole body dose and 0.5 Sv (50 rem) for individual organs.

Kinetic Models
On the biological (Ã, US or ) side of the equation, several standardized models exist which employ fixed transfer rate constants between different compartments, and thus give estimates of  with only a few input parameters specified.  For most organs in the body, a separate kinetic study is required for every compound for which we must develop dose estimates, because the behavior of the compound cannot be predicted a priori.  In several body systems, however, the behavior of most compounds is predictable.  This occurs in organ systems where bulk flow of material is the primary mechanism for clearance, e.g. in the GI tract.

GI tract models
The most widely used GI tract kinetic model currently is that of the ICRP, as presented in ICRP Publication 30 (ICRP, 1979).  This model, based on that proposed by Eve (Eve 1966), describes the GI tract as a four compartment model with first order, one-way flow between compartments, and one pathway to the bloodstream, from the small intestine.  Given a fraction of activity entering the stomach at time zero and knowledge of how much is absorbed from the small intestine, the cumulated activities in all segments may be easily calculated.  Details are given in ICRP 30.

Recently, Stubbs (1992) defined a more detailed and realistic GI tract model.  His model contains only one extra compartment but incorporates features allowing for zero order flow between certain sections.  Differences between flow of solid and liquid materials and movement in males and females, and in people of different ages can be included.  The residence times from his model and from the ICRP 30 model do not differ greatly, and calculations for the Stubbs model are much more difficult.  Therefore, for calculation of absorbed dose, the ICRP 30 model is probably adequate for most users.

The ICRP 30 model does not have any provisions for treatment of GI transfer in children.  Using rough estimates of total transit time in the various segments of the GI tract, however, RIDIC has proposed that the ICRP model be adapted to treat children of various ages:


 Newborn
1-yr-old
5-yr-old
10-yr-old
15-yr-old

    S
2.0 hr-1
2.0 hr-1
1.0 hr-1
1.0 hr-1
1.0 hr-1

    SI
1.72 hr-1
1.28 hr-1
0.323 hr-1
0.25 hr-1
0.25 hr-1

    ULI
0.526 hr-1
0.393 hr-1
0.098 hr-1
0.0769 hr-1
0.0769 hr-1

    LLI
0.286 hr-1
0.214 hr-1
0.0532 hr-1
0.04167 hr-1
0.04167 hr-1

Lung models

In ICRP 30 (ICRP 1979), a kinetic model for aerosols deposited in the lung is also presented.  This model is much more complex than the GI tract model.  The lungs (really the lungs, trachea, and tracheobronchial lymph nodes) are modeled as an eight compartment model, with exchange between some compartments, and with transfer to the GI tract and bloodstream. From the activity median activity diameter (AMAD) of particles in the inhaled airstream and a solubility categorization of the aerosol, the transfer rate coefficients and branching fractions are defined.  The residence time in the lung and the fractions transferred to the GI tract or blood (accounting for radioactive decay) can thus be calculated.  The expressions, however, are much more involved than those for the GI tract, and are also given in ICRP 30

Various committees of the ICRP and the National Council on Radiation Protection and Measurements (NCRP) are developing improved kinetic models for the lung.  These models add a few compartments, refine some of the transfer rate coefficients, and make a few other improvements, in the interest of increasing the accuracy of the model.  These models have many more parameters in them that allow for making the calculations more subject specific (gender, age, smoking history, etc.), but in doing so make it so that the solutions can really not be obtained without a computer.  There is a computer program called LUDEP, available from the NRPB in England, which can be installed on a personal computer and used to work with the new lung model of the ICRP.

Biological Models
Both the ICRP and MIRD Committees have published standardized models describing the kinetics of the body’s uptake and elimination of many important radionuclides and compounds.  These models are always changing over time, as new information is gathered about metabolic behavior of the different species.  ICRP 30 contains standard kinetic models for many elements, usually not bound to any particular compounds, in the body.  There are a number of documents from the MIRD Committee, called Dose Estimate Reports, in which the kinetics of several radiopharmaceuticals important to nuclear medicine are described.  Then, there is much available literature, in the radiation protection journals, medical and biological journals, and elsewhere, where information may be found.  Finding the right information is not always easy; some familiarity with the most important sources and often patience are needed to find such information.

Estimating Intake from Bioassay Data
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After an intake of radioactive material, usually via inhalation or ingestion, the kinetics of the movement can be described by coupling the standardized models for the lung and GI tract with a standardized kinetic model for the nuclide or compound.  Cumulative doses can be calculated, by summing up the number of disintegrations in source regions and applying the right dose conversion factors (S factors, SEEs, etc.).  One can also predict how much of the activity taken in will remain in the whole body, an organ, or that will be excreted as a function of time after intake.  This is not often an easy task, unless the kinetic model is very simple (rapid, uniform distribution throughout the body and one component elimination).  Computer solutions have been developed, however, which give predicted values of these fractions of activity taken in that will be found in various compartments (organ, whole body, or excreta sample) as a function of time post intake.  These fractions are called Intake Retention Fractions (IRFs) . The largest compilation of such values, which employed the standard ICRP 30 kinetic models for lung, GI, and nuclides, was published as NUREG/CR-4884 (Lessard et al. 1987).  With this document, if one has a measurement of activity in an organ, the total body, or an excreta sample at some time after an acute intake of radioactive material, one may obtain an estimate of the original intake by taking the measured value and dividing by the IRF:
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Here, I is the estimate of intake and M is the measured value.  If one has more than one measurement, one can obtain multiple estimates of intake, and use the best one(s), take an average, or obtain a single estimate of intake from the multiple measurements and IRFs:

As discussed by Dr. Skrable (Skrable et al.1994), the first equation represents an unweighted least squares estimate of the intake and the latter represents a weighted least squares estimate of the intake.  Once one has a reasonable estimate of the intake, and estimate of the dose can be obtained with the standard dose formulas.
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*Note - substantial portions of the text for this document were taken from the author’s publication “Internal Radiation Dosimetry”, in Nuclear Medicine, Henkin et al., eds, Mosby-Year Book, St. Louis, MO, 1996.
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