
 

MODULE 4.0:  INTERNAL DOSE CONTROL 

 

Introduction 
Welcome to Module 4.0 of the General Health Physics Practices for Fuel Cycle Facilities Directed 
Self-Study Course!  This is the fourth of seven modules in this self-study course.  The purpose of 
this module is to assist the trainee in describing the activities necessary to conduct bioassays, 
project how intakes of radionuclides are determined based on bioassays, and to determine how 
resulting internal doses to individuals are calculated.  This self-study module is designed to 
assist you in accomplishing the learning objectives listed at the beginning of the module.  There 
are eight learning objectives in this module.  The module has self-check questions and activities 
to help you assess your understanding of the concepts presented in the module. 

Before You Begin 
It is recommended that you have access to the following materials: 

◙ Trainee Guide 

◙ 10 CFR Part 20, Standards for Protection Against Radiation 

◙ NUREG/CR-4884, Interpretation of Bioassay Measurements 

◙ Regulatory Guide 8.34, Monitoring Criteria and Methods to Calculate Occupational 
Radiation Doses 

◙ Regulatory Guide 8.7, Revision 1, Instructions for Recording and Reporting Occupational 
Radiation Exposure Data 

◙ 10 CFR Part 19.13, Notifications and Reports to Individuals. 

Complete the following prerequisites: 

◙ Module 1.0 Health Physics Fundamentals 

◙ Module 2.0 Radiological and Chemical Properties of Uranium 

◙ Module 3.0 Contamination Control 

How to Complete this Module  

1. Review the learning objectives. 

2. Read each section within the module in sequential order. 

3. Complete the self-check questions and activities within this module. 

4. Check off the tracking form as you complete each activity within the module. 

5. Contact your administrator as prompted for a progress review meeting. 

6. Contact your administrator as prompted for any additional materials and/or specific 
assignments. 



7. Complete all assignments related to this module.  If no other materials or assignments 
are given to you by your administrator, you have completed this module. 

8. Ensure that you and your administrator have dated and initialed your progress on the 
tracking form. 

9. Go to the next assigned module. 
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LEARNING OBJECTIVES 

4.1 Upon completion of this module, you will be able to describe the activities necessary 
to conduct bioassays, project how intakes of radionuclides are determined based on 
bioassays, and determine how resulting internal doses to individuals are calculated.  

 
4.1.1 Describe the primary and derived limits for internal dose in 10 CFR Part 20. 
  
4.1.2 Describe the standard ICRP 30 models, including those for lung, GI tract, and bone; 

discuss how particle size affects lung deposition.  
 
4.1.3 State acceptable procedures and relative merits of whole-body counting for intake 

assessment. 
 
4.1.4 State acceptable procedures and relative merits of excreta analysis for intake 

assessment. 
 
4.1.5 Describe the various endorsed methods for intake assessment and dose calculation. 
 
4.1.6 Describe appropriate responses to a potential intake; include pathway determination, 

material characterization, and effect on dose assessment. 
 
4.1.7 Describe acceptable methods for bioassay scheduling and record keeping, reporting 

requirements, and quality assurance in an internal dosimetry program. 

 
 
 
 
 
 
 
 



MODULE 4.0:   INTERNAL DOSE CONTROL  

 

USNRC Technical Training Center  10/10 Rev 4 
Health Physics  Directed Self-Study Course 

4-2

 

This page intentionally left blank.   



MODULE 4.0:   INTERNAL DOSE CONTROL  

 

USNRC Technical Training Center  10/10 Rev 4 
Health Physics  Directed Self-Study Course 

4-3

 

  Learning Objective 
 
 
 

When you finish this section, you will be able to: 
 
4.1.1 Describe the primary and derived limits for internal dose in 10 CFR Part 20. 
 

 

PRIMARY AND DERIVED LIMITS 

ICRP 26 Dose Limits 
The current limits for occupational radiation exposure in 10 CFR Part 20 are based on the 
International Commission on Radiological Protection (ICRP) 26 system, published in 1977.  The 
limits are based on the three principles of justification, limitation, and optimization.  Briefly, 
justification requires that the use of ionizing radiation incur some benefit; limitation sets an 
upper level for exposure, so as to preclude or minimize the risk of adverse health effects; and 
optimization requires that exposures be maintained as low as reasonably achievable (ALARA), 
taking into account technical, economic, and social considerations.   
 
The primary regulatory dose limits are found in 10 CFR 20 and are as follows: for stochastic 
effects, the limit is 5 rem (50 mSv) total effective dose equivalent (see below) from all 
exposures in a year; for nonstochastic, or deterministic effects, the limit is 50 rem (500 mSv) 
total organ dose equivalent from all exposures in a year, except for the lens of the eye, which 
has a limit of 15 rem (150 mSv).  For a declared pregnant woman, the dose limit for the fetus is 
0.5 rem (5 mSv) for the duration of pregnancy.  
 
Note: The Commission has been granting use of ICRP-68 on a case-by-case basis for fuel cycle 
facilities and uranium licensees. 

Types of Effects 
The types of effects induced by radiation exposure were identified with special names in the 
ICRP system.  Somatic effects occur in the exposed individual, whereas genetic effects occur in 
the progeny of the exposed individual (usually limited to two generations). 
   
Stochastic effects are those, such as cancer and genetic effects, where the severity is 
independent of the dose received, but the probability of occurrence depends on the dose.   
 
Nonstochastic, or deterministic effects, are those such as erythema, cataractogenesis, etc., 
where severity is proportional to the dose.  Nonstochastic effects exhibit a threshold: there is 
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no effect below a certain dose.  It is assumed that stochastic effects have no threshold: the 
probability of occurrence drops to zero only at zero dose. 

Dose Equivalent DE (HT) 
We need to define several dose-related quantities used in internal dosimetry.  The first is the 
dose equivalent (DE), which is simply the dose equivalent (absorbed dose times the quality 
factor) in a given organ or tissues.  The symbol used by the ICRP for this quantity is HT, and the 
unit is rem (Sv).  This quantity depends on the amount of activity in the organ and elsewhere in 
the body, the type of radiation, the energy released per nuclear transformation, the fraction of 
the energy that is absorbed, the mass of the organ, and the time period over which we 
integrate. 

Committed DE CDE (HT,50) 

Because radioactive materials can be retained in the body, and, therefore, continue to irradiate 
the organs, the committed dose equivalent (CDE—symbol HT,50) is defined as the time integral 
of dose equivalent received over 50 years following the intake of radioactive material.  All dose 
limits are now based on the committed dose equivalent. 
 

Total ODE (TODE)  
The total organ dose equivalent (TODE) is not formally defined in 10CFR20.  However, it is 
utilized on Forms 4 and 5 (or equivalent) where it is the sum of the CDE and the deep dose 
equivalent (DDE) from external penetrating radiation (TODE = CDE + DDE).  On an annual limit 
basis, the sum of the CDE and the deep dose equivalent (DDE) from external penetrating 
radiation (TODE) must be less than 50 rem (0.5 Sv).   
 

Committed Effective Dose Equivalent (CEDE) (HE,50) 
Because radioactive materials are usually not distributed uniformly within the body, different 
organs may receive different CDEs, so there is a problem of how to add the doses to different 
organs to accurately reflect overall risk.  To do this, the quantity committed effective dose 
equivalent (CEDE) was developed.  The CEDE is the weighted sum of the CDEs, each multiplied 
by a tissue weighting factor (wT).  
 
Therefore, CEDE = ∑wTHT, 50 

Weighting Factor Definition 
The tissue weighting factors equate the risk of cancer induction in each irradiated organ to the 
risk of cancer induction from uniform irradiation of the whole body.  For example, the 
weighting factor for the lungs is 0.12, meaning that a dose to the lung is only 12% as likely to  
induce lung cancer as the same dose to the whole body is to induce any cancer.  Thus a dose  
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equivalent of 100 rem to the lung confers the same cancer risk as a dose equivalent of 12 rem 
to the whole body. 

ICRP Weighting Factors 
The ICRP 26 weighting factors are shown in Table 4-1, ICRP Weighting Factors.  Note that if the 
tissue weighting factor is less than 0.1, the nonstochastic limit will generally apply, since a CDE 
could exceed 50 rem without the CEDE exceeding 5 rem. 
 
Table 4-1.  ICRP Weighting Factors 

Organ/Tissue  Weighting Factor Cumulative Sum 
gonads  0.25 0.25 
breast  0.15 0.40 
bone marrow 0.12 0.52 
lung  0.12 0.64 
thyroid  0.03 0.67 
bone surface  0.03 0.70 
*all other organs/tissues 
(see next section for 
explanation) 

0.06 (each) 1.0 Total 
  

 
(If wT  < 0.1, nonstochastic limit will usually apply.) 
 
The NCRP has adopted other weighting factors (ICRP 60 - spelled out in NCRP 116) that expands 
the list of affected tissues; however the regulations have not yet been changed because the 
adoption of ICRP 60 and 68 is underway in rulemaking. 

Other Organs & Tissues 
In addition to the organs that have specific weighting factors, one must include the CDE to 
those five organs or tissues (excluding the skin and the lens of the eye) receiving the highest 
dose in the remainder of the body; each organ is assigned a weighting factor of 0.06.  The sum 
of all the tissue weighting factors is 1.0. 
 
Those five organs or tissues receiving the highest organ dose equivalents, are among the 
following: 
 

◙ Spleen   

◙ Stomach 

◙ Small intestine  

◙ Upper large intestine 

 

◙ Kidneys  

◙ Liver  

◙ Pancreas  

◙ Thymus  
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◙ Lower large intestine 

◙ Muscle   

◙ Uterus  

◙ Adrenals 

 
The skin and lens of the eye are treated separately with weighting factors of 0.01 each. 
 

Total Effective Dose Equivalent (TEDE) 
The total effective dose equivalent (TEDE) is the parameter of interest for stochastic effects.  It 
is the sum of the CEDE from internal sources and the effective dose equivalent (EDE) from 
external sources.  The regulatory limit is 5 rem TEDE from all external exposures and intakes of 
radioactive material in a year. 
 

TEDE = CEDE + DDE 

NRC Limits 
From a regulatory standpoint, both the stochastic and nonstochastic limits shall not be 
exceeded; that is, the TEDE must be less than 5 rem and the TODE must be less than 50 rem. 
 

CDE < 0.5 Sv (50 rem) per year 
AND 

TEDE < 0.05 Sv (5 rem) per year 
 
  



MODULE 4.0:   INTERNAL DOSE CONTROL  

 

USNRC Technical Training Center  10/10 Rev 4 
Health Physics  Directed Self-Study Course 

4-7

Activity 1:   NRC Limits 
          
 
PURPOSE: The purpose of this activity is to review situations and 

determine if NRC limits have been exceeded. 
 
INSTRUCTIONS: Complete the activity by reviewing the stated situations and figuring the 

limits.  Answers are located in the answer key section of the Trainee Guide.

 
Problem 1: 
 
A worker receives in a single year an external DDE of 3.0 rem and CDE to the lung (wT = 0.12) of 
20 rem.  Have any NRC limits been exceeded? 
 
Solution: 
 
 
 
 
 
 
 
 
 
 
 
Problem 2: 
 
A worker receives in a single year an external DDE of 3.0 rem and CDE to the thyroid  
(wT = 0.03) of 60 rem.  Have any NRC limits been exceeded? 
 
Solution: 
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Dose Conversion Factors 
ICRP and the Environmental Protection Agency (EPA) have published tables of dose conversion 
factors (DCFs) that relate CDE and CEDE to intake of various radionuclides in various chemical 
forms.  The DCF is usually given in Sv/Bq, and must be converted to rem/μCi.  The conversion 
factor is 1.0 Sv/Bq = 3.7 x 10 6 rem/μCi. See Tables 4-2 to 4-5 for examples. 
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Table 4-2.  Committed Dose Equivalent per Unit Intake (Sv/Bq) of Uranium by Inhalation 
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Table 4-3.  Committed Dose Equivalent per Unit Intake (Sv/Bq) of Uranium by Ingestion 
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Table 4-4.  Committed Dose Equivalent per Unit Intake (Sv/Bq) of Plutonium by Inhalation 
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Table 4-5.  Committed Dose Equivalent per Unit Intake (Sv/Bq) of Plutonium by Ingestion 
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Metabolic Models 
Materials are taken into the body through various routes (inhalation, ingestion, absorption) and, 
depending on a variety of factors, are cleared from the body at different rates.   Clearance class 
describes a classification scheme for material according to its rate of clearance from the 
body.  The International Council on Radiological Protection (ICRP) defined these classes as D, W, 
or Y, applying to a range of clearance half-times: for Class D (Days) of less than 10 days, for Class 
W (Weeks) from 10 to 100 days, and for Class Y (Years) of greater than 100 days.  This is the 
model adopted under ICRP 30.  The ICRP has since adopted revised metabolic models in ICRP 
68.  These are under review in Rulemaking for adoption into 10 CFR Part 20. 

Annual Limit on Intake  
Because internal doses cannot be directly measured, derived limits have been developed for 
the application of the dose limitation system.  The first is the annual limit on intake (ALI), which 
is defined as the dose limit divided by the dose conversion factor (DCF).  This quantity is that 
amount of a radionuclide, which, if taken in within a year, would result in an committed 
effective dose equivalent equal to the regulatory limit.  The limit may be either stochastic (5 
rem CEDE), in which case the ALI is sometimes called a SALI (stochastic ALI), or nonstochastic 
(50 rem CDE), in which case the ALI may be called a NALI (nonstochastic ALI).  There are 
different ALIs for inhalation and ingestion, and they also depend on the chemical form, or 
solubility, of the radionuclide.  ALIs are given to only one significant figure. 

Derived Air Concentration 
Another derived limit is the derived air concentration, or DAC.  This is defined as the ALI divided 
by the volume of air breathed by a worker during working hours in a year (2,000 hrs), which is 
2,400 m3.  (The DACs for noble gases are actually based on the external dose from submersion.) 
 
Breathing rate = 20 liters per minute (20L/min) 
 
 20 min x 60 min/hr x 40 hr/wk x 50 wk/y 

20 min x 60 min / hr x 40 hr / wk x 50 wk / y x 1000m
L

3⎛

⎝
⎜

⎞

⎠
⎟ = 2,400m3/y  

DACs are in Bq/m3 or μCi/cm3 

 

DAC-Hours 
By definition, exposure to one DAC for 2,000 hours results in an inhalation intake of an ALI, so 
by simple proportion, exposure to airborne material in units of DAC-hour can be related to 
intake and dose.  If the DAC is based on the stochastic ALI, the dose (CEDE) is 2.5 mrem per 
DAC-hour. 
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ALIs for Uranium 
For inhalation of class D uranium, and ingestion of soluble uranium, the ALI is based on the 
nonstochastic limit of dose to bone surfaces; the other ALIs are based on the stochastic limit. 
 
Inhalation ALIs: 
 
  Class D = 1 μCi (50 kBq) 
  Class W = 0.8 μCi (30 kBq) 
  Class Y = 40 nCi (2 kBq) 
 
Ingestion ALIs: 
 
  f1 = 0.05, ALI = 10 μCi (500 kBq) 
  f1 = 0.002, ALI = 0.2 mCi (8 MBq) 
  where f1 is the gastrointestinal absorption factor 
 

ALI versus Weekly Limit of 10 mg 
See Table 4-6, Comparison of the ALI with the Weekly Kidney Toxicity Limit of 10 mg for 
Uranium of Various Enrichment and Solubility.  The ALI has been divided by 50 to generate a 
"weekly limit."  Note that except for HEU, the chemical limit is lower for class D and W uranium, 
while for class Y uranium, one-fiftieth of the ALI is less than 10 mg. 
 
Table 4-6.  Comparison of the ALI with the Weekly Limit Kidney Toxicity of 10mg for Uranium of 
Various Enrichment and Solubility 
 

Class ALI/50 DepU NatU LEU HEU 
D  20 nCi 50 mg 29 mg   20 mg 2.2 mg 
W  16 nCi 40 mg 23 mg   16 mg 1.8 mg 
Y 0.8 nCi   2 mg   1 mg  0.8 mg 0.1 mg 

 

Newer Biokinetic Models 
All of the values given above for uranium are based on the biokentic models published by the 
International Commission on Radiological Protection (ICRP) in its Publication 30, issued in 1979.  
Over the intervening years, the ICRP has developed new, and presumably improved, models for 
use in radiation protection.  Dose conversion factors (also called dose coefficients) for the 
intake of uranium based on the newer models were published by the ICRP in 1994 in 
Publication 68, and revised values for the ALIs and DACs can be derived from these as described 
above.  These revised values for U-238 are shown below, and may be used by licensees with 
NRC approval. A licensee may also derive a revised ALI or DAC value depending on the particle 
size or solubility of the uranium compound(s) to which workers are exposed, if they differ from 
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the default values used in the various models.  However, licensees must document their 
procedures and choices of models they use in their internal dosimetry programs, and 
demonstrate to the NRC that the revised models are more appropriate for their workplaces 
than the default models. 
 
Inhalation ALIs (ICRP 68, 1 μm particle size, 5 rem CEDE): 
 
 Type F (Class D) = 3 μCi (100 kBq) 
 Type M (Class W) = 0.5 μCi (20 kBq) 
 Type S (Class Y) = 0.2 μCi (7 kBq) 
 

Note: The new ICRP lung model uses Types F (fast), M (medium) and S (slow) instead of 
class D, W, and Y to describe absorption from the lung of inhaled material. 

 
Ingestion ALIs: 
 
 f1 = 0.02, ALI = 30 μCi (1 MBq) 
 f1 = 0.002, ALI = 0.2 mCi (7 MBq) 
 where f1 is the gastrointestinal absorption factor 
 

Note: Differences in μCi/kBq amounts here versus those given above are due to rounding 
to one significant figure. 

Things to Remember 
The points to remember about derived limits are that the ALIs are usually different for 
inhalation and ingestion; the ALI is based on the more restrictive of the stochastic and 
nonstochastic limits.  The ALI and DAC will also depend on the solubility and, therefore, 
chemical form of a radionuclide.  Do not confuse the hours worked in a year (2,000) with the 
volume of air breathed (2,400 m3). 
 
Specific values of dose conversion factors, ALI and DAC for any radionuclide depend on the 
exact biokinetic and intake models that are used; licensees must specify the models they 
employ and demonstrate that revised models are appropriate for their workplaces. 
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Activity 2:   ALI and DAC Values 
          
PURPOSE:  The purpose of this activity is to determine ALI and DAC 

values for a given situation. 
 
INSTRUCTIONS: Complete the question.  The answer is located in the answer key section of 

the Trainee Guide. 

 
Problem:  
 
Given the dose conversion factor of 1.2 x 10 5 mrem/μCi CEDE for inhalation of class Y U-238, 
what are the ALI and DAC values? 
 
Solution:  
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Self-Check Questions 4-1:  
           
INSTRUCTIONS: Answers are located in the answer key section of the 

Trainee Guide.  Choose from the following words. 

 
1. Match the effects/special situations in column A to the limits listed in column B. 
 
Column A 
Effects/Special Situations 

Column B 
Limits 

A. Stochastic 
 

1._____ 0.5 rem (5 mSv) per year 
 

B. Nonstochastic 
 

2._____ 5 rem (50 mSv) per year 
 

C. Lens of the eye 
 

3._____ 15 rem (150 mSv) per year 
 

D. Fetus during pregnancy 4._____ 50 rem (500 mSv) per year 

 
 
2. Match the type of effects in column A to the appropriate statement in column B. 
 
Column A 
Types of Effects 

Column B 
Statement 

A. Somatic 
 

1._____ Probability of effect depends on 
dose 

B. Genetic 
 

2._____ Occur in the exposed individual 

C. Stochastic 
 

3._____ Severity of effect depends on dose 
 

D. Nonstochastic 4._____ Occur in the progeny of the exposed 
individual 
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3. Identify the characteristic of each type of effect.  Place an "S" for Stochastic or "N" for 
Nonstochastic in the blank. 

 
_____ A. Random 
 
_____ B. Severity independent of dose 
 
_____ C. Threshold for induction 
 
_____ D. Nonrandom 
 
_____ E. Examples: cancer and genetic effects 
 
_____ F. No threshold for induction assumed 
 
_____ G. Probability depends on dose 
 
_____ H. Examples: erythema, cataract formation, epilation, acute radiation syndromes 
 
_____ I. Severity depends on dose 

 
 
4. Fill in the missing words. 
 

Dose equivalent in a given organ depends on: 

Amount of ________ (organ and elsewhere in the body) 

Type of ________ emitted 

Energy released per nuclear ________ 

Fraction of energy ________ 

Mass of the ________ 

Time ________ involved (1 y or 50 y) 

 
  



MODULE 4.0:   INTERNAL DOSE CONTROL  

 

USNRC Technical Training Center  10/10 Rev 4 
Health Physics  Directed Self-Study Course 

4-19

5. Match the type of dose equivalent in column A to the appropriate definition in column B. 
 

Column A 
Dose Equivalent 
 

Column B 
Definition 

A. Committed (CDE) 
 

1._____    Sum of the external dose (the deep dose 
equivalent or DDE) and the committed effective 
dose equivalent (CEDE). 
 

B. Dose Equivalent  
 

2._____ The time integral of organ dose 
equivalent received over 50 years 
following the intake of radioactive 
material.  

 

C. Total effective (TEDE) 
 
 

3._____  Absorbed dose times the quality factor. 
 
 

 
Complete the following questions. 
 
6. What is the definition of weighting factor?   
 
 
 
 
 
 
7. What are the NRC limits for total effective dose equivalent (TEDE) and total organ dose 

equivalent (TODE)? 
 
   
 
8. For dose conversion factors, if stochastic limit applies, dose parameter will be _____.  If 

nonstochastic limit applies, dose parameter will be _____. 
 
9. What is annual limit on intake (ALI)? 
 
   
 
 



MODULE 4.0:   INTERNAL DOSE CONTROL  

 

USNRC Technical Training Center  10/10 Rev 4 
Health Physics  Directed Self-Study Course 

4-20

10.  What is derived air concentration (DAC)? 
 
   
 
 
11.  The derived air concentrations for noble gases are actually based on what? 
 
   
 
 
12. Exposure to one derived air concentration for 2,000 hours results in an inhalation intake 

of an annual limit on intake, so by simple proportion, exposure to airborne material in 
units of _____-hour can be related to intake and dose. 

 
13. For inhalation of class D uranium, and ingestion of soluble uranium, the annual limit on 

intake is based on the __________ limit of dose to bone surfaces; the other ALIs are based 
on the stochastic limit. 

 
14. With respect to derived limits, annual limits on intake are usually __________ for 

inhalation and ingestion; the ALI is based on the __________ restrictive of the stochastic 
and nonstochastic limits.  The ALI and DAC will also depend on the __________, and 
therefore, chemical form of a radionuclide. 
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  Learning Objective 
 
 
 

When you finish this section, you will be able to: 
 
4.1.2 Describe basic concepts of internal dosimetry. 
 

 

ICRP 30 MODELS 

Note: Additional information concerning ICRP 30 Models is located in the Supplemental 
Reading section at the end of this module. 

Intake Routes 
There are four possible routes of intake for internal exposure; in order of likelihood, they are: 

◙ Inhalation 

◙ Ingestion  

◙ Injection (contaminated wounds) 

◙ Direct absorption through the skin 

Terminology 
There are three terms used in connection with internal exposure to radioactive materials that 
must be understood (see Figure 4-1, Intake, Uptake, and Deposition).  These are intake, the 
entry of  radioactive material within the physical confines of the human body; uptake, the 
absorption of radioactive material into extracellular fluids, usually the bloodstream, and also 
known as the transfer compartment; and deposition, the sequestration of radioactive material 
from the transfer compartment into a specific organ or tissue. 
 

Figure 4-1.  Intake, Uptake, and Deposition 
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Pathways 
Similarly to intake, there are four possible pathways for removal of radioactive materials from 
the body.  See Figure 4-2, Pathways.  These are urine, feces, breath (for gaseous radionuclides), 
and sweat.  For soluble uranium, essentially all elimination occurs via the urine. 
 

Figure 4-2.  Pathways 
 

 

Effective Half-life 
In general, the disappearance of a radionuclide from the body occurs via excretion and 
radioactive decay, both of which have associated constants and half-lives.  The sum of the 
biological elimination constant (λB) and the radioactive decay constant (λR) is called the 
effective elimination constant (λ E).  From the relationship among these constants, the effective 
half-life (TE) may be computed from the radioactive half-life (TR) and the biological half-life (TB) 
by the formula: 
 
 λE = λR + λB 
 
And since λ= ln(2)/T, by substitution and simplification, we write the effective half life, TE, in 
terms of radiological and biological half life as: 
 1TE 1TR  1TB 

 

or TE TR  TBTR  TR 

 
Note:  Because all uranium isotopes of interest have very long radioactive half-lives, 

radioactive decay is negligible compared to excretion, and the effective half-life 
essentially equals the biological half-life.   TE is always less than the smaller of the two 
half-lives. 
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Activity 3:   Effective Half-life 
          
PURPOSE:  The purpose of this activity is to determine effective half-

life in a given situation. 
 
 
INSTRUCTIONS: Complete the computations.  Answers are located in the answer key 

section of the Trainee Guide. 

 
Problem 1: 
 
Compute the effective half-life of Tl-202, if the radioactive and biological half-lives are each 12 
days (d). 
 
Solution: 
 
 
 
 
 
 
 
 
 
 
Problem 2:  
 
Compute the effective half-life of U-238 in bone, if the radioactive half-life is 4.468 x 109 years 
(1.632 x 1012 d) and the biological half-life is 1,500 d. 
 
Solution:  
 
  



MODULE 4.0:   INTERNAL DOSE CONTROL  

 

USNRC Technical Training Center  10/10 Rev 4 
Health Physics  Directed Self-Study Course 

4-24

Separate Intakes 
In the case of multiple intakes at different times, the total retention may be computed as the 
sum of the retentions of each individual intake.  Of course the time since intake will be different 
for each, and if the intakes were by different routes, of different radionuclides, or of different 
forms of the same radionuclide, the effective decay constants may also be different. 
 
In general, separate intakes may be summed independently: 
 

At = I1e -λEt1 + I2e –λEt2 +… 
 
where: 
 
 At = total Activity 
 I1  = intake 1 
 I2  = intake 2 
 t1  = time since intake 1 
 t2  = time since intake 2 
 λE  = Effective time constant (λE = (λR+λB) 
 
If intakes are of different radionuclides or by different intake routes, the λ values will be 
different also. 

Things to Remember 
The main thing to remember when computing effective half-times or integrating retention 
times is to ensure that the same time units are used.  When computing integrated activity, the 
time units must also agree with that used for the activity units.  In general, either the physical 
or biological component will dominate, with the latter being the case for uranium.  The actual 
kinetics or retention observed in a given individual will almost always be different from that 
used in the standard models, and there will also be quite a bit of variability among individuals. 

Reference Man 
In order to put metabolic models on a common basis, ICRP has developed the Reference Man.  
The anatomical and physiological parameters of this individual are used for the standard 
metabolic models of radionuclides and the accompanying dose conversion factors.  The ICRP 
has developed several standard metabolic models for the lung, gastrointestinal tract, and bone.  

Things to Remember About the Lung Model 
The important things to remember about the lung model is the dependence on particle size.  If 
particle-size data are available, new deposition fractions can be assigned to the regions.  The 
dose conversion factors for inhalation published by ICRP list the fraction of the dose coming 
from each region; consequently, if different depositions are known, the DCF can be scaled 
accordingly. 
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Finally, because of the mucociliary clearance, ingestion always accompanies inhalation (the 
converse is not true).  The DCFs for inhalation include the contribution from activity that passes 
through the GI tract. 
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Self-Check Questions 4-2:  
           
INSTRUCTIONS: Complete the following questions.  Answers are located 

in the answer key section of the Trainee Guide. 

 
1. What are four possible routes of intake for internal exposure? 
 
  
 
 
 
 
2. Match the terms in column A with the description in column B. 
 

Column A Terms Column B Description 

A. Intake 
 
B. Uptake 
 
C. Deposition 
 

1._____ The absorption of radioactive 
material into extracellular fluids, 
usually the bloodstream, and also 
known as the transfer 
compartment 

 
2._____ Sequestration of radioactive 

material from the transfer 
compartment into a specific 
organ or tissue 

 
3._____ The entry of radioactive material 

within the physical confines of 
the human body 
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3. What are four possible pathways for removal of radioactive materials from the body? 
 
 
 
 
 
 
 

Fill in the blanks, choosing from the following words: 
 

half-lives inhalation particle size  time  urine 
         
4. For soluble uranium, essentially all elimination occurs via                                          . 
 
5. In general, the disappearance of a radionuclide from the body occurs via excretion and 

radioactive decay, both of which have associated constants and                                    . 
 
6. The main thing to remember when computing effective half-times or integrating retention 

times is to ensure that the same                                        units are used. 
 
7. The important thing to remember about the lung model is the dependence 

on                         . 
 
8. Because of the mucociliary clearance, ingestion always accompanies                                  . 
 
 
 
 

 
You have completed this section.   

Please check off your progress on the tracking form.   
Go to the next section. 
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URANIUM BIOKINETICS 

Note: Additional information concerning Uranium Biokinetics is located in the Supplemental 
Reading section at the end of this module. 

Solubility Classes 
According to the ICRP, the following compounds of uranium are assigned to inhalation class D 
and have a gastrointestinal absorption factor of 0.05: UF6, UO2F2, and UO2(NO3)2.  Assigned to 
inhalation class W, also with an f1 value of 0.05, are: UO3, UF4, and UCl4.  Assigned to class Y, 
with an f1 value of 0.002, are: UO2 and U3O8.  At a given uranium processing site, any or all of 
these compounds may be present, as well as uranium metal. 

Site-Specific Models 
Frequently a site (and individual workers) will work with uranium materials of different 
solubilities, or of different particle sizes.  Following an exposure, sequential bioassay may 
indicate that an individual has a retention time different from that of the standard model.  If 
sufficient data are available concerning all these parameters, a site-specific or individual-
specific metabolic model may be designed. 
 
Site- or individual-specific models must be thoroughly documented and supported by available 
data.  Bioassay data should show that the model is an improvement.  That is, it predicts the 
retention and excretion of uranium in a given individual better than the standard model does.  
Once a site-specific retention model is derived, then dose conversion factors can be computed, 
and derived quantities, the ALI and DAC, can also be established.  In all dosimetry records, the 
model used to assess dose must be clearly identified, whether it is the standard model or a site-
specific or individual-specific model. 
 
  



MODULE 4.0:   INTERNAL DOSE CONTROL  

 

USNRC Technical Training Center  10/10 Rev 4 
Health Physics  Directed Self-Study Course 

4-29

Self-Check Questions 4-3:  
           
INSTRUCTIONS: Answers are located in the answer key section of the 

Trainee Guide.  

 
According to the ICRP, place a "D," "W," or "Y"  for inhalation class next to the appropriate 
uranium compound.  
 
1._____ U3O8 
 
2._____ UCl4 
 
3._____ UF4 
 
4._____ UF6 
 
5._____ UO2 
 
6._____ UO2F2 
 
7._____ UO2(NO3)2 
 
8._____ UO3 
 
 
9. When might a licensee use a site-specific model? 
 
 
 
 
 
 
 
 

 
You have completed this section.   

Please check off your progress on the tracking form.   
Go to the next section. 
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  Learning Objective 
 
 
 

When you finish this section, you will be able to: 
 
4.1.3 State acceptable procedures and relative merits of whole-body counting for intake 

assessment. 
 

 

WHOLE-BODY COUNTING 

Whole-body counting is a colloquial term for body radioactivity measurements.  It consists of 
the external detection and quantification of photons emitted by radioactive material in the 
body.  Photons must be emitted in sufficient abundance and have high enough energy to 
escape the body in order to be detected.  It is the bioassay method of choice for most fission 
and activation products. 

Detectors 
The detectors used for whole-body counting are usually large, thallium activated, sodium iodide 
[NaI(Tl)] crystals that are optically coupled to photomultiplier tubes.  These detectors have high 
intrinsic and geometric efficiency, but have poor resolution for photons close in energy.  High-
purity or intrinsic germanium (HPGe) detectors are becoming more common; the disadvantages 
of small size and operation at liquid nitrogen temperature are more than offset by the 
improved resolution.  A special type of crystal detector is the phoswich: a thin NaI(Tl) backed by 
a thick cesium iodide [CsI(Tl)] crystal.  The CsI(Tl) is used as an anticoincidence shield, thereby 
reducing the background. 

WBC Geometries 
Typical whole-body counting geometries include the arc, in which the subject lies on a curved 
bed with the detector at the center of curvature; a reclining chair (the most common), in which 
detectors are placed in front of or behind a seated subject; and a flat bed, or its geometrical 
equivalent, a stand-up geometry. 

WBC Shielding 
There are two approaches to shielding whole-body counters.  The first is to place everything, 
including the subject, in a shielded room.  The second is to shield only the detector from all 
sides except the one facing the subject; this configuration is called a shadow shield.  Low 
background steel is the most common material used for shielding. 



MODULE 4.0:   INTERNAL DOSE CONTROL  

 

USNRC Technical Training Center  10/10 Rev 4 
Health Physics  Directed Self-Study Course 

4-32

Data Collection 
The electronics used for signal collection are the standard chain of modules used with any 
detector.  Nowadays, many, if not all, of these modules are mounted in a plug-in board for a 
personal computer.  Because of the low counting rates involved, dead time is not a problem; in 
fact, if significant dead time is observed, the subject is either grossly externally contaminated, 
or has recently had a nuclear medicine procedure. 

Data Analysis 
Data analysis is basically the same as any form of gamma ray spectrometry.  Peaks are usually 
summed over a region of interest, or fitted by the computer against a library of standard 
spectra.  Software verification is extremely important in whole-body counter operations. 

Subject Handling 
Subjects for whole-body counting are usually on a set schedule, with additional counts 
performed after an incident or upon completion of a particular job.  Typically, the subject will 
shower and change into clean clothing provided by the facility.  Typical counting times are 30 to 
40 minutes for uranium measurements.  In the case of an emergency, medical treatment 
always has priority over dose assessment; after subject treatment and decontamination, whole-
body counts may be performed to yield a rapid, preliminary estimate of the body content. 

Interferences 
The biggest interference with whole-body counting is external contamination; normally, the 
counter cannot distinguish internal and external activity.  In addition, a contaminated subject 
may contaminate the counter itself, rendering it useless until decontamination.  Nuclear 
medicine procedures frequently interfere with whole-body counting.  Since the limit of 
detection of a typical counter is usually a small fraction of the amount injected, unacceptable 
background may occur for extended periods.  As an example, TI-202 can be easily detected for 
100 days after a thallium stress test.  Consequently, if whole-body counting is a facility’s 
primary method of detecting internal contamination, other arrangements would have to be 
made for monitoring workers who undergo nuclear medicine procedures. 

URANIUM COUNTING 

It must be remembered that uranium does not emit high-energy gamma rays; therefore it 
cannot be detected by conventional whole-body counters, such as might exist at a nuclear 
power plant. 

Lung Counting for Uranium 
Usually, we perform lung counts for uranium rather than whole-body counts.  Part of the 
reason for this is that uranium emits only low-energy photons, which cannot be measured from 
the whole body at once.  HPGe detectors are currently considered state of the art for uranium 
lung counting.  Because of the attenuation of low-energy photons by tissue, the chest wall 
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thickness of the subject is often measured ultrasonically.  The radiations detected include 63- 
and 93-keV photons from Th-234, the decay product of U-238, and 185-keV photons from  
U-235. 
 
If ultrasonic scanners are not available, the chest wall thickness can be estimated from 
published correlations with height, weight, and chest circumference; in addition, the 
percentage of adipose tissue in the chest wall may also be measured or computed because 
muscle and adipose have slightly different attenuation coefficients at these energies.  Lung 
counters are typically calibrated with a realistic torso phantom developed at Lawrence 
Livermore National Laboratory; the phantom has been validated by comparison with in vivo 
tracer experiments.  Limited data exist that suggest the distribution of activity in the lung is a 
function of particle size; in the absence of data to the contrary, the depositions used in the ICRP 
lung model are assumed.  The current minimum detectable activity for U-238 is about 2 nCi, 
versus the lowest ALI of 40 nCi; the MDA for U-235 is about 0.1 nCi. 

Skull Counting 
Because uranium deposits in bone, it can also be detected externally over the skull.  The skull 
represents about 14% of total bone mass and about 12% of total bone surface; it is therefore 
representative of the entire skeleton.  It is easy to surround the skull with detectors, and there 
is little soft tissue overlying the bone.  In uranium mining or recovery operations, skull 
measurement of Pb-210 can be used to determine cumulative radon exposure. 

Wound Counting 
Wound counting is frequently used to assess the level of uranium in a contaminated wound; 
quantification of potential intakes is important, especially if the amount may justify medical 
intervention.  In addition, the ratios of the various low-energy photons can be used to estimate 
the depth of material in the wound as a guide for surgical excision.  Usually, a dedicated 
detector at the occupational medical facility is used for wound counting.  Typically, a small 
NaI(Tl) probe would be used for uranium. 

Things to Remember 
Several points should be remembered for assessing whole-body counting as a bioassay method 
for uranium.  Calibration phantoms are designed for specific purposes, so the counter must be 
calibrated with a phantom intended for inhaled low-energy photon emitters.  In addition, the 
calibration factor may need to be adjusted for the body size of the individual.  The radionuclide 
content of the phantom must be traceable to the National Institute of Standards and 
Technology (NIST) or other certifying organization, and phantom calibrations should be 
performed once or twice a year, or after a significant change in the configuration of the counter.  
A check source should be counted daily in a fixed geometry to verify the efficiency and gain of 
the counter.  Finally, remember that a count measures the activity present at the time of the 
count, not the intake. 
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Self-Check Questions 4-4:  
           
INSTRUCTIONS: Complete the following questions.  Answers are located 

in the answer key section of the Trainee Guide.   

 
1. What is whole-body counting? 
 
  
 
 
 
 
 
 
 
 
 
2. What detectors are used for whole-body counting? 
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Fill in the blanks.  Choose from the following words: 
 
activity body check  counting external high-energy 
incident low-energy lung medicine radon   
significant skull  subject  traceable   

 
 
3. The biggest interference with whole-body counting is __________ contamination.  In 

addition, a contaminated __________ may contaminate the counter itself. 
 
4. Nuclear __________ procedures frequently interfere with whole-body counting. 
 
5. Uranium does not emit _________________ gamma rays, therefore it cannot be detected 

by conventional whole-body counters. 
 
6. Usually __________ counts for uranium, rather than whole-body counts, are performed. 
 
7. Because uranium deposits in bone, it can also be detected externally over the __________. 
 
8. In uranium mining and recovery operations, skull measurement of Pb-210 can be used to 

determine cumulative __________ exposure. 
 
9. Wound ______________is frequently used to assess the level of uranium in a 

contaminated wound. 
 
10. Calibration phantoms are designed for specific purposes, so the counter must be 

calibrated with a phantom intended for inhaled ________________ photon emitters. 
 
11. The calibration factor may need to be adjusted for the ____________ size of the 

individual. 
 
12. The radionuclide content of the phantom must be ______________to the National 

Institute of Standards and Technology or other certifying organization, and phantom 
calibrations should be performed once or twice a year, or after a ______________change 
in the configuration of the counter. 

 
13. A _________________source should be counted daily in a fixed geometry to verify the 

efficiency and gain of the counter. 
 
14. Remember that a count measures the __________ present at the time of the count, not 

the intake.    
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You have completed this section.   

Please check off your progress on the tracking form.   
Go to the next section. 
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  Learning Objective 
 
 
 

When you finish this section, you will be able to: 
 
4.1.4 State acceptable procedures and relative merits of excreta analysis for intake 

assessment. 
 

 

EXCRETA ANALYSIS 

Types of Bioassay Samples 
Normally, when we speak about bioassay, we mean indirect, or in vitro bioassay, that is, the 
analysis of materials excreted by or removed from the body.  These samples most commonly 
include urine and feces, but other body fluids such as saliva, perspiration, blood, and mucus 
(nose blows) can also be analyzed.  On rare occasions, tissues obtained at surgery or extracted 
teeth are available.  Also nail and hair clippings can be collected and analyzed.  Routine samples 
are those collected at regularly scheduled intervals, and are almost always urine samples.  
Special samples are those collected after an incident or following a known or suspected 
exposure. 

Choosing a Bioassay Sample 
In order to choose the proper bioassay sample, we must consider the radionuclide and matrix 
involved, the metabolic behavior, and the intake conditions.  Invariably for uranium analysis, 
urine is used as the bioassay sampling medium. 

Bioassay Scheduling 
The scheduling of routine sample collection should be based on the concept of "missed dose."  
That is, at some point following an intake, the amount of activity being excreted in a bioassay 
sample will fall below the minimum detectable activity of the analytical method.  When this 
happens, the intake can no longer be detected, and would be missed if no sample had been 
collected earlier. 

Schematic Representation 
Figure 4-4 is a representative illustration of the missed dose concept.  Even if the level in the 
sample has dropped below the detection limit of routine analytical procedures, sometimes 
special procedures can be used that have improved sensitivity.  This might be done if an earlier 
intake is suspected, even though a subject's routine bioassay result was negative. 
  



MODULE 4.0:   INTERNAL DOSE CONTROL  

 

USNRC Technical Training Center  10/10 Rev 4 
Health Physics  Directed Self-Study Course 

4-38

Figure 4-4.  Illustration of the Missed Dose Concept 
 

 
 

Missed Dose 
Because the excretion rate depends on the radionuclide and matrix, the intake route, and the 
individual's metabolism, the licensee should establish sampling intervals for the bioassay 
program (in the technical basis document).  Regulatory Guide 8.9 Revision 1 states that 
"periodic measurements should be made when the cumulative exposure to airborne 
radioactivity, since the most recent bioassay measurements, is greater than or equal to 0.02 ALI 
(40 DAC-hours)." 

Methods for Detecting Uranium in Urine 
There are four common methods of detecting uranium in urine; in order of popularity, these 
are: 

◙ Fluorimetry 

◙ Kinetic phosphorescence analysis 

◙ Mass spectrometry 

◙ Alpha spectrometry 

Fluorimetry 
Fluorimetry is a chemical analytical method for total uranium.  The uranium is precipitated out 
of solution, fused with fluorides, and the fluorescence of a heated sample is measured.  The 
minimum detectable amount (MDA) is about 1 μg per liter of urine. 
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Kinetic Phosphorescence Analysis 
Kinetic phosphorescence analysis (KPA) is similar to fluorimetry, except the phosphorescence is 
stimulated by a laser, and a time window is used for the uranium phosphorescence to eliminate 
light from contaminants, resulting in a lower MDA of about 0.1 μg per liter. 

Mass Spectrometry 
Mass spectrometry for uranium is identical to that for any other element.  The advantage is 
that chemical separation is not required before analysis.  The MDA is about 0.2 μg per liter. 

Alpha Spectrometry 
Alpha spectrometry is the only radiometric method used for uranium analysis, and, 
consequently, the only method capable of determining the enrichment of uranium in a sample.  
A tracer, usually U-232, is added to measure chemical recovery; the uranium is separated by 
ion-exchange methods, and it is deposited on a counting planchet.  Detection is performed with 
an alpha spectrometer, and the peaks from U-232, U-234, U-235, and U-238 are individually 
analyzed. 

Alpha Spectrometers 
The alpha spectrometers typically used are silicon surface barrier detectors, with high 
efficiencies (> 35%); these detectors have very low backgrounds and high resolution; a typical 
MDA is 0.1 dpm per liter.  Careful chemistry is required to create a mass-less deposit to avoid 
alpha-particle energy straggling. 

Background Levels 
Background levels of uranium are observed in most bioassay samples due to the daily intake of 
uranium in food and water.  A typical background level of uranium in a urine sample for an 
unexposed control ranges from about 0.03 to 3 μg per liter.  Consequently, a facility must 
establish its local background level.  In addition, most glasses contain uranium, which can be 
leached by strong acids.  Laboratories must be careful to pretreat glassware before using it in 
analytical procedures. 

Action Levels 
Action levels should be established as part of the internal dosimetry program.  These are levels 
of internal dose that, when assigned, trigger further action, such as: 

◙ Recording the dose in the individual’s records 

◙ Reporting the dose to supervisory personnel 

◙ Investigating the circumstances of the exposure 

◙ Suggesting medical review and possible intervention level 
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Derived Investigation Levels 
Derived investigation levels (DILs) are those concentrations of activity in an excreta sample or 
body contents in an in vivo measurement that result in the assignment of internal doses 
corresponding to the action levels.  DILs obviously depend on all the circumstances of exposure 
and should be specified in the technical basis document.  Tables of DILs have been published by 
the ICRP in Publication 58. 
 
The DIL depends on the: 

◙ Radionuclide 

◙ Intake route 

◙ Duration of intake (acute versus chronic) 

◙ Sampling of frequency 

◙ Likelihood of multiple exposures 

Rules of Thumb for Bioassay 
It is difficult to derive simple rules of thumb for dealing with bioassay results for uranium, 
because the implied consequences of a given result depend on the enrichment and solubility of 
the uranium.  In general, a urine concentration of 15 μg/L U indicates potential kidney toxicity if 
further exposure occurs, and some action should be taken to evaluate the situation.  If a lung 
count is ever above the minimum detectable activity (about 2 nCi), the solubility class of the 
uranium needs to be determined, since for class Y uranium, this could be 2% or more of an ALI, 
but for class D uranium, it is a trivial result.  Finally, if an air sample shows the presence of one 
DAC, the worker exposure should be investigated to see if any workers could have been 
exposed to 40 DAC-hours. 

Things to Remember 
Other things to remember about running a bioassay laboratory include: knowledge of worker 
exposure conditions; protection of laboratory workers from hazardous chemicals and 
bloodborne pathogens; laboratory workers are usually not classified as radiation workers; and 
everything done in regard to bioassay may be subject to review in a court of law some day. 

"Positive" Sample 
Each facility needs to define a level of activity observed in a sample that constitutes a positive 
result.  Usually, Currie's definition is used: a sample is considered positive if it exceeds the 
decision level (LC = 2.33 σB).  With this definition, a false positive will occur only 5% of the time.  
Normally, a positive sample must be confirmed, either by a follow-up sample that is also 
positive, by association with a known incident, or by default if no follow-up sample is obtained. 
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Quality Assurance in the Bioassay Lab 
Like every other operation, quality assurance (QA) is of paramount importance in the bioassay 
laboratory.  Quality may be defined as meeting the customer's needs, which may include:  

◙ Meeting regulatory requirements 

◙ Providing defensible data 

◙ Alerting management to workplace problems 

◙ Providing timely results 

◙ Ensuring prompt discovery and follow-up of incidents 

QA Audits of Contract Labs 
The customer (facility) must audit the QA procedures of a contract lab performing uranium 
bioassay analysis to ensure that reliable results are being provided.  In general, a qualified QA 
auditor should check the procedures and training records of the contract lab, evaluate the 
chain-of-custody protection for samples, and review the laboratory's performance on quality 
control (QC) samples such as spikes and blanks.  A facility may wish to provide a contract lab 
with some QC samples of its own. 

QA Documentation 
A quality assurance program is extremely difficult to conduct without adequate documentation.  
A facility should have a technical basis document for its bioassay program that explains what 
the program does and why; a QA plan to describe how quality is to be assured; a procedure 
manual that includes analytical methods, detection protocols, acceptance criteria, and 
calibration procedures; and an analyst certification file that includes the education, training, 
and qualification of each analyst (the requirements should be contained in the QA plan). 

Essential Elements of a QA Plan 
NRC licensees should have a plan that covers the 18 points of NQA-1; application of the 
relevant points to a bioassay laboratory operation produces the following list. 
 
Essential elements of a QA plan: 

◙ Description of program and objectives 

◙ Quality improvement 

◙ Documents and records 

◙ Work process controls 

◙ Design control 

◙ Procurement control 

◙ Nonconformance management 
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◙ Self-assessment 

◙ Independent assessment 

Quality Control Samples 
Possibly the most important part of a laboratory QA program is the use of quality control 
samples.  QC samples are any that are analyzed to assess the program; these include spikes, 
blanks, and replicates. Samples should be analyzed in at least a single-blind fashion, i.e., the 
analyst should not know the "right" answer beforehand.  Samples may also be analyzed in 
double-blind fashion, in which the analyst is unaware that the sample is anything other than 
routine, but this may be logistically difficult.  Blanks and replicates may be prepared locally; 
spikes are available from accrediting organizations, including EPA. 

Chain of Custody 
Adequate chain of custody of samples is absolutely required for defensible analyses.  A system 
must be created that prevents inadvertent sample contamination and makes deliberate 
contamination difficult.  Samples need to be under positive control at all times and have a 
reliable identification system that also protects individuals’ privacy. 

QA Responsibilities–Laboratory Manager 
Each person involved in the bioassay laboratory operation has specific QA responsibilities.  The 
manager directs the operation and has overall responsibility for its success.  The manager must 
be directly involved in the QA program and ensure that all employees know the importance of 
QA. 
 
Some specific tasks of the manager: 

◙ Directs laboratory operations; has responsibility for QA implementation 

◙ Obtains necessary resources to satisfy QA requirements 

◙ Participates in and resolves QA problems discovered by staff 

◙ Reviews and approves plans and procedures 

◙ Arranges internal and external assessments 

QA Responsibilities–QA Coordinator 
Typically, a single person will be appointed QA coordinator for the laboratory, although the 
position may not be full-time.  The QA coordinator monitors and supervises the program and 
maintains adequate documentation. 
 
Some specific tasks: 

◙ Monitors compliance with QA plan through internal assessment 

◙ Maintains and updates QA plan 
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◙ Manages document control system 

◙ Conducts training on QA program 

◙ Provides QA review of procurement, processes, and other operations that could affect 
quality 

QA Responsibilities–Laboratory Analysts 
Perhaps the most important person in the QA program is the laboratory analyst.  Analysts must 
be confident that the discovery and reporting of nonconformances will be welcomed by 
management, not punished.  The key to a successful QA program is well-trained and highly 
motivated people operating within a well-documented system. 
 
Essential practices include: 

◙ Prepare, use, and revise written procedures 

◙ Maintain copy of the procedure manual and personal qualification records 

◙ Apply QA requirements to all aspects of routine activities that could affect quality 

◙ Detect and report nonconformances and document corrective actions 

◙ Suggest quality improvements  
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Self-Check Questions 4-5:  
           
INSTRUCTIONS: Complete the following questions.  Answers are located 

in the answer key section of the Trainee Guide. 

 
1. What is meant by the term bioassay (or in vitro bioassay)? 
 
  
 
 
2. What type of bioassay samples can be analyzed? 
 
  
 
 
 
 
 
 
3. In order to choose the proper bioassay sample, what should be considered? 
 
  
 
 
 
 
 
4. When scheduling routine sample collection, what is meant by the concept "missed dose?" 
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5. What are four common methods of detecting uranium in urine? 
 
 
 
 
 
 
 
 
6. How is fluorimetry used? 
 
  
 
 
7. Kinetic phosphorescence analysis (KPA) is similar to fluorimetry, except the 

phosphorescence is stimulated by a laser, and a time window is used for the uranium 
phosphorescence to eliminate light from contaminants.  How does KPA affect the 
minimum detectable amount? 

 
  
 
 
 
 8. What is an advantage of mass spectrometry? 
 
  
 
 
 
  9. What radiometric method used for uranium analysis is capable of determining the 

enrichment of uranium in a sample? 
 
  
 
 
 
10. What are the typical merits of alpha spectrometers? 
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11. Why should laboratories be careful to pretreat glassware before using it in analytical 
procedures? 

 
  
 
 
 
12. To trigger further action, what should be established as part of the internal dosimetry 

program? 
 
  
 
13. What are derived investigation levels? 
 
  
 
14. What are derived investigation levels dependent upon? 
 
  
 
 
 
15. In general, a uranium concentration of 15 μg/L of urine indicates what? 
 
  
 
 
 
16. If a lung count is ever above the minimum detectable activity (about 2 nCi), what should 

be determined? 
 
  
 
 
 
 
17. What should happen if an air sample shows the presence of one DAC? 
 
  
 
 
 
 



MODULE 4.0:   INTERNAL DOSE CONTROL  

 

USNRC Technical Training Center  10/10 Rev 4 
Health Physics  Directed Self-Study Course 

4-47

18. How is a positive sample confirmed? 
 
 
 
 
 
19. What guideline should NRC licensees follow in the development of a quality assurance 

plan? 
 
   
 
20. What is the key to a successful quality assurance program for a bioassay laboratory? 
 
 
 
 
 

 
You have completed this section.   

Please check off your progress on the tracking form.   
Go to the next section. 
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  Learning Objective 
 
 
 

When you finish this section, you will be able to: 
 
4.1.5 Describe the various endorsed methods for intake assessment and dose calculation. 
 

 

NRC-ENDORSED METHODS 

Note: Additional information concerning NRC-Endorsed Methods is located in the 
Supplemental Reading section at the end of this module. 

Flow Chart 
Once we have our analytical results from whole-body counting, urinalysis, or air sampling, there 
is a systematic progression of steps to obtain the dose parameters.  These include calculation 
of: 

◙ Body or organ burden at the time of measurement 

◙ Initial body burden and/or intake 

◙ CDE 

◙ CEDE 

Of course, recording and reporting complete the process. 

Analytical Results 
Remember that whole-body counting gives a direct measurement of body content, while 
excreta analysis measures what is being lost from the body, not the body content.  In addition, 
excreta results must frequently be normalized to a 24-hour period by correcting for volume or 
mass, or by normalizing on a metabolite with relatively constant excretion, such as creatinine. 

Things to Remember 
Some points to remember about dose calculations include: keep all time units the same; it 
doesn’t matter if they are years, days, or seconds, but they must all be the same and agree with 
the time units used for activity.  When integrating dose over 50 years, exponential terms are 
usually neglected, but must not be forgotten if the effective half-life is comparable to 50 years, 
as happens for some actinides.  
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Dose Tables/Computer Programs 
There are easier ways to get the dose calculation, including the tables of intake retention 
fractions in NUREG/CR-4884, and the various internal dosimetry computer programs, including 
CINDY, REMedy, GENMOD, INDOS, MIRDOSE, etc. 

NUREG/CR-4884 
The way most people do internal dosimetry is to use the intake retention fractions published in 
NUREG/CR-4884 to relate a bioassay measurement to an intake, and then ratio the intake with 
the ALI.  NUREG/CR-4884 contains tables of both retained amounts and excretion, all expressed 
as fractions of initial intake for both inhalation and ingestion of radionuclides, broken down by 
solubility class.  The functions are based on the standard ICRP-30 models to a great extent.  The 
document also gives a brief summary of the models, element data sheets giving the metabolic  
parameters, and a number of worked examples. 

Example Calculation 
Example calculation of intake from urine excretion. 
 
A worker at a plant handling depleted uranium (DU) (assume pure U-238) as the "green salt" 
(UF4) is on a monthly urinalysis schedule.  His most recent sample contains 10 μg DU/L.  
Estimate the intake and dose assuming a single acute inhalation; no other data are available. 
 
Worst case assumption: intake occurred 30 days ago; also assume inhalation of 1.0 μm AMAD 
particles. 
 
Daily excretion = 10 μg/L  x  1.4 L/d = 14 μg.  UF4 is class W; Intake Retention Function (IRF) for 
urine at 30 days from NUREG/CR-4884 is 7.28 x 10-4.  Therefore, intake is estimated as: 
 

14 μg ÷ 7.28 x 10-4 = 19 mg DU 
 
The specific activity of DU is 4 x 10-7 Ci/g, so intake = 7.6 nCi.  The ALI for class W U-238 is 800 
nCi, and is a SALI, so the CEDE = 5 rem x    7.6   = 49 mrem. 
 800  
 
A more realistic estimate would be to assume that the intake occurred halfway through the 
monitoring period, or 15 days ago.  The IRF for 10 days is 1.75 x 10-3 and the IRF for 20 days is 
1.03 x 10-3.  The geometric mean is 1.34 x 10-3; this implies an intake of 10.4 mg, or 4.2 nCi, with 
a CEDE of 26 mrem. 

CINDY 
One of the more common computer program used for internal dosimetry calculations is CINDY, 
developed for DOE by Battelle Pacific Northwest Laboratories, and now commercially available 
from Canberra.  It has multiple operating modes: intake assessment based on bioassay data, 
dose assessment for specified time periods and for calendar-year intervals, and bioassay 
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projections, i.e., predictions of future bioassay results based on current data.  It, too, is based 
on ICRP 30 models, but the retention parameters can be varied to fit the individual. 

REMedy 
Another program is REMedy, developed by SAIC.  It also computes doses from bioassay or air 
sampling data, based on ICRP 30 models, with the option of patient-specific models. 
 

◙ Dose on basis of bioassay results or air concentration data 

◙ REMedy–A: dose from air concentration data 

◙ REMedy–B: dose from bioassay data 

◙ REMedy–C: "complete" combines A and B 

◙ REMedy–D: dose for alternate metabolic models 

Quality Assurance for Dose Calculations 
Quality assurance for dose calculations resides primarily in the quality of the bioassay data 
upon which they are based.  If a computer program is used for calculations, the results should 
periodically be verified by hand.  All results should be reviewed by an experienced dosimetrist 
before being recorded.  In general, quantifiable errors should be promulgated through the 
calculations to the final results. 

Sources of Uncertainty 
Figure 4-5, Sources of Uncertainty in Internal Dose Calculations and Bioassay Interpretations, 
shows the sources of uncertainty in dose calculations; in general, only four of these blocks have 
quantifiable errors: analytical results, day-to-day variability, background variability, and air 
concentration. 
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Figure 4-5.  Sources of Uncertainty in Internal Dose Calculations and Bioassay Interpretations 
 

 

Other Areas for QA 
Other areas for quality assurance include configuration control of software, checking of data 
entry, safeguards on privacy, and consistency of results.  The internal dosimetry system should 
be exercised periodically, usually as part of a larger scale (emergency) exercise, and someone—
one single individual—must understand all aspects of the internal dosimetry operation. 

Things to Remember 
A few useful things to remember about internal dose calculations: two significant figures are 
pushing it; nobody behaves exactly like the models; keep records of everything; ensure that 
management is aware of the uncertainties in dose estimation; and finally, in an emergency 
situation, dose assessment is frequently under severe time pressure—the dosimetrist should 
resist being forced to draw a conclusion with which she or he is not really comfortable. 
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Self-Check Questions 4-6:  
           
INSTRUCTIONS: Fill in the blanks.  Answers are located in the answer 

key section of the Trainee Guide.   

 
Choose from the following words. 
 

24-hour period based  CINDY  content effective intake  

lost  measurement models  NUREG/CR-4884 records REMedy 

same uncertainties     
 
1. Once analytical results from whole-body counting, urinalysis, or air sampling are known, 

the progression of steps to obtain the dose parameters include calculation of body or 
organ burden at the time of _______________, initial body burden and/or 
_______________, committed dose equivalent, committed _______________ dose 
equivalent, and recording and reporting the calculations. 

 
2. Remember that whole-body counting gives a direct measurement of body 

_______________, while excreta analysis measures what is being ________ from the 
body.  In addition, excreta results must frequently be normalized to a 
_________________ by correcting for volume or mass, or by normalizing on a metabolite 
with relatively constant excretion, such as creatinine. 

 
3. When performing dose calculations, keep all time units the _______________. 
 
4. The way most people do internal dosimetry is to use the intake retention fractions 

published in _______________ to relate a bioassay measurement to an intake, and then 
ratio the intake with the annual limits on intake. 

 
5. Two common computer models used for internal dosimetry calculations are 

______________ and _______________. 
 
6. Quality assurance for dose calculations resides primarily in the quality of the bioassay 

data upon which they are __________. 
 
7. A few useful things to remember about internal dose calculations are that nobody 

behaves exactly like the __________, keep __________ of everything, and ensure that 
management is aware of the ___________________ in dose estimation. 
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You have completed this section.   

Please check off your progress on the tracking form.   
Go to the next section. 
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  Learning Objective 
 
 
 

When you finish this section, you will be able to: 
 
4.1.6 Describe appropriate responses to a potential intake; including pathway 

determination, material characterization, and effect on dose assessment. 
 

 

INCIDENT RESPONSE 

Priorities in Incident Response 
When there is an incident involving the release of radioactive material and possible personnel 
exposure, medical treatment always takes priority, followed by containment of material and 
contamination control, both onsite and offsite.  Once the situation is under control, personnel 
dose assessment can begin, followed by assessment of environmental consequences. 

Medical Consequences and Treatment 
In the case of uranium exposure, kidney toxicity is usually the more important consideration.  
Trauma frequently includes acid burns, especially with UF6 releases, and acid fumes can cause 
pulmonary distress and failure.  If contaminated wounds or burns occur, they can be significant 
pathways for intake. 

Health Physics Sample Collection 
To assess internal doses properly, all available information must be gathered.  This includes 
surface smears from the workplace and from the contaminated subject, especially around the 
nose and mouth.  Nose swabs and blows can be early indicators of inhalation intakes.  Urine 
sample collection should begin as soon as convenient; the first voidings will probably contain 
little uranium, but may be useful to determine the baseline.  Subsequent samples should be 
collected in full to minimize uncertainties in relating a given sample to the total daily excretion.  
Finally, air monitoring data should also be reviewed. 

Follow-Up Sampling 
As follow-up sampling is performed, urine collection should continue, and fecal sampling may 
be used for insoluble material; lungs counts may also be performed and repeated periodically 
to determine the retention time.  If standard models do not seem applicable to the situation, 
particle size analysis and solubility measurements may shed some light on what is occurring. 
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Model Modification 
If sufficient data are available, and if the standard models do not provide good fits to the data, 
a modified model may be developed.  Particle size data are used to adjust the deposition 
fractions in the regions of the respiratory tract; solubility data are used to modify retention 
times in the lung; urinalysis data are used to determine individual body retention times.  All the 
data may be combined to develop a patient-specific model. 

Gore, Okla., UF6 Incident (1986) 
As an example of a severe incident, consider the rupture of a 14-ton cylinder of UF6 at Gore, 
Okla., in 1986.  The released UF6 rapidly hydrolyzed in air, producing a cloud of UO2F2 and HF.  
One worker died from pulmonary edema, one was treated for skin burns, and 21 others were 
hospitalized.  It is interesting to note that no positive lung counts were recorded subsequently, 
probably due to the rapid disappearance of uranyl fluoride from the lung. 

Model Changes from Gore Data 
Thirty-one exposed workers were followed after the incident with periodic urine sampling for 
up to two years, although all samples returned to background levels within three weeks.  
Mathematical models were fitted to the urine data, with the result that the best fits were 
obtained with a retention half-time of 45 minutes in the lung, versus a standard model of 12 
hours, and a retention half-time in the kidney of six days in good agreement with standard 
model value.  
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Self-Check Questions 4-7:  
           
INSTRUCTIONS: Complete the following questions.  Answers are located 

in the answer key section of the Trainee Guide.   

 
1. What are the priorities in incident response involving release of radioactive material and 

possible personnel exposure? 
 
  
 
 
2. Why would contaminated wounds or burns be a concern in a radiological incident? 
 
  
 
 
3. What actions should health physicists take for sample collection in an incident response 

situation? 
 
 
 
 
 
4. What should be considered in follow-up sampling? 
 
  
 
 
 
5. If sufficient data is available, and if the standard models do not provide good fits to the 

data, a modified model may be developed.  What data would you consider in developing a 
patient-specific model? 

 
 
 

 
You have completed this section.   

Please check off your progress on the tracking form.   
Go to the next section. 
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SCHEDULING AND RECORD KEEPING 

Note: Additional information concerning Scheduling and Record Keeping is located in the 
Supplemental Reading section at the end of this module. 

General Requirements 
The requirements for occupational radiation exposure records are given in ANSI draft standard 
N13.6, Exposure Records System; in general, records should provide support for decision 
making, demonstrate and facilitate compliance, provide for reconstruction of doses, facilitate 
coordination with other required records, and provide timely, easily retrievable information. 

Records Management 
Records need to be managed over their life cycle, consolidated for each monitored individual, 
clearly established as to who is responsible for creating and maintaining them, and be able to 
cross reference to other relevant records usually stored separately. 

Record Format 
Record format must be identifiable by site and purpose, dated, intelligible to a qualified person, 
and legible, complete, and accurate. 

Records Retention 
Long-term records retention is indicated for three reasons: to maintain regulatory compliance, 
to defend subsequent litigation, and to provide information usable in epidemiologic studies of 
radiation workers. 

NRC Requirements 
NRC requirements are contained in 10 CFR Part 20 Parts L and M, and guidance is provided in 
Regulatory Guides 8.34 and 8.7 Revision 1.  Generally, licensees must distinguish among the 
various dose parameters (TEDE, DDE, CEDE, CDE, etc.), retain records until the license 
termination, and use the traditional units of activity and dose. 

NRC Records 
The following identify NRC-required records relating to the radiation protection program (RPP), 
surveys, prior occupational doses, planned special exposures, individual monitoring, exposure 
of the general public, and waste disposal. 

Program records 
◙ Radiation protection program provisions 

◙ Audits and other program reviews (three years) 
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Survey records 
◙ Required surveys and calibrations (three years) 

◙ Surveys used to assess external dose 

◙ Measurements and calculations used to determine individual intakes and doses 

◙ Air sampling, surveys, and bioassays used for respiratory protection program 

◙ Measurements and calculations used to evaluate environmental releases 

Prior occupational dose records 
◙ Current year-to-date dose 

◙ Lifetime cumulative occupational dose 

◙ Previous planned special exposures 

◙ Lifetime doses in excess of limits 

Planned special exposure records 
◙ Exceptional circumstances requiring PSE 

◙ Authorization documents 

◙ What actions necessary and why 

◙ ALARA considerations 

◙ Anticipated and actual doses 

Individual monitoring records 
◙ Whole-body DDE 

◙ Eye DE 

◙ Shallow DE to skin 

◙ Shallow DE to extremities 

◙ Intakes or body burdens 

◙ CEDE assigned to intakes 

◙ Calculations of CEDE 

◙ TEDE 

◙ TODE to organ receiving highest TODE 
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Other records 
◙ Dose records for individual members of the public to demonstrate compliance 

◙ Waste disposal records 

◙ Records of tests of energy control devices for very high radiation areas 

NRC Reports 
Reports must be submitted to the NRC in the case of theft or loss of licensed materials, 
incidents, exposures exceeding the limits, planned special exposures, and annual individual 
monitoring. 

10 CFR Part 19 Reports 
10 CFR Part 19.13, Notifications and Reports to Individuals, covers reports to individual workers 
of their radiation exposure; annual reports are now provided to all workers required to be 
monitored, and summaries of all previous annual exposures are provided to terminating and 
former workers upon request. 
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Self-Check Questions 4-8: 
           
INSTRUCTIONS: Complete the following questions.  Answers are located 

in the answer key section of the Trainee Guide. 
 

 
1. Where are NRC requirements contained for internal dosimetry records? 
 
  
 
 
2. What general requirements should licensees meet in regard to internal dosimetry 

records? 
 
  
 
 
 
3. When should reports be submitted to the NRC? 
 
  
 
 
 
4. What information is required to be given to employees according to 10 CFR Part 19.13? 

  
 
 
 
    

 
 It's time to schedule a progress meeting with your administrator.   
 Review the progress meeting form on the next page.  In Part III, as a  
 Regulator, write your specific questions to discuss with the administrator.
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PROGRESS REVIEW MEETING FORM 

 
 
 
 
Date Scheduled: ________________________________Location:______________________ 
 
I. The following suggested items should be discussed with the administrator as to how they 

pertain to your current position: 

◙ Primary and derived limits 

◙ NRC limits - 10 CFR Part 20 

◙ Types of effects 

◙ Terminology used in internal 
dosimetry 

◙ Dose conversion factors 

◙ Annual limit on intake 

◙ Derived air concentration 

◙ Intake routes 

◙ Intake, uptake, deposition 

◙ Pathways 

◙ Effective half-life 

◙ Separate intakes 

◙ Solubility classes 

◙ Site-specific models 

◙ Whole-body counting 

◙ Lung counting 

◙ Excreta analysis 

◙ Missed dose 

◙ Methods for detecting uranium in 
urine 

◙ Action levels 

◙ Derived investigation levels 

◙ Quality assurance in bioassay labs 

◙ NRC-Endorsed methods for dose 
calculations 

◙ NUREG/CR-4884 

◙ Computer models 

◙ Incident response 

◙ Health physics sample collection 

◙ Scheduling and record keeping 

◙ 10 CFR Part 20 Sub-parts L and M 

◙ Regulatory Guides 8.34 and 8.7 
Revision 1 

◙ 10 CFR Part 19.13 
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II. Use the space below to take notes during your meeting. 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

III.  As a Regulator: 

◙ Tell me about the internal dosimetry program and how it may differ from one fuel cycle 
facility to another. 

◙ Show me documentation that licensees have produced which explain how they used 
dose conversion factors. 

◙ Show me documentation that licensees have produced which explains how their 
computer models are being used for internal dosimetry calculations.  Is the computer 
model a good representative of internal dosimetry practices? 

◙ What situations prescribe doing lung counts for uranium instead of whole-body counts? 

◙ Show me documentation that licensees have produced that explain their methods used 
for detecting uranium in urine.  Is the documentation a good representative of internal 
dosimetry practices?  If yes or no, please explain. 
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Use the space below to write your specific questions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IV. Further assignments?  If yes, please note and complete.  If no, initial completion of 

progress meeting on tracking form.   
 
 
Suggested reading may include: 
 

◙ 10 CFR Part 20 

◙ NUREG/CR-4884 

◙ Regulatory Guides 8.34 and 8.7 Revision 1 

◙ 10 CFR Part 19.13 
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Ensure that you and your administrator have dated and initialed  

your progress on your tracking form for this module. 
Go to the module summary.

 

 

MODULE SUMMARY 

The internal dosimetry of uranium is complicated by the fact that uranium is handled in many 
different chemical forms and also various levels of enrichment.  Urine bioassay data is 
frequently reported in mass units, so the enrichment must be known to convert to activity.  The 
chemical form must also be known to determine the solubility class.  In general, for soluble 
forms of depleted, natural, and low-enriched uranium, chemical toxicity to the kidney is more 
of a hazard than the radiation dose.   
 
The ALIs and DACs for inhalation of class D uranium and ingestion of soluble uranium are based 
on the nonstochastic limit for dose to bone surfaces; the ALIs and DACs for inhalation of class W 
and class Y uranium and ingestion of insoluble uranium are based on the stochastic limit, 
regardless of enrichment.   
 
Uranium is excreted almost exclusively in the urine, so urine bioassay is frequently the method 
of choice; lung counting with high-purity germanium detectors may be used to assess inhalation 
of class Y uranium compounds.  If sufficient data are available to support their derivation, site-
specific ALIs and DACs may be developed, and individual-specific biokinetic models may also be 
used to improve internal dose assessment. 
 

 
 

Congratulations!  You are ready to go to the next assigned module. 
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