
Draft for ACMUI Review 
 

Draft for ACMUI Review 
 

 RCD-21-181-0 
 
 
 
 
 
 

Activity Thresholds, Patient-Specific Modifying Factors, Breastfeeding 
Interruption Times, and Other Supporting Data 

 
Research Information Letter Report for 

 
Phase 2 Revisions to Regulatory Guide 8.39: 

Release of Patients Administered Radioactive Material 
 
 
 

R.R. Benke, D.M. Hamby, D.L. Boozer, 
C.T. Rose, C.D. Mangini, R.P. Harvey and K.M. Tack 

 
 
 
 
 
 

submitted by: 
 

RCD RADIATION PROTECTION ASSOCIATES 
 
 

a subsidiary of: 
 

Renaissance Code Development, LLC 
310 NW 5th St., Suite 107 

P.O. Box 1778 
Corvallis, Oregon 97339 

(541) 286-4428 (office/fax) 
http://www.rcdsoftware.com 

 
 
 

June 30, 2021 
 

 
 

David M. Hamby, PhD 
Managing Partner 

david.hamby@rcdsoftware.com 
NRC Contract No. 31310019C0036 

 



 

Draft for ACMUI Review 

ii 
Draft for ACMUI Review 

 
 

 

Table of Contents 
1. EXECUTIVE SUMMARY ....................................................................................................................................... 1 

2. BASIC THRESHOLDS ........................................................................................................................................... 2 

Photon Dose-Rate Kernel Specific to Patient Release ........................................................................................... 2 

Primary Photon Dose-Rate Kernel ......................................................................................................................... 3 

Bremsstrahlung Dose-Rate Kernel ........................................................................................................................ 5 

Total Dose-Rate Kernel for Patient Release ........................................................................................................ 13 

Basic Activity Threshold ....................................................................................................................................... 19 

Basic Measurement Threshold ............................................................................................................................ 22 

Supplemental Material for Basic Thresholds ...................................................................................................... 24 

3. INTERNAL DOSE ASSESSMENT ......................................................................................................................... 28 

External Bystander Dosimetry ............................................................................................................................. 28 

Internal Pathway Analysis ................................................................................................................................... 29 

Conclusions .......................................................................................................................................................... 30 

4. PATIENT-SPECIFIC MODIFYING FACTORS ........................................................................................................ 32 

Dosimetry Methods ............................................................................................................................................. 32 

Retention Functions ............................................................................................................................................ 34 

Application of Thresholds .................................................................................................................................... 36 

Modifying Factors ................................................................................................................................................ 37 

Time-integrated Biokinetics,  ...................................................................................................................... 37 

Occupancy,  ................................................................................................................................................. 41 

Geometry,  ................................................................................................................................................... 46 

Attenuation,  ................................................................................................................................................ 49 

Determining the Maximally Exposed Individual .................................................................................................. 49 

Patient Questionnaire as Supporting Information .............................................................................................. 51 

Flux Calculations for the Geometric Modifying Factor ........................................................................................ 53 

Attenuation Factors for Various Tissue Thicknesses ........................................................................................... 62 

5. BREASTFEEDING THRESHOLDS ........................................................................................................................ 83 

Background .......................................................................................................................................................... 83 

Record/Instruction Activity Thresholds for Breastfeeding Patients. ............................................................... 83 

History of Recommendations for Breastfeeding Interruption. ....................................................................... 83 

Dosimetry Methods ............................................................................................................................................. 87 

Example Calculation ............................................................................................................................................ 96 



 

Draft for ACMUI Review 

iii 
Draft for ACMUI Review 

 
 

 

6. PATIENT DEATH ............................................................................................................................................... 98 

Background .......................................................................................................................................................... 98 

Methodology ....................................................................................................................................................... 99 

Results ............................................................................................................................................................... 100 

Conclusions ........................................................................................................................................................ 101 

7. EMERGING TECHNOLOGIES ........................................................................................................................... 105 

Radionuclides .................................................................................................................................................... 105 

Radiolabeling ..................................................................................................................................................... 105 

Radiolabeled Chemotherapy Agents ................................................................................................................. 107 

Radioimmunotherapy ........................................................................................................................................ 108 

Personalized Dosimetry and Implications ......................................................................................................... 108 

8. INTERNATIONAL HARMONIZATION............................................................................................................... 110 

Background ........................................................................................................................................................ 110 

Findings .............................................................................................................................................................. 111 

Discussion .......................................................................................................................................................... 112 

9. REFERENCES .................................................................................................................................................. 113 

 

  



 

Draft for ACMUI Review 

iv 
Draft for ACMUI Review 

 
 

 

Table of Tables 
Table 2-1  Coefficients for Equation [2-3] to determine mass energy absorption and mass attenuation for 
ICRU (1980) 4-component tissue (ρ = 1 g/cm3) and titanium (ρ = 4.51 g/cm3) ................................................ 4 
Table 2-2  Coefficients for the geometric progression approximation form of the photon buildup factor . 6 
Table 2-3  Dose-rate kernels for bremsstrahlung in tissue and titanium for single beta transition 
radionuclides ......................................................................................................................................................... 11 
Table 2-4  Power function coefficients to estimate patient release dose-rate kernels in four materials .. 13 
Table 2-5  Photon dose-rate kernels compared to gamma-ray constants from NRC (2020) ........................ 17 
Table 2-6  Photon dose-rate kernels compared to exposure constants in the recent literature ................ 18 
Table 2-7  Basic activity thresholds for bystander exposures at 1 meter ...................................................... 21 
Table 2-8  Basic measurement thresholds for bystander exposures at 1 meter ........................................... 23 
Table 2-9  Additional photon dose-rate kernels compared to gamma-ray exposure constants in NRC 
(2020) ...................................................................................................................................................................... 24 
Table 2-10  Additional photon dose-rate kernels compared to exposure rate constants in recent 
literature ................................................................................................................................................................ 25 
Table 2-11  Additional basic activity thresholds for bystander exposures at 1 meter ................................. 26 
Table 2-12  Additional basic measurement thresholds for bystander exposures at 1 meter ...................... 26 
Table 3-1  Internal pathways ............................................................................................................................... 30 
Table 4-1  Example occupancy factors for effective half-life and exposure characteristics ........................ 45 
Table 4-2  Example Patient Questionnaire for Determining Patient-Specific Modifying Factors ............... 52 
Table 5-1  Historical recommendations on breastfeeding interruption for infant dose less than 1 mSv .. 86 
Table 5-2  Radiopharmaceutical-specific parameter values for calculating modified activity thresholds 
and potential interruption times for a monophasic retention model to protect the breastfeeding infant
 ................................................................................................................................................................................. 92 
Table 5-3  Radiopharmaceutical-specific parameter values for calculating modified activity thresholds 
and potential interruption times for a biphasic retention model to protect the breastfeeding infant ..... 93 
Table 5-4  Modified breastfeeding activity thresholds by radiopharmaceuticals with no interruption .... 94 
Table 5-5  Recommended breastfeeding interruption times for dose limitations of 5 and 1 mSv ............. 95 
Table 6-1  Potential dose rate and total dose at 1 m from deceased to a first responder or funeral worker
 ............................................................................................................................................................................... 102 
Table 6-2  Patient death activity threshold for 44 radionuclides .................................................................. 103 
Table 6-3  Therapeutic procedures resulting in high dose rates at the time of administration ................ 104 
Table 7-1  Potential new radionuclides ............................................................................................................ 105 
Table 7-2  Imaging radiopharmaceuticals ........................................................................................................ 107 
Table 7-3  Radiolabeled chemotherapy agents ............................................................................................... 108 
Table 7-4  Emerging radioimmunotherapy agents .......................................................................................... 108 
 
  



 

Draft for ACMUI Review 

v 
Draft for ACMUI Review 

 
 

 

Table of Figures 
Figure 2-1  Absorption photon buildup factor in 20 mm of ICRU (1980) four-component tissue as a 
function of photon energy ..................................................................................................................................... 5 
Figure 2-2  Bremsstrahlung yield as a function of electron kinetic energy in air, water, and bone (Johns & 
Cunningham, 1983) ................................................................................................................................................. 8 
Figure 2-3  Bremsstrahlung photon spectrum calculated according to Equation [2-16] for 32P in tissue . 10 
Figure 2-4  Dose-rate kernel for bremsstrahlung generated in tissue or titanium as a function of 
maximum beta energy for single-transition beta emitters listed in Table 2-3.  Curve fitting is displayed 
for beta emitters with maximum energies exceeding 0.125 MeV .................................................................. 12 
Figure 2-5  Comparison of the bremsstrahlung dose-rate kernel for tissue generation and tissue receptor 
without buildup and attenuation to the bremsstrahlung exposure-rate constant (Gg) from Zanzonico et 
al. (1999) ................................................................................................................................................................. 12 
Figure 2-6  Comparison of dose-rate kernels for patient release with MCNP6 results for emissions of (A) 
primary photons, ∆ , (B) monoenergetic electrons, ∆ , and (C) beta-particle distributions, ∆ .  
Radioactive sources are either bare (open circles) or encapsulated in 0.05 mm of titanium (X) with 20 
mm of overlying tissue ......................................................................................................................................... 16 
Figure 4-1  (a) Generalized graphical template to determine  from patient retention data. The 
generalized template is produced from averaging two bounding cases. (b) I-131 example fast bounding 
case vs. time and (c) I-131 example slow bounding case for I-131 vs. time, shown before converting time after 
administration into radiological half-lives.  (d) Test of the generalized template with example patient 
retention data for Lu-177. ...................................................................................................................................... 38 
Figure 4-2  Overview depicting radionuclide retention and bystander exposure in two time intervals .... 41 
Figure 4-3  Fraction of Radioactive Emissions Generalized to the Number of Effective Half Lives ............. 40 
Figure 4-4  Generalized Effects from Exposure Delay (vertical axis) and Duration (horizontal axis) .......... 44 
Figure 4-5  Occupancy values for 50 time intervals of equal duration immediately after administration 
for a singe effective half-life.  Time intervals are generalized for one-tenth of an effective half-life.  
When bystander exposure occurs over multiple time intervals,  values for those time intervals are 
summed .................................................................................................................................................................. 46 
Figure 4-6  Reconciling geometric assumptions for calculating the modifying factor .................................. 48 
Figure 4-7  Geometric modifying factors for external exposure.  Line-Line geometry refers to a 1.7-m 
source length and 0.7-m length for critical organs.  Point-Line refers to a point source at the end of the 
0.7-m length for critical organs ........................................................................................................................... 48 
Figure 4-8  Graphical Survey Template for Bystander Occupancy .................................................................. 50 
Figure 4-9  Example occupancy determination for multiple bystanders using the graphical template ..... 50 
Figure 4-10  Point-Line geometries with parameterization for (a) Equation [4-22] and (b) Equation [4-23]
 ................................................................................................................................................................................. 54 
Figure 4-11  Point-Line irradiation geometries for calculating the geometric modifying factor 
representing (a) prostate seed implants and (b) radionuclide uptake by the thyroid.  Both shown with a 
separation distance of 1 m ................................................................................................................................... 55 
Figure 4-12  Line-Line irradiation geometries for a full-length patient and full-length bystander ............. 58 
Figure 4-13  Line-Line irradiation geometries for calculating the geometric modifying factor with a partial 
bystander height representing a distribution of sensitive organs in the bystander..................................... 58 
Figure 4-14  Comparison of the average flux without attenuation and buildup ........................................... 59 
Figure 4-15  Geometric modifying factors for external exposure ................................................................... 60 



 

Draft for ACMUI Review 

vi 
Draft for ACMUI Review 

 
 

 

Figure 4-16  Line-Line irradiation geometry for a child being held during breastfeeding ............................ 61 
Figure 4-17  Irradiation geometries for external exposure of the child’s body to breastmilk radioactivity in the 
(a) nursed breast and (b) other breast.  One geometric modifying factor for breastmilk exposure is developed 
from averaging results of two irradiation geometries .......................................................................................... 61 
Figure 4-18  Attenuation modifying factors versus tissue thickness for 40 radionuclides: C-14, F-18, P-32, P-33, 
Sc-47, Cr-51, Cu-64, Cu-67, Ga-67, Se-75, Zr-89, Sr-89, Sr-90, Y-90, Tc-99m, Pd-103, Ru-106, Ag-111, In-111, Sn-
177m, I-123, I-124, I-125, Xe-127, I-131, Cs-131, Xe-133, Sm-153, Dy-165, Ho-166, Er-169, Yb-169, Lu-177, Re-
186, Re-188 Ir-192, Au-198, Tl-201, At-211, and Ra-223 ..................................................................................... 909 
Figure 5-1  Probabilistic representation using PIMAL and MCNP to determine 3D geometry factors ....... 90 
Figure 7-1  Applications of radiolabeled materials (from Jeon 2019) ........................................................... 106 
 

 



 

Draft for ACMUI Review 

1 
Draft for ACMUI Review 

 
 

 

 

1. EXECUTIVE SUMMARY 
 
The U.S. Nuclear Regulatory Commission (NRC) regulation at 10 CFR 35.75 provides requirements for evaluating 
and releasing patients who have been administered radioactive material.  The revision to Regulatory Guide 8.39 
(NRC 2020) presents acceptable approaches to demonstrate compliance.  This document describes concepts 
developed for Revision 2 to NRC Regulatory Guide 8.39 and specifically addresses: 
 

• basic thresholds for external radiation dose (Chapter 2) 
• internal dose potential for a relatively new radiopharmaceutical (Chapter 3) 
• incorporating additional realism with patient-specific modifying factors (Chapter 4) 
• thresholds and interruption times for patients who are breastfeeding (Chapter 5) 
• emerging technologies and radiopharmaceuticals (Chapter 6) 
• unexpected patient death shortly after release from the medical facility (Chapter 7) 
• harmonization with international guidance (Chapter 8) 

Nothing herein supersedes the requirements stated in 10 CFR Part 35 or guidance published in NRC Regulatory 
Guide 8.39, Revision 2.  Throughout this document, dose equivalents and dose equivalent rates are simply referred 
to as doses and dose rates, respectively. 
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2. BASIC THRESHOLDS 
Basic thresholds provide a rapid means of assessing potential external doses to individual bystanders exposed to 
the patient.  Theory and parameterization for developing dose-rate kernels specific to patient release, Δpr, basic 
activity thresholds,  and , and basic measurement thresholds,  and , for releasing the patient 
and issuing instructions to the patient are presented below. 
 
Photon Dose-Rate Kernel Specific to Patient Release 
 
Dosimetric calculations implement a point-kernel concept and feature a total dose-rate constant, ∆ , for patient 
release.  The kernel has units of dose rate per unit activity at a specified distance and includes contributions from 
primary photons (gamma rays, X rays and positron annihilation photons) and secondary photons from 
bremsstrahlung production arising from electron (beta, internal conversion, and Auger emission) interactions in 
the patient’s body.  The point-kernel formulation assumes isotropic emission from a point source within the 
patient and dose delivery to a point in tissue of a bystander at a distance of 1 m.  The source is assumed to be 
embedded in an infinitely small sphere of tissue so that bremsstrahlung can be generated.  Attenuation and 
buildup in material between the patient and the bystander is not considered in the calculation of ∆  (i.e., the 
source and receptor are modeled as separated points of tissue in a vacuum).  Analytical calculations were 
performed and compared with Monte Carlo simulation results. 
 
The dose-rate constant for patient release is the sum of kernels for: (1) primary photon emissions, ∆ ; (2) 
bremsstrahlung photons due to electron emissions from internal conversion and Auger processes, ∆ ; and (3) 
bremsstrahlung photons due to positron and negatron decay emissions, ∆ .  Thus, 
 ∆  = ∆ + ∆ + ∆ . Equation 

[2-1] 
 
Compared to primary photon emissions, bremsstrahlung contributions tend to be insignificant unless the 
radionuclide is a pure beta emitter (e.g., 32P, 90Y) or when gamma-ray and X-ray emissions are very weak (e.g., 
89Sr).  Although bremsstrahlung emissions are governed by a small conversion fraction of primary energy, the 
relatively high activities administered in medical procedures coupled with substantial self-absorption of charged 
particles by the patient’s body results in appreciable bremsstrahlung contributions to bystander dose for certain 
radionuclides. 
 
For encapsulated sources (as a plaque or implant), bremsstrahlung production increases considerably due to more 
rapid radiative energy losses in higher atomic number (Z) materials compared to tissue and can also become an 
important factor for radiation protection.  For implants, a spherical 0.05 mm radius titanium encapsulation is 
assumed.  Bremsstrahlung generation is modeled in the titanium along with attenuation and buildup.  Because 
self-attenuation by the radioactive source material is not included in the external dose calculations for bystander 
exposure and protection, a single geometric model (i.e., single source encapsulation) provides a reasonable 
representation for numerous encapsulated sources.  Although higher energy electrons can penetrate the titanium 
encapsulation and lose some energy in tissue, bremsstrahlung for implants is assumed to be generated solely in 
the titanium encapsulation.  Overall, implemented modeling assumptions provide additional fidelity for patient 
release compared to available generic information. 
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Primary Photon Dose-Rate Kernel 
 
The dose-rate kernel in tissue for primary photon emissions resembles the traditional gamma-ray exposure 
constant in air and is defined for a given radionuclide as 
 ∆    ℎ = ∙ ∙ , Equation 

[2-2] 

 
where  is a unit conversion constant (including the point-kernel 4  geometry factor) 
 

=  10 nts GBq ∙ 3,600 sh ∙ 1.602 × 10 mSv kgMeV4 = 45.9 mSv kg ntGBq MeV h  

 

 

and 
 
  energy of photon i  ; 
 
  emission yield of photon i in units of photons per nuclear transition (nt)  ; and 
 
  mass energy absorption coefficient in tissue for photon i  . 
 
Calculations used nuclear decay data from the International Commission on Radiological Protection (ICRP) in 
Publication 38 (ICRP 1983) and Publication 107 (ICRP 2008).  However, only results using the data from the 
ICRP-107 database appear in Revision 2 of Regulatory Guide 8.39 (NRC 2020).  For external dose delivered to the 
bystander, radiation must escape the tissues of the patient, propagate through air and any intervening materials, 
and partially penetrate and deposit energy in the tissue of the bystander.  To avoid non-physical overestimations 
of dose (e.g., without explicit modeling of self-shielding by patient tissues and air attenuation), dose-rate kernels 
for patient release are developed by applying a low-energy cutoff at 10 keV.  This approach prevents unrealistically 
large contributions from very low-energy photons in the dose estimation for bystanders. 
 
Mass energy absorption and attenuation coefficients for tissue and other materials are available from the National 
Institute of Standards and Technology (https://www.nist.gov/pml/x-ray-mass-attenuation-coefficients).  In this 
work, those data have been transformed into various functional fits to simplify calculations.  The functional form 
is generally a ratio of polynomials, 
 ( ) = ∑ ln( )1 + ∑ ln( ) , 

 

Equation 
[2-3] 

 
where  is photon energy in units of MeV and  is the photon mass attenuation coefficient in units of cm2/g.  
Coefficients are specific to the absorbing or attenuating material, in this case, tissue and titanium (refer to Table 
2-1). 
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Table 2-1  Coefficients for Equation [2-3] to determine mass energy absorption and mass attenuation for 
ICRU (1980) 4-component tissue (ρ = 1 g/cm3) and titanium (ρ = 4.51 g/cm3) 

 
Tissue Titanium 

 
Parameter 

   

a0 6.997×10–2 3.067x10–2 5.878×10–2 
a1 -4.154×10–3 1.285×10–2 1.534×10–2 
a2 -6.919×10–3 -2.061×10–3 -5.249×10–3 
a3 1.211×10–3 -1.057×10–3 8.086×10–5 
a4 5.208×10–4 3.150×10–4 1.380×10–3 
a5 -5.960×10–5 1.143×10–4 5.270×10–5 
a6 -2.192×10–5 -1.011×10–5 -7.361×10–5 
a7 7.728×10–7 -5.314×10–6 -8.595×10–6 
a8 7.706×10–7 

 
2.708×10–6 

a9 -2.494×10–8 
 

5.278×10–7 

b1 4.296×10–1 5.972×10–1 7.553×10–1 
b2 3.627×10–2 1.361×10–1 1.739×10–1 
b3 -5.849×10–3 1.239×10–2 -2.154×10–3 
b4 -6.259×10–6 -6.503×10–4 -4.526×10–3 
b5 3.312×10–4 -3.667×10–4 5.503×10–4 
b6 4.527×10–5 -5.769×10–5 3.587×10–4 
b7 1.844×10–6 4.669×10–6 4.769×10–5 
b8 

 
-1.555×10–7 2.124×10–6 

 
 
Buildup factors, , are based on a geometric progression approximation from work originally by Harima (1986) 
and Harima et al. (1986, 1991), and subsequently confirmed by others, most recently by Olarinoye et al. (2019).  
Buildup is a function of photon energy and the number of mean free paths in the attenuating medium ( ) 
according to the relationship, 
 

( , ) ≈ 1 + ( − 1)( − 1)( − 1) ,     ≠ 1
1 + ( − 1) ,                    = 1 

 

Equation 
[2-4] 

 
where 
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( ) = ( ) + tanh ξ − 2 − tanh(−2)1 − tanh(−2) . 
 
The parameter values of , , , , and ξ are provided in Table 2-2 for ICRU (1980) 4-component soft tissue and 
in iron (Z=26), for the simulation of titanium (Z=22).  Encapsulations in stainless steel or iron would not result in a 
significant difference in bremsstrahlung or buildup from that of titanium.  To demonstrate the importance of 
photon buildup at low energy, a plot of buildup factors for a nominal 20 mm of attenuating tissue is provided in 
Figure 2-1 as a function of incident photon energy.  At photon energies less than about 200 keV, buildup effects 
are quite important to the estimation of photon flux emanating from the patient as an offsetting effect to 
calculated absorption within the 20-mm thickness of tissue.  At energies greater than about 500 keV, buildup 
increases flux consistently by approximately 10-20% compared to formulations without buildup. 
 

 
Figure 2-1  Absorption photon buildup factor in 20 mm of ICRU (1980) four-component tissue as a 
function of photon energy 

 
Bremsstrahlung Dose-Rate Kernel 
 
Bremsstrahlung photons are created as a result of the acceleration of electrically charged particles.  These photons 
populate a continuous spectrum of energies between zero and the maximum kinetic energy of the slowing 
particles.  Generally, bremsstrahlung production in radiation protection addresses the acceleration of light 
particles (electrons and positrons) in high-Z material because these particles more commonly approach relativistic 
speeds at comparatively low kinetic energies, which increasing the probability of bremsstrahlung production.  A 
few radionuclides used in medical administrations have very low or no emission yield for photons and emit 
electrons substantial enough in energy to create bremsstrahlung photons that could result in appreciable 
contributions to bystander dose. 
 
Many methods for estimating bremsstrahlung generation assume a bulk kinetic energy conversion to photons 
(Krane 1996; Zanzonico et al. 1999; NCRP 2006; Manjunatha and Rudraswamy 2009).  Zanzonico et al. (1999), 
whose results have been propagated through the years by other researchers (Gulec and Siegel 2007; Manjunatha 
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and Rudraswamy 2009; Kim et al. 2010), approximated bremsstrahlung production using methods described in 
Sorenson and Phelps (1987) to generate a specific bremsstrahlung constant, Γbr, analogous to the common 
gamma-ray exposure constant, Γg, and to the dose-rate kernel calculated in this work. 
 
Table 2-2  Coefficients for the geometric progression approximation form of the photon buildup factor 

Photon 
Energy 
(MeV) 

Tissuea Ironb 

 
     ξ     ξ 

0.015 0.176 1.213 0.464 -0.0885 14.33 -0.554 1.004 1.561 0.3524 5.60 
0.02 0.139 1.493 0.564 -0.0683 14.91 0.620 1.012 0.13 -0.6162 11.39 
0.03 0.062 2.474 0.810 -0.0413 15.88 0.190 1.028 0.374 -0.3170 29.34 
0.04 -0.038 3.752 1.210 0.0114 13.55 0.248 1.058 0.336 -0.1188 11.65 
0.05 -0.101 4.831 1.568 0.0424 13.78 0.232 1.099 0.366 -0.1354 14.01 
0.06 -0.144 5.335 1.864 0.0655 13.69 0.208 1.148 0.405 -0.1142 14.17 
0.08 -0.186 5.322 2.216 0.0850 13.37 0.180 1.267 0.47 -0.0974 14.48 
0.1 -0.187 5.104 2.272 0.0809 14.31 0.144 1.389 0.557 -0.0791 14.11 
0.15 -0.206 3.963 2.425 0.0920 14.14 0.079 1.660 0.743 -0.0476 14.12 
0.2 -0.210 3.423 2.431 0.0904 13.46 0.034 1.839 0.911 -0.0334 13.23 
0.3 -0.179 2.958 2.134 0.0748 14.07 -0.009 1.973 1.095 -0.0183 11.86 
0.4 -0.166 2.714 1.998 0.0701 13.99 -0.027 1.992 1.187 -0.0140 10.72 
0.5 -0.142 2.525 1.812 0.0587 14.14 -0.046 1.957 1.261 0.0084 24.77 
0.6 -0.132 2.401 1.725 0.0556 14.14 -0.049 1.932 1.274 0.0097 22.82 
0.8 -0.111 2.233 1.573 0.0476 14.06 -0.050 1.884 1.27 0.0120 20.30 
1 -0.094 2.118 1.464 0.0409 14.04 -0.048 1.841 1.25 0.0140 19.49 
1.5 -0.062 1.985 1.286 0.0280 14.37 -0.040 1.750 1.197 0.0110 15.90 
2 -0.042 1.876 1.183 0.0189 13.97 -0.028 1.703 1.143 0.0070 20.42 
3 -0.014 1.734 1.060 0.0053 13.00 -0.005 1.627 1.059 -0.0132 11.99 
4 0.004 1.642 0.987 -0.0062 20.78 0.005 1.553 1.026 -0.0191 12.93 
5 0.017 1.569 0.939 -0.0118 14.05 0.012 1.483 1.009 -0.0258 13.12 
6 0.028 1.521 0.905 -0.0167 13.44 0.023 1.442 0.98 -0.0355 13.37 
8 0.036 1.432 0.877 -0.0257 14.43 0.029 1.354 0.974 -0.0424 13.65 
10 0.040 1.367 0.864 -0.0214 13.27 0.042 1.297 0.949 -0.0561 13.97 
15 0.047 1.274 0.841 -0.0317 15.16 0.049 1.199 0.957 -0.0594 14.37 

a coefficients for absorption in ICRU four-component tissue (ICRU 1980; ANSI/ANS-6.4.3 1991) 
b coefficients for air kerma and an iron medium (ANSI/ANS-6.4.3 1991) 
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As Zanzonico et al. (1999) explain, their bremsstrahlung constant is approximated from the probability of radiative 
energy loss  and the mean energy of the resulting bremsstrahlung spectrum  generated by emissions 
of an energy distribution of electrons from decay of the ith beta-transition, where 
 =  3000 = 3.33 10    

 

Equation 
[2-5] 

and = 0.11 . Equation 
[2-6] 

 
Zanzonico et al. (1999) prepared a bremsstrahlung exposure constant as 
 Γ = ∙ ∙ Γ , Equation 

[2-7] 

 
where  is the emission frequency (# per transition) of beta-transition i and Γ  is the ith transition 

bremsstrahlung constant yielding bremsstrahlung photons of mean energy . 
 
The continuous slowing down approximation (CSDA) is a more precise and calculationally-intensive approach that 
considers radiative stopping power and underlying energy transformation in a stepwise fashion as charged 
particles lose energy.  CSDA provides a fundamental method of estimating charged particle energy loss (electrons 
in this case) as the particle travels through a given target material.  As a single electron slows, it creates its own 
bremsstrahlung distribution.  Therefore, electrons of various energies released from a singular source, all slowing 
at the same time and in the same general location, create a complex bremsstrahlung spectrum with photons 
emanating in all directions.  In their fundamental description, Bethe and Heitler (1934) provide an expression for 
the number of emitted bremsstrahlung photons, , , in a given energy interval from  to + , when 
a monoenergetic electron of energy  is completely absorbed in a material of atomic density  (units of atoms 
per unit volume) , = ∙ ,(− ⁄ ) , Equation 

[2-8]   
 

where 
 

 

 electron energy corresponding to bremsstrahlung energy  ,  bremsstrahlung production cross section, with units of area per unit energy, over all directions 
for photon energies between  and +  − ⁄  electron energy loss per unit path length (or stopping power) in the target (Shivaramu 1990). 

 
For beta emitters, the probability distribution of emitted electron energies, ( ), is continuous, and the 
bremsstrahlung photon spectrum, , provides the number of photons of energy  per unit energy interval 
per beta transition as 
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= ( ) ,  . Equation 
[2-9] 

 

For monoenergetic electrons of energy Ee normally incident on a thick target, Wyard (1952) showed that the 
number of bremsstrahlung photons of energy, , per unit energy and per unit incident electron can be 
approximated by 
 , = 16 ∙ ( )5 − 1 − 34 ln , Equation 

[2-10]  
 
where ( ) is the fraction of the incident electron kinetic energy, , subsequently emitted as bremsstrahlung 
as shown in Figure 2-2. 
 

 
Figure 2-2  Bremsstrahlung yield as a function of electron kinetic energy in air, water, and bone (Johns & 
Cunningham, 1983) 

 
The Wyard formulation is selected for development of the dose-rate constant for patient release with collective 
bremsstrahlung generation in tissue represented by isotropic emission from a single generation point.  The 
differential photon fluence  at a distance  from this emission point is 

 = , ,  4 , 
 

 
Equation 
[2-11] 

 
where  represents photon buildup and  is the thickness of attenuating material.  Buildup is handled in the same 
manner as detailed above for primary photons.  For an electron-emitting radionuclide (i.e., conversion or Auger 
electrons) the total source strength over all monoenergetic electrons is 
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= ,  
Equation 
[2-12] 

where  is the nuclide activity and  is the electron yield, number of electrons emitted per nuclear transition for 
the ith transition.  The photon dose rate at distance  therefore can be calculated (Attix 1986) as 
 ( ) =     ,    ,  

Equation 
[2-13] 

 
where, similar to Equation [2-2],  equals 
 

=  10 nts GBq ∙ 3,600 sh ∙ 1.602 × 10 mSv kgMeV4 = 45.9 mSv kg ntGBq MeV h . 
 
The bremsstrahlung dose-rate kernel for all monoenergetic electron emissions of a given radionuclide is therefore, 
 ∆   ℎ  =    ,    . Equation 

[2-14] 

 
For beta-particle emitters with a continuous distribution of electron energies ( ), the energy distribution of 
the resulting bremsstrahlung photons is 
 = ( ) ,   . Equation 

[2-15] 
 

The energy-normalized bremsstrahlung spectrum reported by Shultis and Faw (2000) has a shape identical to that 
shown in Figure 2-3 of this document for 32P.  Similar to the reasoning for monoenergetic electron emissions 
above, and for each beta endpoint energy, , the dose-rate kernel for bremsstrahlung photons due to positron 
and negatron decay emissions by a given radionuclide becomes, 
 ∆   ℎ  =      . Equation 

[2-16] 

 
Shultis and Faw (2000) compared CSDA bremsstrahlung predictions for lead to results from the methods of Wyard 
(1952) and showed similar results for the bremsstrahlung photon distribution over a wide range of energies. 
 
Bremsstrahlung dose-rate kernels calculated for single-transition beta emitters (ICRP 2008) over a range of 
maximum energies (39.4 keV to 2.86 MeV) are tabulated in  
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Table 2-3 and plotted in Figure 2-4 as a function of maximum beta energy. Bremsstrahlung results are presented for: (1) tissue with 
no attenuation (blue); (2) tissue with attenuation and buildup in 20 mm tissue (green); (3) titanium with attenuation and buildup in 0.05 
mm titanium (light blue); and (4) titanium with attenuation and buildup in 0.05 mm titanium followed by attenuation and buildup in 20 
mm tissue (red).  Many radionuclides listed in  
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Table 2-3 are not used in nuclear medicine and are not encapsulated, but their results show higher-Z material 
(titanium) effects on bremsstrahlung production over a broad range of electron energies.  Radionuclides of 
interest to nuclear medicine are addressed later in this chapter. 
 
  

 
Figure 2-3  Bremsstrahlung photon spectrum calculated according to Equation [2-16] for 32P in tissue 
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Table 2-3  Dose-rate kernels for bremsstrahlung in tissue and titanium for single beta transition 
radionuclides 

Radionuclide 
Max 
Energy 
(MeV) 

Nonea ∆  
20-mm tissuea ∆  

0.05-mm Tia ∆  
Ti + tissuea ∆  

Zanzonicob 
Gg 

Ru-106 0.0393 2.12x10-6 6.54x10-8 1.88x10-6 1.43x10-7 
 

Zr-93 0.0615 1.03x10-5 6.97x10-7 1.14x10-5 1.83x10-6 
 

Ni-63 0.0669 8.70x10-6 5.91x10-7 9.64x10-6 1.56x10-6 
 

Sm-151c 0.0767 1.14x10-5 8.85x10-7 1.31x10-5 2.40x10-6 
 

Tm-171c 0.0963 1.71x10-5 1.65x10-6 2.11x10-5 4.69x10-6 
 

Bk-249 0.1239 2.74x10-5 3.18x10-6 3.58x10-5 9.49x10-6 
 

Os-191 0.1424 3.46x10-5 4.43x10-6 4.67x10-5 1.34x10-5 
 

Se-79 0.1509 5.51x10-5 8.00x10-6 7.76x10-5 2.47x10-5 
 

I-129 0.1544 5.16x10-5 7.46x10-6 7.26x10-5 2.30x10-5 
 

C-14 0.1564 5.02x10-5 7.11x10-6 7.00x10-5 2.19x10-5 
 

S-35 0.1671 4.96x10-5 7.20x10-6 6.97x10-5 2.23x10-5 3.02x10-5 
P-33 0.2484 8.87x10-5 1.61x10-5 1.33x10-4 5.16x10-5 1.78x10-5 
Ca-45 0.2567 8.99x10-5 1.65x10-5 1.35x10-4 5.30x10-5 1.85x10-5 
Sc-46 0.3570 1.39x10-4 2.99x10-5 2.19x10-4 9.84x10-5 

 

In-115 0.4959 1.95x10-4 4.84x10-5 3.21x10-4 1.61x10-4 
 

Sr-90 0.5460 2.55x10-4 6.91x10-5 4.30x10-4 2.32x10-4 
 

Pb-209 0.6443 2.57x10-4 7.12x10-5 4.37x10-4 2.39x10-4 
 

Zn-69 0.9060 4.34x10-4 1.44x10-4 7.83x10-4 4.87x10-4 
 

Pr-143 0.9338 4.25x10-4 1.42x10-4 7.67x10-4 4.78x10-4 2.97x10-5 
Bi-210 1.161 5.39x10-4 1.97x10-4 1.01x10-3 6.64x10-4 4.13x10-5 
Sr-89 1.495 8.62x10-4 3.69x10-4 1.71x10-3 1.24x10-3 8.48x10-5 
P-32 1.711 1.05x10-3 4.73x10-4 2.13x10-3 1.58x10-3 1.09x10-4 
Tl-209 1.825 1.00x10-3 4.50x10-4 2.03x10-3 1.51x10-3 

 

Y-90 2.280 1.56x10-3 7.97x10-4 3.34x10-3 2.64x10-3 1.52x10-4 
Al-28 2.863 2.26x10-3 1.26x10-3 5.03x10-3 4.13x10-3 

 

aall values presented in units of [mSv m2 / GBq h] 
bZanzonico et al. 1999; values from their Table 1 converted by 0.027 [mSv m2 mCi / R GBq cm2] 
cbeta yield is 0.978 (151Sm) and 0.991 (171Tm); included here due to their maximum energy 
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Figure 2-4  Dose-rate kernel for bremsstrahlung generated in tissue or titanium as a function of 
maximum beta energy for single-transition beta emitters listed in Table 2-3.  Curve fitting is displayed 
for beta emitters with maximum energies exceeding 0.125 MeV 

 
Figure 2-5 compares the dose-rate kernel for bremsstrahlung to the results of Zanzonico et al. (1999), which were 
calculated for exposure in air from beta-particles slowing in tissue.  Dose-rate kernels for tissue generation and 
tissue absorption without attenuation and buildup are shown by blue circles; red squares denote 
radionuclide-specific exposure-rate constants from Zanzonico et al. (1999) with their generalization curve as a 
function of maximum electron energy shown by the dashed red line.  The bremsstrahlung dose-rate kernels for 
patient release exhibit a monotonic increasing trend with maximum beta energy. 
 

 
Figure 2-5  Comparison of the bremsstrahlung dose-rate kernel for tissue generation and tissue receptor 
without buildup and attenuation to the bremsstrahlung exposure-rate constant (Γg) from Zanzonico et 
al. (1999) 
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As shown in Figure 2-6, bremsstrahlung dose-rate kernels were also compared to Monte Carlo (MCNP6) 
simulation results using the F5 tally for photons with 20 mm of attenuating tissue.  The dose-rate kernels for 
primary photons shown in Figure 2-6(A) compare very well with Monte Carlo simulation.  In Figure 2-6(B) and 
(C), the comparison is very good except for the case of encapsulated sources (0.05 mm titanium) when the kernel 
calculation overestimates dose rate at high charged particle emission energies.  Both figures demonstrate that 
the bremsstrahlung dose-rate kernel for patient release is overpredicted, increasingly so as the dose-rate kernel 
increases.  This difference relates to our assumption and simplification of complete electron absorption in the 
titanium encapsulation with complete bremsstrahlung production in titanium for patient release calculations.  The 
Monte Carlo simulation, however, allows electrons to deposit a fraction of their energy in titanium with a 
consistent fraction of bremsstrahlung production in titanium compared to tissue.  As shown in Figure 2-6(C), 
differences associated with the simplifying assumption of complete bremsstrahlung production in titanium are 
greatest for high-energy electrons with ranges in excess of the encapsulation material thickness. 
 
Although not implemented in the formulations for patient release, the bremsstrahlung dose-rate kernel for single 
beta-emitters with maximum energy greater than 125 keV can be approximated with a power function, 
 ∆ ≈ , Equation 

[2-17] 
 
where the coefficients a and b are presented in Table 2-4.  Figure 2-4 shows that the power functions fail at lower 
energies, most likely due to the 10-keV threshold applied to prevent overestimations in bystander dose for patient 
release scenarios.  As the maximum beta-transition energy decreases, bremsstrahlung photons at energies less 
than 10 keV take on more importance relative to the total number of bremsstrahlung photons generated.  From 
a patient release perspective, these low-energy photons lack the range in tissue to escape the patient and deliver 
dose to sensitive internal organs of the bystander. The bremsstrahlung dose-rate kernel for radionuclides with 
multiple beta-transition energy levels can be approximated with the equation above, but with less confidence. 
 
Table 2-4  Power function coefficients to estimate patient release dose-rate kernels in four materials 

Materials   
No attenuation 0.0005 1.3 
20 mm tissue 0.0002 1.8 
0.05 mm Ti 0.0009 1.5 
Ti + tissue 0.0006 1.8 

 
Total Dose-Rate Kernel for Patient Release 
 
Table 2-5 lists the dose-rate constants, ∆ , for 33 radionuclides and 4 implants using nuclear decay data from 
Publication 38 (ICRP 1983) and Publication 107 (ICRP 2008).  Additional nuclides historically used in nuclear 
medicine are listed at the end of this chapter.  All dose-rate constants including those for brachytherapy sources 
were assumed to originate as points, and dose was calculated to a tissue point at 1 meter.  Values for the exposure 
rate constants from Revision 1 of Regulatory Guide 8.39 (NRC 2020; Table A-1) are included for comparison. 
 
Dose-rate kernels specific to patient release calculated using the ICRP-107 (2008) database are presented in Table 
2-6 alongside recent estimates of exposure rate in air without tissue attenuation by Smith and Stabin (2012) and 
Peplow (2020).  Three nuclides in the list have vastly different values compared to Peplow (2020); these relate to 
constants based on primary photon emissions without consideration of bremsstrahlung. 
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Figure 2-6  Comparison of dose-rate kernels for patient release with MCNP6 results for emissions of (A) 
primary photons, ∆ , (B) monoenergetic electrons, ∆ , and (C) beta-particle distributions, ∆ .  
Radioactive sources are either bare (open circles) or encapsulated in 0.05 mm of titanium (X) with 20 
mm of overlying tissue 
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Table 2-5  Photon dose-rate kernels compared to gamma-ray constants from NRC (2020) 

Radionuclide Half-Life 
(d) 

∆  ICRP-38 (1983) 
(mSv m2 / GBq h) 

∆  ICRP-107 (2008) 
(mSv m2 / GBq h) 

RG 8.39, Rev 1 (NRC 2020) 
(mSv m2 / GBq h) a 

C-11 0.0142 0.154 0.154 
 

Cr-51 27.703 0.00461 0.00465 0.00432 
Cs-131 9.689 0.0143 0.0144 

 

Cs-131 implantb 9.689 0.0129 0.0130 
 

Cu-64 0.5292 0.0284 0.0277 0.0324 
Cu-67 2.576 0.0150 0.0150 0.0157 
Er-169c 9.4 0.000122 0.000121 

 

F-18 0.0762 0.154 0.148 
 

Ga-67 3.261 0.0206 0.0207 0.0203 
Ga-68 0.04702 0.143 0.143 

 

I-123 0.553 0.0387 0.0390 0.0435 
I-124 4.176 0.165 0.167 

 

I-125 59.4 0.0328 0.0332 0.0383 
I-125 eye plaqueb 59.4 0.0287 0.0291 0.0300 
I-131 8.0207 0.0574 0.0576 0.0594 
In-111 2.8047 0.0794 0.0798 0.0867 
Ir-192 73.827 0.125 0.125 

 

Ir-192 implantb 73.827 0.121 0.121 0.124 
Kr-81m 0.000152 0.0387 0.0385 

 

Lu-177 6.647 0.00525 0.00527 
 

N-13 0.00692 0.154 0.154 
 

O-15 0.00141 0.154 0.154 
 

P-32c 14.263 0.00105 0.00105 
 

P-33c 25.4 0.0000890 0.0000887 
 

Pd-103 16.991 0.0304 0.0306 
 

Pd-103 implantb 16.991 0.0219 0.0220 0.0232 
Ra-223 11.43 0.0444 0.0475 

 

Rb-82 0.000884 0.170 0.172 
 

Sm-153 1.938 0.0112 0.0115 0.0115 
Sr-89c 50.53 0.000872 0.000875 

 

Sr-90c 10,508 0.000255 0.000255 
 

Tc-99m 0.2506 0.0194 0.0194 0.0204 
Tl-201 3.038 0.0413 0.0405 0.0121 
Xe-133 5.243 0.0124 0.0128 

 

Y-90c 2.67 0.00157 0.00157 
 

Yb-169 32.026 0.0445 0.0477 0.0494 
Zr-89 3.267 0.208 0.207 

 

aunits adjusted to be consistent with new dose-rate kernels 
bimplants and eye plaques are assumed to be encapsulated in 0.05 mm of titanium 
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cgreater than 5% of ∆  due to bremsstrahlung production 
 
Table 2-6  Photon dose-rate kernels compared to exposure constants in the recent literature 

Radionuclide ∆  ICRP-107 (2008) 
(mSv m2 / GBq h) 

Smith & Stabin (2012) 
(mSv m2 / GBq h) 

Peplow (2020) 
(mSv m2 / GBq h) 

C-11 0.154 0.158 0.144 
Cr-51 0.00465 0.00481 0.00457 
Cs-131 0.0144 0.0183 - 
Cs-131 implanta 0.0130 - - 
Cu-64 0.0277 0.0284 0.0259 
Cu-67 0.0150 0.0155 0.0166 
Er-169b 0.000121 - 0.000000501 
F-18 0.148 0.153 - 
Ga-67 0.0207 0.0217 0.0225 
Ga-68 0.143 0.147 0.133 
I-123 0.0390 0.0481 0.0285 
I-124 0.167 0.178 0.147 
I-125 0.0332 0.0473 0.0125 
I-125 eye plaquea 0.0291 - - 
I-131 0.0576 0.0594 0.0548 
In-111 0.0798 0.0934 0.0615 
Ir-192 0.125 0.124 0.117 
Ir-192 implanta 0.121 - - 
Kr-81m 0.0385 0.0178 0.0190 
Lu-177 0.00527 0.00489 0.00518 
N-13 0.154 0.158 0.144 
O-15 0.154 0.158 0.144 
P-32b 0.00105 - - 
P-33b 0.0000887 - - 
Pd-103 0.0306 0.0381 0.00458 
Pd-103 implanta 0.0220 - - 
Ra-223 0.0475 0.0208 0.0211 
Rb-82 0.172 0.171 0.155 
Sm-153 0.0115 0.0130 0.0119 
Sr-89b 0.000875 - 0.0000114 
Sr-90b 0.000255 - - 
Tc-99m 0.0194 0.0215 0.0184 
Tl-201 0.0405 0.0122 0.0149 
Xe-133 0.0128 0.0153 0.00950 
Y-90b 0.00157 - 0.000000362 
Yb-169 0.0477 0.0524 0.0545 
Zr-89 0.207 0.178 0.155 

aimplants and eye plaques are assumed to be encapsulated in 0.05 mm of titanium 
bgreater than 5% of ∆  due to bremsstrahlung production 
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Basic Activity Threshold 
 
Consistent with the total dose-rate kernel for a point geometry, the radionuclide-specific basic activity thresholds 
for patient release, , and issuing dose-minimizing instructions, , are defined at a distance of 1 meter.  
Activity thresholds calculated here differ from those in Tables 2-1 and 2-2 of previous versions of Regulatory Guide 
8.39, Revision 1 (NRC 2020) and Revision 0 (NRC 1997a), because the formulation intentionally does not consider 
occupancy at this stage.  These thresholds for radionuclide activity are conservative because a bystander is 
assumed to be continuously present at a distance of 1 meter from the patient for all radioactive decays in the 
original administration without reductions due to natural biological clearance of radiopharmaceutical from the 
patient, periods of time when the bystander is not near the patient, separation distances greater than 1 m, and 
tissue attenuation and buildup effects that may result in lower dose rates.  Basic thresholds are calculated for the 
dose limits of 5 mSv (basic activity threshold for patient release, ) and 1 mSv (basic activity threshold for 
issuing instructions, ). 
 
The basic activity threshold originates from the calculation of time-integrated dose, (∞), which represents the 
maximum potential dose to a bystander from all radioactive disintegrations in a patient receiving an 
administration of radioactive material, .  This maximum potential time-integrated dose is calculated as 
 (∞) = 1.44 ∙ ∙ ∙ ∆ , Equation 

[2-18] 
 

where 
 

  radiological (physical) half-life of the administered nuclide [h]; 

 administered activity [GBq]; ∆  dose-rate kernel specific to patient release   ; and 

r source-to-bystander distance [m]. 
  
This equation can be rearranged by replacing the administered activity with the activity threshold,  or , 
for respective dose limits of 5 mSv for patient release and 1 mSv for issuing instructions.  Assuming exposure at 
the standard distance of 1 m for close contact, the conservative basic activity threshold for patient release 
becomes 
 = 5 [ ] ∙ 1 [ ]∆ ∙ 1.44 ∙ . Equation 

[2-19] 
 
A dose equivalent of 5 mSv is inferred for a hypothetical bystander who is continuously present at a distance of 1 
meter from a patient administered an activity equaling  without biological losses.  The basic activity threshold 
for patient release is convenient because it is highly conservative and patients receiving activities less than  
can be released by the licensee without further dosimetric evaluation.  The assessment also considers when 
dose-minimizing instructions should be issued to the patient, and  is calculated in similar fashion with 
 = 1 [ ] ∙ 1 [ ]∆ ∙ 1.44 ∙ . Equation 

[2-20] 
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Likewise, the basic activity threshold for issuing instructions is convenient because patients receiving activities less 
than  can be released by the licensee without dose-minimizing instructions. 
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Table 2-7 provides basic activity thresholds for patient release (5 mSv) and dose-minimizing instruction (1 mSv).  
Basic activity thresholds involve integration from the time of administration (t = 0) to the time of radionuclide 
depletion (infinity), without factors for more realistic exposure considerations.  Basic activity thresholds represent 
the most conservative calculations for patient release.  In other words, at a defined distance between the patient 
and bystander of 1 meter, the basic activity thresholds exemplify theoretical maximums for demonstrating 
compliance (i.e., the minimum activity corresponding to a maximum limiting dose). 
 
If desired, the maximum integrated dose to a bystander, (∞), can be estimated from an administration, , 
other than the threshold with a simple ratio calculation as 
 (∞) =  5 [ ]. Equation 

[2-21] 
 
Most implants and eye plaques do not remain in place for their full radiological lifetime, and encapsulated 
implants do not experience biological loss. Nevertheless, tabulated basic activity and measurement thresholds 
assume infinite time-integration. Therefore, for implants that remain in the body for a limited time, the infinite 
time-integration factor for radiological decay = 1.44  would be inappropriate.  When the implantation 
time is known and reliable from the perspective of medical follow-up to assure regulatory compliance, the factor 
 1 − = 1.44  1 −  

Equation 
[2-22] 

 
can be used for calculating basic thresholds or time-integrated doses, where  is the time between implant 
administration and removal.  A patient release determination based on implanted activity is not necessary for 
patients who remain in the medical facility for the full duration of the implant procedure and are released without 
the implant. 
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Table 2-7  Basic activity thresholds for bystander exposures at 1 meter 

 Patient Release 
Threshold,  

Instruction 
Threshold,  

Radionuclide (GBq) (mCi) (GBq) (mCi) 

C-11 68 1,800 14 380 
Cr-51 1.1 30 0.23 6.2 
Cs-131 1.1 30 0.21 5.7 
Cs-131 implanta 1.1 30 0.23 6.2 
Cu-64 9.7 260 1.9 51 
Cu-67 3.7 100 0.75 20 
Er-169b 130 3,500 26 700 
F-18 13 350 2.5 68 
Ga-67 2.1 57 0.42 11 
Ga-68 22 590 4.4 120 
I-123 6.7 180 1.3 35 
I-124 0.20 5.4 0.041 1.1 
I-125 0.074 2.0 0.015 0.41 
I-125 eye plaquea 0.084 2.3 0.017 0.46 
I-131 0.32 8.6 0.063 1.7 
In-111 0.64 17 0.13 3.5 
Ir-192 0.015 0.41 0.0030 0.081 
Ir-192 implanta 0.016 0.43 0.0033 0.089 
Kr-81m 25,000 680,000 5,000 140,000 
Lu-177 4.1 110 0.82 22 
N-13 140 3,800 28 760 
O-15 680 18,000 140 3,800 
P-32b 9.2 250 1.8 49 
P-33b 64 1,700 13 350 
Pd-103 0.27 7.3 0.055 1.5 
Pd-103 implanta 0.39 11 0.077 2.1 
Ra-223 0.27 7.3 0.054 1.5 
Rb-82 960 26,000 190 5,100 
Sm-153 6.8 180 1.4 38 
Sr-89b 3.3 89 0.66 18 
Sr-90b 0.055 1.5 0.011 0.30 
Tc-99m 30 810 6.1 160 
Tl-201 1.2 32 0.23 6.2 
Xe-133 2.1 57 0.42 11 
Y-90b 34 920 6.8 180 
Yb-169 0.094 2.5 0.019 0.51 
Zr-89 0.21 5.7 0.042 1.1 

aimplants and eye plaques are assumed to be encapsulated in 0.05 mm of titanium 
bgreater than 5% of ∆  due to bremsstrahlung production 
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Basic Measurement Threshold 
 
Measurement thresholds facilitate patient release decision-making according to a measured dose rate at a given 
distance from the patient.  For the standard measurement distance of 1 meter, the basic measurement threshold 
for patient release, , is related to the dose-rate constant and basic activity threshold 
 = ∆ ∙1 [ ] . Equation 

[2-23] 
 
By inspection, the basic measurement threshold is also equal to 
 = 5 [ ]1.44 ∙  [ℎ]      

Equation 
[2-24] 

 
or = 1 [ ]1.44 ∙  [ℎ] 

 
where the factor of 1.44 ∙  accounts for the time-integration of activity.  For basic screening, the dose rate 
measured at a distance of 1 m from the patient after radionuclide administration can be compared to the 
measurement thresholds.  When a bystander is assumed to be continuously present until the radionuclide in the 
patient is entirely depleted due to radioactive decay, the basic measurement threshold is the dose rate that yields 
a time-integrated dose of either 5 or 1 mSv.  Because theoretical dose accumulation continues until the 
radionuclide is completely depleted, exposure durations for long-lived radionuclides are much longer than for 
short-lived radionuclides.  Intrinsic to the kinetics of decay and time-integrated dose shown in Equation [2-24], 
radiological half-life becomes the fundamental radionuclide-dependent parameter for converting time-integrated 
dose into the basic measurement threshold, . 
 
 
 
Table 2-8 provides basic measurement thresholds for patient release (5 mSv) and issuing instructions (1 mSv).  
Due to assumptions for continuous bystander presence and dose accumulation until complete radioactive decay, 
some basic measurement thresholds are associated with very low dose rates at the time of measurement.  When 
measurement thresholds for some radionuclides are associated with dose rate contributions less than typical 
ambient dose rates from natural background, they become difficult to measure and, thus, have less practical value. 
 
As previously described, external exposure formulations for patient release account for primary photon emissions 
and bremsstrahlung production from the administered radionuclide in the patient’s body.  Kim et al. (2010) noted 
the absence of dose-rate guidelines for determining patient release following the administration of 90Y.  
International guidance (ARPANSA 2002; IAEA 2009) states a measured exposure-rate limit of 2.5 mR/h (25 µSv/h) 
for patient release.   
 
Table 2-8 indicates 90Y measurement thresholds of 54 and 11 µSv/h for dose limits of 5 and 1 mSv, respectively.  
These measurement thresholds, therefore, are reasonably consistent with international guidance and associated 
perspectives.  Additionally, the package insert for 90Y microspheres from Sirtex Medical (2020) provides an average 
measured dose rate (using TLDs) of 1.5 µSv/h at 1 meter from the abdomen of patients containing about 2.0 GBq 
of 90Y.  Bremsstrahlung calculations in this chapter yield an estimate of 1.6 µSv/h for similar exposure conditions. 
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Table 2-8  Basic measurement thresholds for bystander exposures at 1 meter 
 

Patient Release 
Threshold,  

Instruction 
Threshold,  

Radionuclide (mSv/h) (mrem/h) (mSv/h) (mrem/h) 
C-11 10 1,000 2.1 210 
Cr-51 0.0051 0.51 0.0011 0.11 
Cs-131 0.015 1.5 0.0029 0.29 
Cs-131 implanta 0.014 1.4 0.0030 0.30 
Cu-64 0.27 27 0.053 5.3 
Cu-67 0.056 5.6 0.011 1.1 
Er-169b 0.016 1.6 0.0031 0.31 
F-18 2.0 200 0.38 38 
Ga-67 0.044 4.4 0.0088 0.88 
Ga-68 3.1 310 0.62 62 
I-123 0.26 26 0.051 5.1 
I-124 0.034 3.4 0.0070 0.70 
I-125 0.0024 0.24 0.00050 0.050 
I-125 eye plaquea 0.0024 0.24 0.00049 0.049 
I-131 0.018 1.8 0.0036 0.36 
In-111 0.051 5.1 0.010 1.0 
Ir-192 0.0020 0.20 0.00039 0.039 
Ir-192 implanta 0.0019 0.19 0.00040 0.040 
Kr-81m 950 95,000 190 19,000 
Lu-177 0.022 2.2 0.0043 0.43 
N-13 21 2,100 4.2 420 
O-15 100 10,000 21 2,100 
P-32b 0.010 1.0 0.0020 0.20 
P-33b 0.0057 0.57 0.0012 0.12 
Pd-103 0.0084 0.84 0.0017 0.17 
Pd-103 implanta 0.0086 0.86 0.0017 0.17 
Ra-223 0.013 1.3 0.0025 0.25 
Rb-82 160 16,000 32 3,200 
Sm-153 0.075 7.5 0.015 1.5 
Sr-89b 0.0029 0.29 0.00057 0.057 
Sr-90b 0.000014 0.0014 0.0000028 0.00028 
Tc-99m 0.57 57 0.12 12 
Tl-201 0.049 4.9 0.0094 0.94 
Xe-133 0.027 2.7 0.0055 0.55 
Y-90b 0.054 5.4 0.011 1.1 
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Patient Release 
Threshold,  

Instruction 
Threshold,  

Radionuclide (mSv/h) (mrem/h) (mSv/h) (mrem/h) 
Yb-169 0.0045 0.45 0.00091 0.091 
Zr-89 0.044 4.4 0.0088 0.88 

aimplants and eye plaques are assumed to be encapsulated in 0.05 mm of titanium 
bgreater than 5% of ∆  due to bremsstrahlung production 
 
Supplemental Material for Basic Thresholds 
 
Table 2-9, Table 2-10, Table 2-11, and Table 2-12 present information for additional radionuclides.  These 
radionuclides were either historically used in nuclear medicine or listed in Regulatory Guide 8.39, Revision 1 (NRC 
2020) and not included in the main tabulations above. 
 
Table 2-9  Additional photon dose-rate kernels compared to gamma-ray exposure constants in NRC 
(2020) 

Radionuclide Half-Life 
(d) 

Δpr ICRP-38 (1983) 
(mSv m2 / GBq h) 

Δpr ICRP-107 (2008) 
(mSv m2 / GBq h) 

RG 8.39, Rev 1 (NRC 2020) 
Exposure constanta 
(mSv m2 / GBq h) 

Ag-111 7.45 0.00440 0.00442 0.00405 
At-211 0.3006 0.0287 0.0288 

 

Au-198 2.696 0.0618 0.0615 0.0621 
Bi-213 0.0317 0.0225 0.0218 

 

C-14b 2,080,000 0.00000502 0.00000502 
 

Dy-165 0.09725 0.00455 0.00464 
 

Ho-166b 1.117 0.00497 0.00507 0.00540 
Re-186 3.7183 0.00603 0.00631 0.00702 
Re-188b 0.7085 0.0121 0.0127 

 

Ru-106b 373.59 0.00000212 0.00000212 
 

Ru-106b implantc 373.59 0.00000188 0.00000188 0.0151 
Sc-47 3.3492 0.0140 0.0140 0.0540 
Se-75 119.78 0.155 0.153 0.0400 
Sn-117m 13.76 0.0363 0.0364 

 

Xe-127 36.41 0.0534 0.0535 
 

aunits adjusted to be consistent with new dose-rate kernels 
bgreater than 5% of ∆  due to bremsstrahlung production 
cimplants are assumed to be encapsulated in 0.05 mm of titanium 
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Table 2-10  Additional photon dose-rate kernels compared to exposure rate constants in recent 
literature 

Radionuclide ∆  ICRP-107 (2008) 
(mSv m2 / GBq h) 

Smith/Stabin (2012) 
(mSv m2 / GBq h) 

Peplow (2020) 
(mSv m2 / GBq h) 

Ag-111 0.00442 0.00405 0.00381 
At-211 0.0288 0.00578 0.00591 
Au-198 0.0615 0.0621 0.0576 
Bi-213 0.0218 0.0197 0.0182 
C-14 0.00000502 - - 
Dy-165 0.00464 0.00427 0.00407 
Ho-166a 0.00507 0.00432 0.00417 
Re-186 0.00631 0.00278 0.00318 
Re-188a 0.0127 0.00853 0.00849 
Ru-106a 0.00000212 - - 
Ru-106a implantb 0.00000188 - - 
Sc-47 0.0140 0.0144 0.0155 
Se-75 0.153 0.0548 0.0564 
Sn-117m 0.0364 0.0456 0.0254 
Xe-127 0.0535 0.0616 0.0442 

agreater than 5% of ∆  due to bremsstrahlung production 
bimplants are assumed to be encapsulated in 0.05 mm of titanium 
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Table 2-11  Additional basic activity thresholds for bystander exposures at 1 meter 

Radionuclide Release Threshold,  Instruction Threshold,  
(GBq) (mCi) (GBq) (mCi) 

Ag-111 4.4 120 0.88 24 
At-211 17 460 3.3 89 
Au-198 0.88 24 0.18 4.9 
Bi-213 210 5,700 41 1,100 
C-14b 0.0014 0.038 0.00028 0.0076 
Dy-165 320 8,600 65 1,800 
Ho-166a 26 700 5.2 140 
Re-186 6.2 170 1.2 32 
Re-188a 16 430 3.1 84 
Ru-106a 180 4,900 37 1,000 
Ru-106a implantb 200 5,400 550 15,000 
Sc-47 3.1 84 0.62 17 
Se-75 0.0080 0.22 0.0016 0.043 
Sn-117m 0.29 7.8 0.058 1.6 
Xe-127 0.073 2.0 0.015 0.41 

agreater than 5% of ∆  due to bremsstrahlung production 
bimplants are assumed to be encapsulated in 0.05 mm of titanium 
 
Table 2-12  Additional basic measurement thresholds for bystander exposures at 1 meter 

 
Release Threshold,  Instruction Threshold,  

Radionuclide (mSv/h) (mrem/h) (mSv/h) (mrem/h) 

Ag-111 0.019 1.9 0.0039 0.39 
At-211 0.49 49 0.096 9.6 
Au-198 0.054 5.4 0.011 1.1 
Bi-213 4.6 460 0.90 90 
C-14b 0.000000070 0.0000070 0.000000014 0.0000014 
Dy-165 1.5 150 0.30 30 
Ho-166a 0.13 13 0.026 2.6 
Re-186 0.039 3.9 0.0076 0.76 
Re-188a 0.21 21 0.040 4.0 
Ru-106a 0.00038 0.038 0.000078 0.0078 
Ru-106a implantb 0.00038 0.038 0.000077 0.0077 
Sc-47 0.043 4.3 0.0087 0.87 
Se-75 0.0012 0.12 0.00024 0.024 
Sn-117m 0.010 1.0 0.0021 0.21 
Xe-127 0.0039 0.39 0.00081 0.081 
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agreater than 5% of ∆  due to bremsstrahlung production 
bimplants are assumed to be encapsulated in 0.05 mm of titanium 
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3. INTERNAL DOSE ASSESSMENT 
 
Regulatory Guide 8.39 Rev 1 (2020) addresses potential contributions to total effective dose equivalent (TEDE) 
from the ingestion/inhalation of iodine-131 by the maximum bystander.  The review in the regulatory guide 
provides an estimate of the maximum likely committed effective dose equivalent (CEDE) from internal exposure 
by applying an assumed intake fraction of 1x10-5 as the fraction of administered activity that could be taken in by 
the maximum bystander.  This factor considers a common rule-of-thumb supported by intake data (Buchanan and 
Brindle 1971; Jacobson et al. 1978; Brodsky 1981) combined with a safety factor of 10 and is assumed to account 
for the most highly exposed individual while adding a degree of conservatism to the CEDE dose calculation.  The 
potential intake of 131I and its subsequent contribution to CEDE is shown to be insignificant compared with the 
external dose potential. 
 
To further ensure that members of the public are protected by 10 CFR 35.75, the potential contributions to total 
effective dose equivalent from internally deposited lutetium-177 is considered.  Patients administered 177Lu are 
typically held for 4-5 hours after administration (Nelson and Sheetz 2019), but then can be released under 10 CFR 
35.75 with instructions on how to minimize dose to others.  The assessment that follows addresses whether there 
is the potential for significant internal dose to others from patients released after medical administration of 177Lu. 
 
The Regulatory Guide 8.39 Rev 1 (NRC 2020) states that, “… the [internal] dose from intake by other individuals is 
expected to be small for most radiopharmaceuticals (less than a few percent) relative to the external gamma-ray 
dose.” Given the high administration activity of 7.4 GBq of 177Lu-dotatate (AAA 2019) and the reported 
contamination detected in the bathrooms used by 177Lu patients (Calais and Turner 2014; Nelson and Sheetz 
2019), the possibility for the spread of 177Lu contamination exists.   Because of this potential, a conservative 
internal pathway analysis was conducted to determine whether the radiation dose from an internal intake of 177Lu 
was greater than a “few percent” of the projected external dose to the maximum bystander.   
 
Since a large fraction of activity (about 50%) is lost within the first few hours after administration through urination 
(Nelson and Sheetz 2019; Calais and Turner 2014), a major pathway for the potential uptake of 177Lu intake is likely 
via this route.  The literature indicates a common theme that urine contamination in the bathroom can be 
problematic.  Because 177Lu is present in the sweat and saliva of patients (Nelson and Sheetz 2019), there also 
exists additional pathways for uptake by others namely kissing, hugging, and the potential for activity transfer 
through open wounds.  This assessment looks at each of these pathways to determine its significance compared 
to the expected external effective dose equivalent.  Additionally, contamination of 177Lu with 177mLu is possible, 
therefore internal and external dose from that nuclide will be assessed as well to determine its relative 
contribution and whether it is a nuclide of concern. 
 
External Bystander Dosimetry 
 
The calculated 177Lu activity threshold for instruction (i.e., 1 mSv) is 0.82 GBq (refer to   
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Table 2-7), meaning that with an administration of 7.4 GBq the maximum conceivable (i.e., highly conservative) 
bystander dose is 9.0 mSv. =  7.4 [ ]0.82 [ ] ∙ 1 [ ] = 9.0 [ ] 

Equation 
[3-1] 

 
This estimate, however, assumes 100% occupancy, point/point geometry, no biological loss, and no attenuating 
tissue.  With patient-specific modifiers (FB = 0.5; FO = 0.6; FA = 0.8; FG = 0.8; see Chapter 4; only assumed for this 
example), a reasonably conservative patient-specific activity threshold of 4.3 GBq can be calculated, resulting in a 
more realistic dose to the maximum bystander of about 1.7 mSv from external exposure to the 177Lu patient. 
 =  7.4 [ ]4.3 [ ] ∙ 1 [ ] = 1.7 [ ] 

Equation 
[3-2] 

 
Therefore, if a conservative estimate of internal dose to the maximum bystander is less than an assessment level 
of about 50 µSv (i.e., 3%), the test of “less than a few percent” is met, and routine internal dosimetry can be 
deemed unnecessary. 
 
Contributions from 177mLu.  If the supply of 177Lu is obtained by the neutron activation of 176Lu, the potential for 
long-lived 177mLu contamination exists.  Lutetium-177 dotatate is produced by this method (Calais and Turner 
2019; Webb 2021).  The contamination of 177mLu at the end of generation is reported to be about 0.05% (atom %) 
of 177Lu (Calais and Turner 2019).  Thus, for an administration of 7.4 GBq of 177Lu-dotatate, approximately 150 kBq 
of 177mLu is produced.   
 =  (0.05%) = 6.7 [ ]161 [ ] 7.4 10  [ ] (0.0005) = 154  Equation 

[3-3] 
 
The external dose-rate constant for 177Lu is 0.00527 (Table 2-6) and the constant for 177mLu (calculated in the same 
manner as above) is 0.147, both in units of [mSv m2 GBq-1 h-1].  The external dose rate at 1 meter on administration 
of 7.4 GBq is 39 µSv/h and 0.023 µSv/h, respectively, for the two nuclides.  Therefore, at administration, the 
contribution from 177mLu contamination to external dose is insignificant at a factor of about 1,700 times less than 
that from 177Lu.  At two months post-administration (i.e., 60 days) the dose-rate contribution from 177mLu has 
increased, to a factor that is now only 4.4 times less than the dose rate from 177Lu, but still considered insignificant 
at 0.018 µSv/h. 
 
Internal Pathway Analysis 
 
Internal dose pathways of potential significance are identified as the unwitting intake of 177Lu (and possibly 177mLu) 
by exposure to contamination due to urine, sweat, and saliva.  The likelihood (probability) of each pathway is not 
estimated, rather reasonably conservative transfer fractions are provided to result in a conservative estimate of 
intake activity.  The internal dose coefficient for the ingestion of free 177Lu is 530 mSv/GBq and the dose coefficient 
for 177mLu is 1,700 mSv/GBq (ICRP 1994).  The dose coefficient for the contaminant (177mLu) is three times larger, 
but the associated activity is thousands of times smaller.  The contaminant nuclide is insignificant from an internal 
dose perspective and is not considered further. 
 
It is unclear as to chemical form of the lutetium when ingested/absorbed/etc. by the bystander.  Collections of 
dose coefficients specific to radiopharmaceuticals (ICRP 1987; ICRP 2008a; ICRP 2015) do not list factors for any 
pharmaceutical containing 177Lu.  This assessment assumes that when the lutetium is ingested by the bystander, 
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it is dissociated from the pharmaceutical.  If, however introduced directly into the blood stream (open wound), 
an EDE dose coefficient (86 mSv/GBq) derived from the manufacturer’s data for 177Lu-dotatate is used (AAA 2019). 
 
Transfer via Urine.  Given that 7.4 GBq of 177Lu is administered, approximately half (Nelson and Sheetz 2019; 
Levart et al. 2019; Calais and Turner 2014) is excreted in urine before the patient leaves the hospital (within 6 
hours).  If it is conservatively assumed that 0.1% of the void activity of 177Lu does not flush down the toilet (i.e., 
contaminates the bathroom) and 0.1% of the activity contaminating the bathroom is ingested by another person, 
suggesting an oral intake of 3.7 kBq 177Lu could occur.  This intake results in a CEDE of 2 µSv, or about 0.12% of the 
dose from external exposure. 
 
Transfer via Sweat.  Nelson and Sheetz (2019) report that between 7 and 2,300 Bq (n = 110) of 177Lu appeared in 
saliva samples and alcohol swabs of the skin of treated patients soon after administration (no other detail was 
presented).  For this assessment, with both saliva and skin, a maximum intake of 5 kBq per contact (at 
administration and decayed thereafter) is deemed conservative.  Thus, on transfer of a single bolus of 5 kBq from 
patient sweat into an open wound of the caregiver, the committed effective dose would be 0.43 µSv, less than 
0.03% of the predicted external dose. 
 
Transfer via Saliva.  Again, using the data from Nelson and Sheetz (2019), with an upper-bound transfer of 5 kBq 
per kiss, assuming 2 kisses per day starting one week after administration, the total intake is about 44 kBq (through 
10 physical half-lives) and the committed effective dose would be 23 µSv, or about 1.4% of the external dose 
estimate.  If the interruption were not adhered to, and kissing began immediately after release, a total intake of 
about 102 kBq could be realized resulting in a dose to the patient’s partner of about 54 µSv.  These upper-bound 
screening values overestimate potential activities available for transfer because biological reductions in the source 
activity are neglected.  
 
Intimacy is an activity that should be restricted within some timeframe after administration (Nelson and Sheetz 
2019).  However, assuming intimacy on the day of administration, a transfer of 5 kBq per kiss, and a 20x factor for 
intimate contact, an intake of 100 kBq could occur with a resulting internal dose of about 53 µSv.  Internal uptake 
by a spouse or partner of a recently released patient through kissing or intimate activity can be reduced by 
providing instructions to avoid such activity within the first several weeks after administration.  Even without 
those instructed interruptions, the internal dose is “less than a few percent” of the dose received via external 
exposure. 
 
Table 3-1 summarizes the internal pathway dosimetric analysis. 
 
Table 3-1  Internal pathways 

Pathway Intake 
(kBq) 

DC 
(µSv/kBq) 

Dose 
(µSv) 

% of 
External 

External   1,700  
Urine 3.7 0.53 2 0.12 
Open wound 5.0 0.086 0.43 0.03 
Kissing (1 wk interruption) 44 0.53 23 1.4 
Kissing (no interruption) 102 0.53 54 3.2 
Intimacy 100 0.53 53 3.1 

 
Conclusions 
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This assessment suggests that internal uptake by the caregiver, spouse, or other individual exposed to someone 
having had a medical administration of 177Lu is less than a few percent of the potential radiation dose received 
through external exposure.  Consistent with the findings expressed in Regulatory Guide 8.39 for 131I uptake (NRC 
2020), the potential internal dose to the maximum bystander is not likely to reach a level of significance compared 
to the likely external dose received by that same individual.  Kissing could be problematic for internal dose of a 
spouse or partner, but with instruction to refrain from kissing and proper following of those instructions, this 
pathway can be eliminated. 
 
It is further concluded that 177mLu, a potential contaminant of 177Lu is of such low activity that it does not rise to a 
level of concern except for potential long-term contamination of restroom facilities used by 177Lu patients.  From 
a single administration, although contamination is detectable, exposure rates in the bathroom from 177Lu (and 
177mLu) would not necessarily be cause for concern, but the buildup over time of 177mLu contamination with 
multiple administrations is a possibility and may become problematic if radiation safety protocol is not 
implemented to minimize contamination.  Mehmedovic (2021) even suggests outfitting bathrooms with stainless 
steel rather than porcelain to make decontamination easier. 
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4. PATIENT-SPECIFIC MODIFYING FACTORS 
 
Patient-specific modifying factors facilitate additional realism.  While the regulatory guide adopts simplified 
terminology, greater mathematical detail in this document can influence descriptions, such as time-integrated 
biokinetics compared to biokinetics.  Nevertheless, consistency is intended for parameters sharing the same 
symbol.  Basic activity thresholds and basic measurement thresholds developed in Chapter 2 provide an initial 
technical basis for releasing patients with no restrictions, for releasing patients with dose-minimizing instructions, 
or for holding patients in the administering facility for some time prior to release.  Methods in Chapter 5 address 
potential internal doses if the patient is breastfeeding an infant or child.  
 
Dosimetry Methods 
 
Bystanders are externally exposed to radiation emitted by radionuclides in the patient when in close contact with 
the patient.  External dose rates primarily depend on distance from the patient, radionuclide activity remaining in 
the patient, tissue attenuation, and emission characteristics of the radionuclide.   External dose equivalent to an 
individual can be estimated from a combination of factors for administered activity, activity-to-dose-rate 
conversion, geometry, attenuation, and time-integrated effects from bystander occupancy and radionuclide 
retention:   
  ( , , ) = ∙ ∙ ( ) ∙ ∙ [ ( , ) ∙ ( )]  

Equation 
[4-1] 

 
where 
 

 

( , , ) external dose equivalent to an individual exposed to the patient at a distance r between 
times τ  and τ  after radionuclide administration [mSv]; 

 radionuclide activity in the administered radiopharmaceutical [GBq]; 

 
dose-rate constant for a point source of the administered radionuclide at a distance of 1 m  ; ( ) geometric factor for the radionuclide distribution in the patient and sensitive organs in the 
bystander at a distance r [unitless]; 

 attenuation factor for photon scatter, buildup, and absorption [unitless]; 

( , ) 
occupancy function that assigns a value of unity (1) when the bystander is exposed to the 
patient between times τ  and τ  and a value of zero (0) when the bystander is not exposed 
to the patient [unitless]; ( ) radiopharmaceutical retention in the patient at time t after administration [unitless]; 

 time representing the beginning of bystander exposure to the patient [h]; 

 time representing the end of bystander exposure to the patient [h]; and 
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 time differential used in integration [h]. 

 
It is assumed in Equation [4-1] that one representative distance is adequate for calculating dose accumulated over 
time.  Multiple exposure geometries and distances, however, can be accommodated by a summation with 
different bystander occupancy, geometric and attenuation effects, and time integration limits: 
  = ∙  ( ) ∙ ∙ ( , ) ∙ ( )  

Equation 
[4-2] 

where 
 

  index for multiple exposure geometries with no overlap in time intervals (τ , τ ) and  total number of exposure geometries for the bystander. 
 
The accumulated dose for an infinite time equals 1.44 ∙ T ∙ A ∙ ∆  for the basic assumptions of point-source and 
point-target geometries, exposure at the standard distance of 1 m, 100% occupancy beginning immediately after 
administration (τ = 0) and lasting through complete radionuclide depletion in the patient (τ = ∞), and 
radionuclide retention controlled solely by radiological decay (i.e., neglecting biological clearance).  The same 
result of 1.44 ∙ T ∙ A ∙ ∆  is obtained when these assumptions are applied to Equation [4-1] and Equation [4-2]. 
Refer to the “Application of Thresholds” section for additional information.  The dose rate at a distance r and time t simply equals A ∙ Δ ∙ F (r) ∙ F ∙ R(t), where the radiopharmaceutical retention function accounts for 
changes over time.   
 
Equation [4-1] and Equation [4-2] calculate the external dose equivalent to a bystander from time-integrated 
exposure to the patient.  The integrals explicitly address effects from patient biokinetics and bystander occupancy 
together in a single integrand.  To account for patient-specific biological clearance of the radiopharmaceutical, a 
modifying factor for biokinetics and time integration, F , is introduced relative to the basic assumption of no 
biological clearance: 
 ≡ ( )  = ( ) = ( ) 1.44 ∙  

Equation 
[4-3] 

 
For biokinetics, F  equals the number of disintegrations occurring in the patient with biological and radiological 
removal relative to the number of disintegrations assuming no biological removal.  In other words, F  equals the 
fraction of disintegrations in the patient available for the exposure of bystanders.  It is important to note that this 
definition of F  provides a quantitative estimate of time-integrated biokinetics solely based on patient-specific 
information.  F  does not depend on bystander behaviors.  
 
A similar ratio is computed in the definition of a modifying factor for occupancy: 
 ≡ ( , ) ∙ ( )( ) = ( )( )  

Equation 
[4-4] 

 
For occupancy, F  equals the disintegrations during bystander exposure relative to the total number of 
disintegrations occurring in the patient.  In other words, F  represents the fraction of available disintegrations 
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associated with a specific bystander’s exposure.  F  depends on when and for how long the bystander is exposed 
to the patient relative to the time of radiopharmaceutical administration. 
 
For geometry and attenuation, the F ∙ F  product equals the dose rate to the bystander at a distance r relative 
to the dose rate calculated from point-source and point-target irradiation assumptions at 1 m in the definition of 
the dose rate kernels.  For details, refer to the upcoming sections on the modifying factors for geometry and 
attenuation.  
 
Substituting Equation [4-3] and Equation [4-4] into Equation [4-1] yields an expression with modifying factors for 
time-integrated biokinetics, occupancy, geometry, and attenuation: 
 = 1.44 ∙ ∙ ∙ ∙ ∙ ∙ ∙  Equation 

[4-5] 
 
Retention functions are typically defined with t = 0 h when the radiopharmaceutical is administered.  This time 
origin appears in the definitions for the modifying factors F  and F .  Bystander exposure after patient release 
implies τ  > 0 h for times no earlier than the time of patient release.  Bystander exposure at various times after 
administration are addressed in the modifying factor for occupancy shown in Equation [4-4]. 
 
Retention Functions 
 
A double-exponential retention function provides flexibility to model rapid biological clearance rates at times 
shortly after administration as well as transitions to slower clearance rates at longer times.  The general form of 
this retention function is R(t) = f e + f e .  To ensure 100% retention at the time of administration, a 
common constraint of f = 1 − f  results in the following simplification: 
  ( ) = + (1 − )  

Equation 
[4-6] 

where  
 

 

 fraction of activity exhibiting rapid clearance [unitless]; 

 effective removal rate for rapid clearance [h-1]; and λ  effective removal rate for slower clearance [h-1]. 
 
Time integration returns a result with units of time and, with this simplification, becomes 
 R(t)  dt = fe + (1 − f)e dt = fλ e − e + 1 − fλ e − e  

Equation 
[4-7] 

 
For radiopharmaceuticals that can be approximated by a single exponential, Equation [4-7] reduces to 
  R(t)  dt = e dt = 1λ e − e  

Equation 
[4-8] 
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where  
 

 

λ  effective removal rate for the radiopharmaceutical including radiological decay and biological 
clearance [h-1] and λ = λ + λ  effective removal rate equals the summation of the biological clearance rate and radiological 
decay constant. 

 
Because the occupancy factor accounts for the fraction of time that the bystander is in close contact with the 
patient, the time-integrated biokinetic factor is addressed with full integration limits (i.e.,  τ = 0 and τ = ∞), as 
originally defined in Equation [4-3]. 
 

• For double-exponential retention, 
 F = ( ) = f  + (1 − f)  .   

 
• For single-exponential retention, 

 F = =  . 
 
When there are multiple exposure geometries, distances, and/or time intervals, a summation is necessary 
 D = 1.44 ∙ T ∙ Δ ∙ A ∙ F ∙ F  F , ∙ F (r )  

Equation 
[4-9] 

 
such that  
 F , = R(t)dtR(t)dt  

Equation 
[4-10] 
 

 
Effective half-life is an important parameter.  When the effective half-life of the radiopharmaceutical exceeds 1 
day, determinations of the occupancy factor for repeated exposures (e.g., on a daily basis) can be simplified in 
Equation [4-9] and Equation [4-10] and replaced with a single occupancy factor F  equal to the fraction of time 
that the bystander is exposed to the patient (such as 40 hours per week = = 0.24 or 6 hours per day = =0.25).  Breastfeeding a child is one example of repeated exposure.  Details on internal and external doses to 
breastfeeding children are discussed in Chapter 5. 
 
In this report, F  has been defined based on attenuation by the patient, so that calculated dose rates will be 
patient specific and analogous to survey instrument measurements at potential bystander locations (e.g., 1 m).  
As shown in Equation [4-9], aspects of bystander exposure are addressed by modifying factors for occupancy and 
geometry.  This approach is considered to be protective and flexible.  When very specific details on bystander 
position relative to the patient are known, such as greater tissue thicknesses for side-by-side (i.e., 
shoulder-to-shoulder) exposure compared to face-to-face exposure, the attenuation factor F  can be adjusted for 
that irradiation geometry.   
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Application of Thresholds 
 
The basic activity threshold Q and basic measurement threshold M were introduced in Chapter 2 for the limits of 
5 mSv for patient release and 1 mSv for issuing instructions.  Activity and measurement thresholds are operational 
quantities that provide a convenient means for demonstrating compliance with requirements for patient release 
and issuing instructions.  Basic activity and basic measurement thresholds for a given radionuclide are denoted as 

 and  for patient release and  and  for issuing instructions.  These basic thresholds are calculated 
by methods described in Chapter 2 with several nominal assumptions: 100% occupancy beginning immediately 
after administration and lasting through complete radionuclide depletion; attenuation and buildup for 20 mm of 
tissue; exposure at the standard distance of 1 m; and radionuclide retention controlled solely by radiological decay 
(i.e., intentionally neglecting biological clearance). 
 
For a standard measurement distance of 1 m, the basic measurement threshold is closely related to the basic 
activity threshold, M = Δ ∙ Q.  To define the basic activity threshold, replacing A  with Q in Equation [4-1] 
according to the nominal assumptions of D = 5 mSv; F = 1; F (1 m) = 1 to match the point-point geometry 
of the Δ  dose-rate kernel; R(t) = e ; τ = 0 h; and τ = ∞ yields:  
  5 mSv = Δ ∙ Q ∙ e  dt =   ∙   = 1.44 ∙ T ∙ Δ ∙ Q Equation 

[4-11] 
where  λ  radiological decay constant for the radionuclide [h-1]  and T  radiological half-life for the radionuclide [h].  

 
Equation [4-11] is identical to Equation [2-21] for the standard distance of 1 m.  To streamline the equations, only 
thresholds for patient release corresponding to a hypothetical bystander dose equivalent of 5 mSv are explicitly 
addressed in the remainder of this Chapter.  To minimize repetition, thresholds for issuing instructions are 
intentionally not introduced into the equations because they are simply a factor of 5 lower than the thresholds 
for patient release. 
 
As described in Chapter 2, the basic activity thresholds (Q) provide the foundation for guidance and further 
calculation.  By combining Equation [4-5] and Equation [4-11], introducing a modified activity threshold Q′ to 
replace A , and simplifying, a new expression emerges with four modifying factors.  The modified activity 
threshold is calculated directly from the basic activity threshold and patient-specific factors for biokinetics, 
occupancy, geometry, and attenuation: Q′ =  QF  ∙  F  ∙  F ∙  F   Equation 

[4-12] 
 
Additionally, for a standard measurement distance of 1 m, a modified measurement threshold can be calculated 
from the product of the dose-rate kernel and modified activity threshold: M′ = Δ ∙ Q′ Equation 

[4-13] 
 
The modified measurement threshold represents the dose rate at 1 m at the time of administration anticipated 
to result in a 5-mSv bystander dose equivalent according to patient- and bystander-specific exposure conditions 
reflected by the four modifying factors. 



 

Draft for ACMUI Review 

39 
Draft for ACMUI Review 

 
 

 

 
Modifying Factors 
 
Time-integrated Biokinetics,  
 
The modifying factor for time-integrated biokinetics can be determined directly from patient-specific 
radiopharmaceutical retention data.   values are greater than zero and less than or equal to unity.   is strictly 
dependent on radiopharmaceutical retention in the patient and independent of bystander behaviors.  
Radionuclide retention over time can be estimated from either (i) several dose rate measurements at the same 
distance from the patient after the therapeutic administration or (ii) retention data from a prior dosimetric 
evaluation for the same patient and radiopharmaceutical.  Slower biological clearance increases the value of .  
Radionuclide retention fractions (or percentages) can be determined from retained radioactivity in the patient or 
results of dose rate measurements over time.  Figure 4-1 provides a generalized template for any administered 
radionuclide and allows  to be determined from patient retention data in three simple steps: (1) divide times 
after administration by radiological half-life; (2) plot percentages from radiopharmaceutical retention; and (3) 
assign  to the smallest single-digit value intercepted by the data.  An example for Lu-177 in Figure 4-1(d) 
illustrates a challenge to the generalized curves from rapid biological clearance shortly after administration (e.g., 
first plotted data point approaches the next lower curve for 0.2 but does not intercept it).  To avoid 
underestimation of , data plotting beyond 0.1 radiological half-lives after administration is recommended.  
When patient retention data are not available, it can be assumed that the patient exhibits the slowest biological 
clearance according to the manufacturer excretion information.  Without any knowledge of biological clearance 
rates, assign = 1.  Note:  = 1 for encapsulated radionuclide implants or seeds. 
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Figure 4-1  (a) Generalized graphical template to determine  from patient retention data. The 
generalized template is produced from averaging two bounding cases. 

(a) 



 

Draft for ACMUI Review 

41 
Draft for ACMUI Review 

 
 

 

 

 
 

(b) 

(c) 
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Figure 4-1 cont’d (b) I-131 example fast bounding case vs. time and (c) I-131 example slow bounding case for 
I-131 vs. time, shown before converting time after administration into radiological half-lives.  

 
Figure 4-1 cont’d (d) Test of the generalized template with example patient retention data for Lu-177. 
 
When exponential retention with a single effective half-life is assumed and fitted to patient retention data at long 
times after administration, the resulting retention curve will tend to overestimate .  The overestimation is 
visually apparent in Figure 4-2 by comparing the areas under the curve for the dashed line (single-exponential 
assumption) and solid blue line (double-exponential retention).  An advantage of this simplification is that  can 
be determined from a single long-term retention data point and a few straightforward mathematical relationships. 
With this approach,  [unitless] is the retention fraction in the patient at the “latest” time  [h] after 
administration.  Note, 48 h is preferred for radionuclides with T 24 h.  Following a basic conversion λ =.  ∙ , the time-integrated biokinetic factor equals =  − λ  ln( ) Equation 

[4-14] 
 

(d) 
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Figure 4-2 also illustrates the interrelationship of biokinetics and occupancy.  Methods presented in this chapter 
allow the biokinetic modifying factor to be determined relative to radiological removal and the occupancy factor 
to be determined according to the effective half-life of the radiopharmaceutical as described in the next section. 

 
Figure 4-2  Overview depicting radionuclide retention and bystander exposure in two time intervals 

 
Occupancy,  
 
This section presents background information and supplemental examples on occupancy to support revisions to 
Regulatory Guide 8.39 (NRC 2020).  The methodology for occupancy described in the revision represents the 
primary implementation of Equation [4-4] for occupancy, and it is not repeated in this section.  Example 
calculations for occupancy include calculations as well as tabulated values for F  based on the effective half-life 
of the radiopharmaceutical and bystander exposure behavior.  Patient-specific information for bystander 
exposure, which may include a patient questionnaire is described in Section 0.   
 
The modifying factor for occupancy, F (τ , τ ), is defined for a known time interval of bystander exposure and 
takes values greater than zero and less than or equal to 1.  In Equation [4-1], F = 1 when the bystander is 
exposed for the entire time between τ  and τ .  When bystander exposure only represents a fraction of time 
within the integration limits, F  equals the fraction of radioactive emissions in the patient to which the bystander 
is exposed.  When the time interval is unknown or characterized by repeated exposures during the first few 
effective half-lives of the radiopharmaceutical, the modifying factor for occupancy can be assigned to the fraction 
of time that the bystander is expected to be in close contact with the patient.   
 
Example Calculation for Double Exponential Retention.  As shown in the visual overview of Figure 4-2, F  equals 
the area under the retention curve for the given time interval of exposure divided by the total area under the 
curve.  Areas under the curve are obtained by integrating the retention function within specific time intervals.  
Integrated solutions are presented for a specific time interval within the first 2 days after release to increase 
fidelity during travel and repeated exposure thereafter (after 48 h).  The integrated solution in the first 2 days 
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requires beginning and ending times for bystander exposure (τ  & τ ) in that 48-h period.  Selecting 2 days for the 
first time period is convenient for radiopharmaceuticals with effective half-lives of 1 day or longer (e.g., most 
therapeutic procedures).  Under these conditions, the integrals in Equation [4-4] for occupancy can be written as   
 
 

F = f e + f e  dtfλ  +  fλ + Ew168 f e + f e  dt∞ fλ  +  fλ  

= fλ e − e  + fλ e  − e  fλ  +  fλ
+ Ew168 fλ e  + fλ e  fλ  +  fλ  

Equation 
[4-15] 

where   Ew estimated weekly bystander exposure time after the first 2 days [h]. 
 
For situations in which definite time limits for bystander exposure are not known within the first 2 days, a 
simplification is suggested that involves evaluating the first integral over its full-time interval and including a term 
for the fraction of time within the first 48 h that the bystander is exposed to the patient.   
 

F = E248 f e + f e  dtfλ  +  fλ + Ew168 f e + f e  dtfλ  +  fλ  

= E248 fλ 1 − e  + fλ 1 − e  fλ  +  fλ + Ew168 fλ e  + fλ e  fλ  +  fλ  

Equation 
[4-16] 

where   E2 estimated bystander exposure time within the first 2 days [h]. 
 
Although the separate  term is unnecessary in Equation [4-15] due to exposure only within the time limits of 
the first integral, it accounts for bystander exposure during only a fraction of the first 48 hours in Equation [4-16].  
By not specifying the starting and ending times, Equation [4-16] effectively applies an average value for each hour 
of exposure in the two respective time periods.  When bystander exposure is known to occur only during the early 
part of the first 48 hours, Equation [4-15] is recommended.  In so far as E2 and Ew are not underestimated, 
Equation [4-16] is expected to provide a reasonably good estimate or slightly conservative estimate of F  when 
bystander exposure occurs in the middle or latter part of, or in a distribution throughout, the 48-h period. 
 
Example Simplification for Effective Removal Modeled by a Single Exponential.  When bystander exposure can 
be adequately described by the two periods shown in Equation [4-16] with a single effective half-life implied in 
Equation [4-13], the calculation for the occupancy modifying factor reduces to 
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= 0.02  (1 − ) + 0.006    Equation 
[4-17] 

 
where  = ( )  and =  with  and  previously defined in Section 4.4.1.   
 
As effective half-life falls below 1 d,  becomes small, and the last term in Equation [4-17] provides diminished 
contributions.  Equation [4-16] and Equation [4-17] shown for a 2-d initial time period are not recommended for 
radiopharmaceuticals with effective half-lives less than 6 h because occupancy considerations tend to be 
important only during the first few effective half-lives after administration.  This point is illustrated in Figure 4-3. 
 

 
Figure 4-3  Fraction of Radioactive Emissions Generalized to the Number of Effective Half Lives 

 
The combined effect of exposure delay and duration on the occupancy factor is illustrated in Figure 4-3 for a 
single effective half-life with the bystander exposed between the times τ  and τ .  Both the delay and exposure 
duration were generalized and converted into the number of effective half-lives (T ).  Exposure delays greater 
than 2 T  result in F  < 0.2.  Bystander exposure durations greater than 1 T  are required with minimal delays to 
yield F  ~ 0.5.  Figure 4-4 only displays five numerical regions with increments of 0.2.  Subdivision of multiple 
potential occupancy values below 0.2 are not shown.  When lower occupancy values (F  0.2) are justified, 
calculation of the occupancy factor is recommended according to Equation [4-18]. 
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Figure 4-4  Generalized Effects from Exposure Delay (vertical axis) and Duration (horizontal axis) 

  
For generalized parameters in effective half-lives, the occupancy factor for a single exposure between the times τ  and τ  reduces to = −  

Equation 
[4-18] 

where  τ ′ =  delay time before exposure in effective half-lives (unitless) τ ′ =   
exposure end time in effective half-lives (unitless) 

 
Example Table of  Values.  As an alternative to equations and calculations, Table 4-1 provides example 
occupancy factors for a range of exposure durations and timings.  For multiple bystanders who may be exposed 
to the patient, decisions on patient release can be based on the largest F  value when very close contact (e.g., 
holding another person) does not occur.  When holding another person is expected, decisions can be made 
according to the bystander with the largest multiplicative product, F ∙ F .  It is assumed that the patient is given 
and follows discharge instructions to prevent bystander exposure at distances of less than 1 m (e.g., being held).  
The effective half-life for the radiopharmaceutical can be approximated as T = T × F  or calculated directly 
from the data point for the patient’s retention as 
 T = − ln(2)ln(R ) t  Equation 

[4-19] 
 
This report does not establish generic guidance on recommended time periods for following instructions; 
however, when dose-minimizing instructions are required, following instructions for at least 2 T  can represent a 
good starting point for patient-specific considerations.  
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Table 4-1.  Example occupancy factors for effective half-life and exposure characteristics 

 
 
 
Additional Example Illustrating Incremental Exposure.  When bystander exposure is converted into the number 
of effective half-lives, the occupancy factor can be estimated from Figure 4-5 by selecting each incremental 
exposure (vertical bars) pertaining to the bystander’s exposure timeframe and summing F  for those increments.  
Figure 4-5 facilitates estimation of the occupancy factor for a broad range of radiopharmaceuticals and allows for 
exposures at various times after administration.  The summation of incremental exposures shown equals 0.97, 
because the total fraction of radioactive emissions in the patient after 5 effective half-lives equals 0.03 (not 
plotted).   
 

Instructions:
1.  Consider multiple bystanders with anticipated exposure to the patient after release.
2.  Assign an FO value to each bystander according to the patient behavior and exposure descriptions below.
3.  Select the largest FO value to demonstrate compliance.

Recommended
Occupancy FO

Travel or immediately after release 0.8
Travel on public transportation 0.5

6 h < 18 h per day 0.25
12 h < 18 h per day 0.125

First 6 h 0.4
First 12 h 0.6

> 18 h in first day > 18 h per day 0.85
12 - 18 h in first day 12 - 18 h per day 0.65
6 - 12 h in first day 6 - 12 h per day 0.45
< 6 h in first day < 6 h per day 0.25

1 d < 18 h per day 0.3
2 d < 18 h per day 0.2

> 36 h in first 2 days 0.6
24 - 36 h in first 2 days 0.45
12 - 24 h in first 2 days 0.3

2 d 12 - 18 h per day 0.5
2 d 6-12 h per day 0.35
2 d < 6 h per day 0.2

12 - 18 h per day in first week 0.3
6 - 12 h per day in first week 0.2

> 36 h in first 2 days 0.2
< 9 h per day in first week > 18 h per day 0.75
< 6 h per day in first week 12 - 18 h per day 0.55
< 6 h per day in first week  6 - 12 h per day 0.4

Effective Half-Life*  of 
Radiopharmaceutical

Early Exposure to Patient Patient Isolates Longer Term Exposure to Patient

* Use radioactive half-life for sealed implants or seeds.  For unsealed radiopharmaceuticals, Te can be estimated by Tr × FB.

6 d < Te

6 h < Te ≤ 1 d

Te ≤ 6 h

1 d < Te ≤ 6 d
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Figure 4-5  Occupancy values for 50 time intervals of equal duration immediately after administration 
for a single effective half-life.  Time intervals are generalized for one-tenth of an effective half-life.  
When bystander exposure occurs over multiple time intervals,  values for those time intervals are 
summed 

Methodology for Occupancy in the Revised Regulatory Guide.  The previous examples reinforce concepts 
germane to occupancy.  To accommodate a large range of potential patient-specific factors, bystander behaviors, 
and occupancy values, the methodology in the revision to Regulatory Guide 8.39 (NRC 2020) calculates  
according to the effective half-life of the radiopharmaceutical in two parts: (1) bystander exposure during the 
patient’s travel from the medical facility and (2) bystander exposure to the patient after travel.  Times (typically 
in hours) are intentionally converted into the number of effective half-lives (unitless) so that a single set of 
tabulated values will apply to a broad range of radiopharmaceuticals.    
 
Geometry,  
 
External dose rates, such as scattered radiation buildup and attenuation by intervening materials and tissue 
masses in the patient and bystander, depend on physical attributes and geometric positioning.  As described in 
Chapter 2, the detailed development of dose-rate kernels resulted in basic activity thresholds and measurement 
thresholds for numerous radionuclides relevant to patient release based on point-to-point geometric assumptions 
at a nominal distance ( = 1 m).  The modifying factor for geometry, ( ), facilitates additional realism and can 
be supported by other models for external dose rate.  To directly incorporate other modeling results into the 
presented methodology, the modeling result should be normalized by an additional calculation for a point-point 
geometry at the standard 1-m separation distance.  The geometric modification factor takes the form of 
 ( ) =     ℎ     -   ℎ 1-m   Equation 

[4-20] 
 
Units for the numerator and dominator of Equation [4-20] can be user defined but should be the same.  For 
example, the detailed calculation of bystander dose rate for a realistic geometry would be normalized by a similar 
calculation of bystander dose rate for the simplified point-point geometry with a nominal separation of 1 m.  The 
nominal separation distance effectively scales the standardized dose-rate kernel in the proposed methodology to 
account for realistic geometric effects in the numerator.  Detailed three-dimensional modeling (e.g., Monte Carlo 
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simulation) can be used to account for attenuation and buildup by tissue, air, or other materials between the 
patient and bystander.  Those aspects are accounted for in the numerator of Equation [4-20].  When the F ∙ F  
product is calculated from three-dimensional modeling for use with the dose-rate kernels or thresholds presented 
in Chapter 2, as shown in Equation [4-1], Equation [4-2], Equation [4-5], or Equation [4-9] through Equation [4-13], 
the same geometric assumptions for tissue attenuation and buildup used during kernel development should be 
included in the denominator of Equation [4-20].  These are a point source surrounded by no tissue for unsealed 
radionuclides and a point source surrounded by 0.05 mm titanium spherical encapsulation for implanted 
radionuclides.  When bystander dose is calculated directly from three-dimensional modeling, the dose-rate kernel 
and Equation [4-20] are unnecessary.  
 
Equation [4-1] also includes a single geometric factor as representative for the entire duration of bystander 
exposure.  Because geometric effects are strongly dependent on distance, Equation [4-1] can be used directly 
when the bystander is primarily exposed at the standard patient-to-bystander distance of 1 meter.  Although this 
may not be strictly accurate for prolonged human interactions, selecting a closer distance within a range of 
distances during close contact between 1 m and several meters can provide a reasonably conservative estimate.  
The nominal distance for close contact is 1 m, and it provides a convenient option for assigning time spent in close 
contact to the patient that includes distances within a few meters of the patient.  When a bystander is known to 
spend most of the exposure time at a distance greater than 1 m from the patient, determining the geometric 
factor for the correct distance is advised.  Due to the strong sensitivity of geometric influences on distance, it is 
recommended that separate geometric factors and exposure time frames be determined for distances closer than 
1 m.  For example, a centerline-to-centerline distance of 0.3 m is recommended for time spent holding another 
person. 
 
Bystander irradiation at separation distances closer than 1 m is very important to consider because the ( ) modifying factor can take values greater than 1.  At very close distances, the effect of extended geometries 
is magnified, and point-point assumptions become overly conservative compared to more realistic nonpoint 
source and nonpoint target geometries.  For these reasons, the presented methodology is based on simplified 
source and target irradiation geometries (e.g., full 1.7-m height for an adult patient and partial 0.7-m height for 
the most sensitive organs of an adult bystander).  Figure 4-6 shows that at distances of 2 m or more, the 
point-point approximation (i.e.,  relationship) can be applied due to expected overestimations of less than 10 

percent compared to line-line irradiation results.  In other words, ( ) ≈    when r ≥ 2 m, with r in units of m 

while  remains unitless.  For example, ≈   = 0.063 for a bystander at 4 m. 
 ( ) has the potential to accommodate a broad range of patient-to-bystander geometries.  Although this 
flexibility can be convenient in principle, the National Council on Radiation Protection and Measurements (NCRP) 
suggests index distances of 1 m and 0.3 m in its recommendations on patient-release criteria (NCRP 2006).  An 
index distance of 1 m is recommended for the exposure of family members and members of the public who are 
“specifically in the company of” the patient.     
  
Each index distance corresponds to a new ( ) value.  Most exposure calculations will utilize the standard 
distance of 1 m or greater distances when justified.  The distance of 0.3 m is appropriate when the patient is being 
held or holding another person.  Sharing the same bed as the patient, does not automatically imply the act of 
holding while sleeping.  A closer distance of 0.2 m is proposed for a nursing child being held during breastfeeding. 
Accordingly, F  values are presented for the separation distances of 0.1 and 0.2 m for a breastfeeding child 
externally exposed to the patient’s breastmilk and body, respectively. 
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Figure 4-6  Reconciling geometric assumptions for calculating the modifying factor 

Precalculated values for ( ) are presented for a specific bystander separation distance, .  ( ) values less 
than 1 are typical for patient-to-bystander distances ≥ 1 m.  ( ) can exceed 1 for patient-to-bystander distances 
closer than 1 m.  Figure 4-7 displays geometric factors for adult exposure geometries as well as additional factors 
for external exposure to a breastfeeding child. 
 

 

Figure 4-7  Geometric modifying factors for external exposure.  Line-Line geometry refers to a 1.7-m 
source length and 0.7-m length for critical organs.  Point-Line refers to a point source at the end of the 
0.7-m length for critical organs 

Suggested ( ) values for two-dimensional geometries (e.g., point-point, point-line, line-line) are based on 
uncollided photon fluxes for various simplified source-target orientations.  Similar to the dose-rate constants in 
Chapter 2, these simplified irradiation geometries do not include attenuation and buildup.  Without attenuation 
and buildup from material interactions, these simplified irradiation calculations become energy independent, 
radionuclide independent, and patient independent.  In other words, one table of ( ) values can accommodate 
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a wide range of medical procedures, radionuclides, patients, and potential bystander exposure geometries.  
Details and derivations of the equations for uncollided photon flux are presented in Section 0. 
 
A point-like source representation was considered for radioactive implants (e.g., prostate seeds) or significant 
source activity concentrated in one region of the body (e.g., thyroid uptake of radioiodine) and compared to 
line-line solutions for radioactivity widely distributed within the patient’s body.  Slightly higher modification 
factors were found for these point-line source geometries, decreasing from +20 percent to +2 percent at 
separation distances of less than 0.5 m to 3 m, respectively.   These differences are shown by the dashed and solid 
lines in Figure 4-7. 
 
Attenuation,  
 
The attenuation modifying factor adjusts the dose-rate kernel for patient-specific tissue thicknesses.   takes 
values greater than zero and generally less than or equal to one (1), except in situations when the energy 
distribution of photon emissions corresponds to the greatest enhancements from photon buildup and results in 

 values greater than 1.  Attenuation and buildup effects were calculated for pertinent radionuclides with 
physical half-lives greater than 1 hour.  As described in Chapter 2, the point-kernel dose rate constant for patient 
release, Δpr, is calculated with an assumption of no overlying tissue.  A nominal tissue thickness, such as 20 mm, 
allows for a small amount of patient self-absorption and removes very low-energy photons from contributing dose 
to a bystander.  It also allows for the slowing of electron emissions and subsequent creation of bremsstrahlung.  
Thus, a 20-mm thickness may be appropriate in certain circumstances, e.g., tissue overlying the thyroid or 
thickness of the eyeball when considering an eye plaque.  For other instances, emissions from radionuclides 
distributed inside the chest wall or beneath excessive body fat, for example, would experience greater self-
absorption by the patient’s tissues.  For this reason, relative dose kernels are plotted in Section 0 as a function of 
tissue thickness for selected radionuclides. 
 
Determining the Maximally Exposed Individual 
 
The maximally exposed individual is the bystander with the greatest ∙  product because other factors of the 
dose calculation in Equation [4-5] are independent of bystander characteristics and behaviors.  An example is 
presented with a graphical template for comparing anticipated dose implications to multiple bystanders. 
 
The example calculation considers a patient who receives a radiopharmaceutical for cancer therapy on Friday and 
intends to rest and recover at home, mainly in isolation for three days before returning to work.  A friend drives 
the patient home after the procedure, which takes 4 hours.  The patient’s family is planning a visit during the 
weekend of less than 4 hours.  One of the visiting family members is a grandchild.  In this example, the occupancy 
factor is calculated for three individuals: the driver, the grandchild, and a coworker.  Based on manufacturer 
information for the radiopharmaceutical, the patient’s retention is estimated to be 5% (or less) at 96 hours post-
administration.  As shown in Figure 4-8, the graphical template accepts three inputs (T , τ , and τ  or τ ) for 
each bystander. 
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Figure 4-8  Graphical Survey Template for Bystander Occupancy 

Main steps for the graphical survey for occupancy are presented below.  Figure 4-9 illustrates example data. 
1. Determine effective half-life of the radiopharmaceutical for the patient’s retention using Equation [4-19] 
 T = − ln(2)ln(0.05) (96 h) = 22 h 

 
2. Identify potential maximum bystanders (e.g., driver, grandchild, and coworker) 
3. Enter exposure start and end times (or repetitive exposure durations) for each bystander 
4. Calculate the occupancy factor for each bystander 

 

 
Figure 4-9  Example occupancy determination for multiple bystanders using the graphical template 

Prior guidance (NRC 2020) allowed a value of 0.125 for occupancy with additional instructions.  All three  values 
from this example are below 0.125; occupancy factors less than 0.125 can occur for realistic exposures when dose 
minimizing instructions are followed. The occupancy assessment should include bystander exposure 
characteristics for all potential maximally exposed individuals.  
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From Figure 4-9 for  and Figure 4-7 for , the ∙  products for the three bystanders are   
 

• Driver:  ∙ (1 m) = 0.11 ∙  0.79 = 0.09 
• Coworker:  ∙ (1 m) = 0.08 ∙  0.79 = 0.06 
• Grandchild:  ∙ (0.3 m) = 0.04 ∙  4.6 = 0.18  

 
With the previously stated simplifications, the grandchild is determined to be the maximally exposed individual.  
This is largely due to the added realism of a larger geometric modification factor when the grandchild is being held 
by the patient.  Timing of the exposure is accurately reflected in this prospective assessment with the graphical 
template and found to significantly influence the results.  With these formulations, the occupancy modifying factor 
depends on the number of radioactive emissions when the bystander is in close contact with the patient.  This is 
more realistic than estimations based primarily on time spent near the patient.  If fact, the coworker spends the 
largest amount of time near the patient but yields the lowest expected dose in this example because the exposure 
occurs later in time.  If the driver is also a family member who is exposed to the patient after travel, additional 
terms with different start and end times can be added to the calculation. 
 
Patient Questionnaire as Supporting Information 
 
Survey information can be collected from individual patients to inform the determination of modifying factors for 
occupancy, geometry, and attenuation.  Answers to some questions could indicate uncertainty exists with the 
patient’s ability to understand and ultimately follow discharge instructions, including restrictions for radiological 
protection.  For example, the patient may (i) depend on others, (ii) indicate assistance is needed to read and 
understand instructions, or (iii) take medications to mitigate confusion.  In these situations, cautious modifying 
factor assumptions or communicating instructions to individuals who are present to assist the patient can increase 
confidence in patient release decisions.  
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Table 4-2  Example Patient Questionnaire for Determining Patient-Specific Modifying Factors  

To Be Completed by the Licensee 
Patient Identification Number  
Patient is capable and plans to follow discharge instructions including behavior restrictions? yes no 
Estimate the patient’s overlying tissue for attenuation and buildup:   ______ cm 

Is a patient-to-bystander distance less than 1 m expected with a geometric modifying factor 
greater than 1?   yes no 

To Be Completed with Patient Input 
How long is the return trip home?  
Will someone accompany 
you on the return trip 
home? 

yes How will you be 
returning home? 

my vehicle bus taxi 

no train plane other 
When will you 
return to work? 

 Do you spend more than 10 hours per week closer than 10 
feet from the same person at work? 

yes 
no 

Who do you see in person 
on a routine basis? 

 

Do you anticipate spending more than 
an hour a day closer than arm’s length 
(1 meter) from another individual?   

yes If yes, at what 
distance and 
for how long? 

 

no 

Do you/have you ever 
needed help with the 
following tasks? 

getting on and 
off chairs walking using the restroom bathing 

getting in and 
out of vehicles 

cooking/
eating 

reading/understanding 
instructions none of the above 

Do you live in an apartment or facility with other people in adjacent rooms/on adjacent floors? yes no 

Are you currently nursing 
(breastfeeding) a child? 

yes Could you be 
pregnant? 

yes Do you share a bed with 
anyone? 

yes 
no no no 

Are you able to sleep in your own bed without another person for some length of time after the 
procedure? 

yes 

no 
Are you willing to change your behavior as directed by posttreatment instructions to minimize 
exposure to other individuals? 

yes 
no 
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Flux Calculations for the Geometric Modifying Factor 
 
Geometric flux relationships are presented for radiation transport without attenuation and buildup.  Three basic 
irradiation geometries are investigated:  Point-Point, Point-Line, and Line-Line.  Differences among the results for 
Point-Point and Line-Line assumptions are shown to be large at distances less than 1 m. 
 
Point Source & Point Target ϕ  =   Equation 

[4-21] 
where   S   source emission rate  and r   distance between the source and target. 

 
Point Source & Line Target ϕ  =    tan + tan  Equation 

[4-22] 
where  L length of the line target and h vertical position of the source point (0 ≤ h ≤ L). 

  
 
Equation [4-22] can be rewritten for the minimum and maximum heights of the target line ϕ  =  ( )  tan ∗ + tan ∗

 
Equation 
[4-23] 
 

where   h∗ height of the point source h  maximum vertical position of the target line, and h  minimum vertical position of the target line. 
 
Figure 4-10 illustrates the point-line irradiation geometries for the parameterization shown in Equation [4-22] 
and Equation [4-23].  Point-Line irradiation geometries can be representative for bystander irradiation by a patient 
with prostate seed implants or a patient with substantial radionuclide uptake by the thyroid and minimal 
redistribution to other parts of the body.  Figure 4-11 presents dimensions in the calculation of the geometric 
modifying factor for these irradiation scenarios.  Because parameter definitions in Equation [4-22] and Equation 
[4-23] can be inverted for an analogous geometry with a line source and point target, inverted geometries for 
Line-Point irradiation are not presented further.  
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(a) 

 
 

  
(b) 
 

Figure 4-10  Point-Line geometries with parameterization for (a) Equation [4-22] and (b) Equation [4-23] 
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(a) 

 

 
(b) 

 
Figure 4-11  Point-Line irradiation geometries for calculating the geometric modifying factor 
representing (a) prostate seed implants and (b) radionuclide uptake by the thyroid.  Both shown with a 
separation distance of 1 m 
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Line Source & Line Bystander  
 
To extend Point-Line results for a line-line irradiation geometry, the point-line relationship in Equation [4-22] is 
integrated over a range of source points 
 ϕ =     

Equation 
[4-24] 

 
with minimum and maximum vertical positions of the source point, denoted by h  and  h   as the limits of 
integration. 
  
Applying substitution for x = L − h and dx = −dh, the second term of numerator can be written as 
 tan L − hr dh = − tan xr dx = tan xr dx 

 
Performing the integration in the denominator, the general expression becomes 
 ϕ = S4π L r tan hr dh + tan xr dxh − h  

Equation 
[4-25] 

 

For a full-length bystander with h = 0 cm and  h  = L, symmetry allows for further simplifications 
 ϕ = S2π L  r tan hr dh 

 
Applying the generic solution  tan dh = h tan −  ln  with the limits of integration for a full-
length bystander yields ϕ =    L tan −  ln  

Equation 
[4-26] 

 
Figure 4-12 highlights the line-source and line-target irradiation geometry for a full-length source and full-length 
target shown in Equation [4-26].   
 
To account for sensitive organs of the bystander distributed within a partial height, Figure 4-13 illustrates this 
line-line geometry with a partial target height of 0.7 m (70 cm).  Compared to a full-length target line, shortening 
the length of target line results in a higher average radiation flux because ends of the target line are not included 
in the average.  Ends of the target line experience lower radiation fluxes compared to points on the target line 
near its midpoint.  Therefore, averaging the radiation flux over a shorter target line across from the midpoint of 
the source line will yield an increased result compared to averaging over the entire height of the bystander.  The 
sensitivity of the average flux to this length reduction and its dependency on the dimensions of the irradiation 
geometry are investigated further. 
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Figure 4-12  Line-Line irradiation geometries for a full-length patient and full-length bystander 

 
Figure 4-13  Line-Line irradiation geometries for calculating the geometric modifying factor with a partial 
bystander height representing a distribution of sensitive organs in the bystander 

To avoid underestimating the geometric modifying factor, the 0.7-m partial height for target organs is adopted 
for an adult bystander.  However, the previous symmetry resulting in Equation [4-26] does not apply to the partial 
bystander height. Therefore, Equation [4-25] evaluated according to its integration limits yields  



 

Draft for ACMUI Review 

61 
Draft for ACMUI Review 

 
 

 

 
 

ϕ = 
S2π L (h − h )r

h  tan h r − h  tan h r− r2  ln r + hr − r2  ln r + hr+ (L − h ) tan L − hr − (L − h ) tan L − hr− r2  ln r + (L − h )r − r2  ln r + (L − h )r
 

Equation 
[4-27] 
 

 
For a range of separation distances, Figure 4-14 compares average flux results for point-point and line-line 
irradiation geometries, as calculated by Equation [4-21] and Equation [4-27] respectively.  Differences in the 
average flux for point-point and line-line assumptions become large as the separation distance decreases below 
1 m.  At very close distances, point-point irradiation geometries become unrealistic and overly conservative.  This 
sensitivity highlights a need to exercise caution when modeling bystander exposures to a patient at distances 
considerably closer than 1 m.  Therefore, the line-line and point-line irradiation geometries were considered 
further for calculating the geometric modifying factor.   

 
Figure 4-14  Comparison of the average flux without attenuation and buildup 

Figure 4-15 compares geometric modifying factors for various irradiation geometries and distances, based on the 
average radiation flux without considering attenuation and buildup.  According to the dimensions in Figure 4-13, 
results for line-line irradiation were calculated from Eq [4-27].  For comparative purposes, the point-line irradiation 
geometry shown in Figure 4-15 was included to represent radionuclide concentrations in either the prostate or 
thyroid.  Average radiation fluxes were slightly higher for the point-line irradiation geometry compared to the 



 

Draft for ACMUI Review 

62 
Draft for ACMUI Review 

 
 

 

line-line irradiation geometry over a broad range of separation distances.  Differences shown in Figure 4-15 were 
deemed small enough to not require a separate tabulation of geometric modifying factors because the results do 
not include larger potential influences from the combined effects of unmodeled attenuation and buildup as well 
as unmodeled lateral distributions of the source and target organs that tend to reduce the average radiation flux.  
Equations in this appendix enable future calculations, approximations, and comparisons for alternative irradiation 
dimensions. 
 
As previously demonstrated by Figure 4-14, extended source and target dimensions have a limited influence on 
the average radiation flux at separation distances greater than 2 m.  This geometric insensitivity at distances 
greater than 2 m is also supported by Figure 4-14 and Figure 4-15.  Figure 4-15 includes an irradiation geometry 
for a mother holding a child.  The irradiation geometry for a child being held is shown in Figure 4-16 with the 
child’s body length parallel to the patient, because holding the child horizontal across the patient’s chest (Figure 
4-17) resulted in a 13-percent-lower average flux.  For simplicity, this alternative horizontal irradiation position is 
not included in Figure 4-15.  
 
Figure 4-17 displays breastmilk as two circular sources.  Because the average flux is calculated along the target 
line without attenuation and buildup from radiation interactions in tissue, it is permissible to simplify breastmilk 
irradiation by replacing each circular source with a point source. 
 

 
Figure 4-15  Geometric modifying factors for external exposure 

 
  



 

Draft for ACMUI Review 

63 
Draft for ACMUI Review 

 
 

 

 
Figure 4-16  Line-Line irradiation geometry for a child being held during breastfeeding 

 

 
(a)                                                                            (b) 

Figure 4-17  Irradiation geometries for external exposure of the child’s body to breastmilk radioactivity in the 
(a) nursed breast and (b) other breast.  One geometric modifying factor for breastmilk exposure is developed 
from averaging results of two irradiation geometries 
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Compared to a simplified point-line geometry, the effective separation distance to the target line from all points 
on the circular source would be slightly greater.  Changes to the linear extent of the target line, as viewed from all 
points on each circle compared to its center, also imply a reasonable but slightly conservative point-line 
simplification for breastmilk irradiation.  Specifically, modeling breastmilk as a point source overestimated the 
average flux by less than 5 percent for a target length of 60 cm.  For the point-line simplification of breastmilk 
irradiation, Equation [4-22] is applied twice—once for a vertical position of 13 cm and once for a vertical position 
of 28 cm—and averaged. 
 
Attenuation Factors for Various Tissue Thicknesses 
 
Figure 4-18 features 40 plots for attenuation and buildup effects in the modifying factor F .  By noting the location 
of the source in the patient’s body and the average tissue thickness between the source and the body surface, the 
appropriate thickness of tissue (x-axis) can be selected for the exposure scenario.  The “Attenuation Factor” (y-
axis) represents the point-kernel dose constant for a given attenuation/buildup thickness relative to the point-
kernel dose constant for no tissue thickness.  In all plots, the attenuation factor equals one (1) at a tissue thickness 
of zero.  The attenuation factor, F , generally takes values between zero and one, but values greater than one are 
possible.   
 
For example, the standard assumption of no attenuating tissue results in ∆  = 0.0194 [mSv m2 GBq-1 h-1] for 99mTc.  
When 99mTc is administered to a patient with only a few cm of overlying tissue (e.g., 5 cm in this example), the 
dose-rate kernel increases due to photon buildup such that ∆  = 0.0229 [mSv m2 GBq-1 h-1].  The ratio of these 
dose-rate kernels for a specific tissue thickness determines the attenuation factor F :   

 F = Relative dose kernel = ∆  for 5 cm∆ for 0 cm =  0.02290.0194 = 1.18. 
 

Equation 
[4-28] 

This section contains plots for the attenuation factor as a function of tissue thickness.  The calculated value for F  
with 5 cm of tissue—shown above and in the plot for 99mTc—is greater than one (1) because the buildup of photons 
through 5 cm of tissue is greater than the loss due to attenuation in that same thickness.  In general, buildup is 
most important in the photon energy range of 60 – 80 keV, and therefore, nuclides with an abundance of these 
low-energy photon emissions, or those with high contributions from bremsstrahlung photons, may exhibit F  
values greater than one (1) within 5 – 15 cm of tissue.   
 
Examining the plot for 18F for example, it is noted that F  does not exceed one (1) because buildup and attenuation 
offset equally until attenuation dominates at tissue thickness greater than about 5 cm.  Users should estimate the 
minimum amount of tissue through which the photons would pass or use the radius of the patient’s torso if the 
activity is uniformly distributed throughout the body.  In contrast, differences in metal encasements of implants 
have very little impact on the attenuation/buildup factors and are not considered further. 
 
As an additional illustration, a patient is assumed to have a uniform distribution of 67Ga throughout their torso 
following the administration of 67Ga-citrate. For a patient torso girth of 160 cm, the average radius is 
 r = G2π = 160 [cm]2π = 25 [cm]. 

 

Equation 
[4-29] 

For a 25-cm thickness, F = 0.7 for 67Ga implies a 30% reduction in bystander dose due to tissue attenuation. 
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Figure 4-18  Attenuation modifying factors versus tissue thickness for 40 radionuclides: C-14, F-18, P-32, P-33, 
Sc-47, Cr-51, Cu-64, Cu-67, Ga-67, Se-75, Zr-89, Sr-89, Sr-90, Y-90, Tc-99m, Pd-103, Ru-106, Ag-111, In-111, Sn-
177m, I-123, I-124, I-125, Xe-127, I-131, Cs-131, Xe-133, Sm-153, Dy-165, Ho-166, Er-169, Yb-169, Lu-177, Re-
186, Re-188 Ir-192, Au-198, Tl-201, At-211, and Ra-223 
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5. BREASTFEEDING THRESHOLDS 
 
Regulatory Guide 8.39 Rev 1 (NRC 2020) provides direction for licensees to demonstrate compliance with 10 CFR 
35.75.  No determination of internal dose received by others is required of the licensee unless the patient is 
breastfeeding an infant or child.  The regulation requires that the licensee determine breastfeeding status of 
female patients and assess the total effective dose equivalent (TEDE) to the feeding infant/child compared to dose 
limitations of 1 and 5 mSv.  This chapter provides the technical basis for radiation dosimetry applicable to the 
breastfeeding infant, administered activity thresholds for breastfeeding patients, and breastfeeding interruption 
times that may be necessary to limit infant dose. 
 
Background 
 
Record/Instruction Activity Thresholds for Breastfeeding Patients.  
 
In 10 CFR 35.75(a), the licensee is authorized to release a patient having received an administration of radioactive 
material if the external effective dose equivalent to any other person is not likely to exceed 5 mSv.  If a patient is 
or may be nursing an infant or child, the licensee is directed to include instructions to that nursing mother on 
methods of reducing radiation exposure if the dose to a breastfeeding infant could exceed 1 mSv without 
interruption of breastfeeding (10 CFR 35.75(b)).  Additionally, the licensee is required to maintain a record of the 
instructions provided to a nursing mother if the dose to a breastfeeding infant could exceed 5 mSv without 
interruption of breastfeeding (10 CFR 35.2075(b)).  Therefore, it is necessary to determine activity thresholds for 
breastfeeding patients to keep infant doses below limits and make licensees aware of administered activities with 
regulatory implications. 
 
Revisions to Regulatory Guide 8.39 Rev 1 (NRC 2020) list activity thresholds for providing instructions and 
maintaining records for breastfeeding patients.  Tabulations also provide recommended time durations for 
interrupting breastfeeding if necessary, so that the infant/child is not likely to receive more than 1 mSv when 
breastfeeding is resumed.  Threshold activities were determined for both internal (via consumption of breastmilk) 
and external (via direct photon exposure) of the infant or child while feeding.  The external dose calculation follows 
a similar methodology to the external dose calculation for any other individual exposed to the patient.  However, 
the internal dose calculation for breastfeeding requires radiopharmaceutical-specific internal dose coefficients for 
infants, along with secretion fractions that describe the portion of activity in the mother’s body transferred to the 
infant during breastfeeding.  The described methodology is flexible so that radiopharmaceuticals with increased 
biokinetic complexity can be incorporated into assessments of internal and external radiation dose received by 
the breastfeeding infant. 
 
History of Recommendations for Breastfeeding Interruption.   
 
Several relevant documents on the subject are summarized.  For each document, a brief description of dosimetric 
assumptions for the breastfeeding infant is provided along with recommendations for interruption or cessation 
of breastfeeding.  All of these reports assume a dose limitation of 1 mSv to the infant and provide 
recommendations based on specific administration levels.  Table 5-1 provides a summary of the interruption 
recommendations from several different sources. 
 
NUREG-1492 (1997b) describes the method for determining instructions for lactating patients applicable to the 
original 1997 Regulatory Guide 8.39 (NRC 1997a).  This method established best-case and worst-case scenarios 
for estimating internal dose to the breastfeeding infant based on time-dependent concentrations of radioactivity 
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in breastmilk.  The dose assessment progressed through a stepwise approach to estimate concentrations at an 
assumed feeding frequency (every 3 hours for up to 50 effective half-lives of the radiopharmaceutical in the 
mother).  Complete absorption of the radiopharmaceutical in the infant’s GI tract was assumed, and cumulative 
ingestion for various time periods was calculated.  Retention of the radiopharmaceutical in the mother was 
estimated to follow single-exponential (monophasic) loss in all cases, including free iodine administered as NaI.  
The NUREG-1492 states there are specific cases for which “… effective dose equivalent should not be used for 
decision making, and the individual organ absorbed dose should be considered.”  One primary case is 
radiopharmaceuticals administered as sodium iodide with  significant uptake by the infant’s thyroid that can result 
in thyroid damage.  NUREG-1492 also considered the possibility of radiological contaminants in 111In, 123I, and 201Tl 
radiopharmaceuticals.  External dose to the infant was assumed with an occupancy factor of 0.16 and a separation 
distance of 0.2 meters.  For 25 common radiopharmaceuticals, breastfeeding interruption was found to be 
necessary for ten of those radiopharmaceuticals. 
 
Stabin and Breitz (2000) provide a literature review and determine radiation dose received by breastfeeding 
infants for the same 25 radiopharmaceuticals as above administered to their mothers.  They report that nine of 
the pharmaceuticals require breastfeeding interruption to meet a dose criterion of 1 mSv, with a recommendation 
of complete cessation for three pharmaceuticals (67Ga-citrate, and 123I and 131I as NaI).  Cessation of breastfeeding 
with administrations of 123I, however, is based on potentially high concentrations of 125I as a contaminant, 
otherwise pure 123I as NaI has only a 24 h recommended interruption time.  The authors show that half-times and 
secretion fractions vary considerably between subjects (and even within the same subject at different times) and 
those individual measurements are quite important for determining patient-specific dosimetry.  Of 99mTc-labeled 
pharmaceuticals, the authors estimate that about 60% is secreted in the first 4 hours through breastmilk and 
therefore an interruption time between 12 hours and 2 days may be necessary to reduce infant dose to less than 
1 mSv.  Stabin and Breitz (2000) consider single-exponential loss for all compounds except 131I as NaI and 201Tl-
chloride, in which case they consider double-exponential loss. 
 
Additional recommendations on breastfeeding interruption are given in ICRP 106 (2008a).  Several of the 
radiopharmaceuticals have recommendations of “greater than 3 wk” which the ICRP notes should be interpreted 
as “cessation” due to the mother’s difficulty in maintaining the milk supply for that length of interruption.  They 
advise a general 4-hour interruption (one feeding) for 99mTc-labeled pharmaceuticals and consideration is given to 
contamination of 123I by 125I.  ICRP 128 (2015) provides similar results to that of ICRP 106 (2008a), and the methods 
described in NUREG-1556 (2019) are very similar to the original Regulatory Guide 8.39 (1997a). 
 
More recently, Leide-Svegborn et al. (2016) published data on infant dosimetry and interruption 
recommendations for sixteen radiopharmaceuticals from 53 breastfeeding patients.  In their assessment, they 
estimate breastmilk excretion fractions for radionuclides administered to the mother, as well as the resulting 
organ and effective dose to the infant with no interruption.  Feeding rates were assumed to be 133 mL every 4 
hours (800 mL/d) and dose was estimated until negligible activity remained in breastmilk.  Their clinical data show 
that a single-exponential retention model is appropriate for the majority of pharmaceuticals they investigated. 
Two of the pharmaceuticals, 131I as NaI and 51Cr-EDTA, indicated a double-exponential (biphasic) model provided 
a better representation of retention.  External dose to the infant due to close contact was considered by noting 
that it should be “… kept in mind when recommendations are given …”, but generally thought to be insignificant 
when compared to internal contributions. 
 
A subcommittee of members of the US NRC Advisory Committee on Medical Uses of Isotopes (ACMUI) prepared 
a report (Zanzonico et al. 2019) on guidelines for the nursing mother having received a medical administration.  
The ACMUI analysis considered exposure of the infant through external routes of proximity to the mother’s body 
and to the mother’s breast, and through the internal route of consumption of breastmilk.  The infant was assumed 
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to be 7.5 cm from the breast and 15 cm from the mother’s body during feeding.  An occupancy factor of 0.33 was 
assumed, as well as a point-to-line geometry factor (breast-to-mother) of 0.32. Contributions from 
bremsstrahlung were not considered by Zanzonico et al. (2019) and all beta emissions in the mother were assumed 
to be non-contributors to external infant dose.  For internal dosimetry, a breastmilk volume of 142 mL per feeding 
was assumed with ingestion occurring every 4 hours and dose to the infant was calculated assuming no 
interruption of breastfeeding.  The ACMUI report provides tabulated data, but also textual recommendations that 
differ.  It is their textual recommendations that have been included in Table 5-1 below. 
 
The data compiled in Table 5-1 are indicative of the variability of administered activity, dosimetric methodology, 
parameter assumptions, biological elimination rate, etc. For a given radiopharmaceutical breastfeeding 
interruption recommendations can fluctuate considerably, accentuating the need for patient-specific analysis. 
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Table 5-1  Historical recommendations on breastfeeding interruption for infant dose less than 1 mSv 

Recommended Interruption Times (Administered Activity in MBq) 

Nuclide Pharma 
ceutical 

NUREG-1492 
(NRC 1997b) 

Stabin & Breitz 
(2000) 

ICRP-106 
(2008a) 

ICRP-128 
(2015) 

NUREG-1556 
 (NRC 2019) 

Leide-
Svegborn 
et al. 
(2016) 

Zanzonico 
et al. 
 (2019) 

C-11 any - - none none - - none (925) 
Cr-51 EDTA none (1.85) none (1.85) none none none none (3.7) - 
F-18 FDG - - none none - none (422) 4 h (370) 
Ga-67 citrate 1 mo (185) cessation (185) > 3 wk > 3 wk 1 mo (150) - 28 d (185) 

Ga-68 octreotate - - - - - - 4 h (185) 
I-123 MIBG 24 h (370) 48 h (370) > 3 wk > 3 wk 24 h (370) - -  

OIH none (74) none (74) 12 h 12 h none - 4 h (37)  
NaI none (14.8) cessationb(14.8) > 3 wk > 3 wk none - 3 d (15) 

I-124 NaI - - - - - - cessation (74)
I-125 OIH none (0.37) none (0.37) 12 h 12 h none 12 h (0.40) - 
I-131 OIH none (11.1) none (11.1) 12 h 12 h none 12 h (0.66) 4 h (10) 
 

NaI cessation 
(5,550) 

cessation 
(5,550) 

> 3 wk > 3 wk cessation cessation 
(1.85) 

cessation (74)

In-111 WBC 1 wk (18.5) none (18.5) none none 1 wk (20) - 6 d (18.5)  
octreotate - - none none - - 6 d (185) 

Lu-177 octreotate - - - - - - 28 d (7,800) 
N-13 any - - none none - - none (925) 
O-15 any - - none none - - none (1,850) 
Ra-223 dichloride - - - - - - cessation 
Rb-82 chloride - - - - - - none (2,220) 
Tc-99m DISIDA none (300) none (300) none none none - - 
 

DTPA none (740) none (740) none none none none (190) - 
 

DTPA aerosol none (37) none (37) - - none - -  
glucoheptonate none (740) none (740) none none none - -  
HAM none (300) none (300) - 12 h - - -  
MAA 12 h (148) 12 h (148) 12 h 12 h 12.6 h (150) 12 h (104) -  
MAG3 none (370) none (370) none - none none (68) -  
MDPa none (740) none (740) none none none none (600) - 

 
MIBI none (1,100) none (370) none none none none (586) - 

 
pertechnetatea 24 h (1,100) 4 h (185) 12 h 12 h 24 h (1,100) 12 h (207) -  
PYP none (740) none (740) none none none - -  
RBC in vitro none (740) none (740) none none none - -  
RBC in vivo 6 h (740) 12 h (740) 12 h 12 h 6 h (740) nonec (602) -  
sulfur colloid 6 h (440) none (444) none none 6 h (440) - -  
WBC 24 h (185) 48 h (185) 12 h 12 h 24 h (1,100) - - 

Tl-201 chloride 2 wk (111) 96 h (111) 48 h 48 h 2 wk (110) - 4 d (148) 
Zr-89 antibodies - - - - - - 28 d 

ano blocking agent 

bdue to assumed 125I contamination 
cwith blocking agent 
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Dosimetry Methods 
 
The infant can be exposed to radiation energy by internal and external pathways.  Internal exposure is caused by 
the infant’s consumption of contaminated breastmilk, while external exposure results from infant proximity to 
the mother’s breast and body.  Therefore, in the revised methodology for Regulatory Guide 8.39, it is assumed 
that the breastfeeding infant is exposed to radioactivity in the mother through three different routes: (1) internally 
due to the consumption of contaminated breastmilk; (2) externally from the activity in the mother’s breast at the 
time of feeding; and (3) externally from the activity assumed to be uniformly distributed throughout the mother’s 
body at the time of feeding.  The radiopharmaceutical in the breastmilk is assumed to be in equilibrium with that 
in the mother’s body when breastfeeding is resumed.  With a daily milk production of about 850 mL during 
lactation (Stabin and Breitz 2000), breastmilk ingestion by the feeding infant is assumed to occur at a constant 
rate of 35 mL/h with complete emptying of the breast at each of six feedings per day, i.e, 140 mL/feeding.  The 
determination of dose to the breastfeeding infant is fundamentally based on the radioactivity in the mother’s 
body, ( ), at some time, , after initial administration, , where 
 ( ) = ∙ ( ) 

 
Equation 
[5-1] 

with ( ) representing the fraction of  retained in the body at time .  Generally, a monophasic or single-
exponential retention function 
 ( ) =  Equation 

[5-2] 
is adequate to describe the loss of radioactivity from the mother’s body.  The parameter  is the effective rate 
constant (in units of inverse time) describing the loss of radioactivity by both radiological decay and biological 
excretion.  In the method that follows, dose to the infant is approximated by determining the time-integration of 
activity in the mother, , where 
 = ( ) = ( ) = = − . 

 

Equation 
[5-3] 

The limits of integration relate to the time after administration at which breastfeeding begins, , and the time at 
which breastfeeding ends, .  In this analysis, breastfeeding is assumed to begin after an interruption time, , and 
to continue until all radioactivity in the mother is lost, i.e., “infinite” time.  While breastfeeding typically occurs 
from a few months to several years, an assumption of infinite time is acceptable as long as  is greater than about 
10-times the number of effective half-lives of the radiopharmaceutical, i.e., less than 0.1% of  would be 
remaining in the mother’s body by the time breastfeeding ends.  The longest-lived (effective half-live) 
pharmaceutical considered herein is 130 hours (223Ra).  Therefore, if breastfeeding continues for more than about 
1300 hours post-administration (~2 months), the assumption of “infinite” time is entirely reasonable.  With this 
assumption Equation [5-3] reduces to 
 = . 

 

Equation 
[5-4] 

Likewise, for a double-exponential (biphasic) retention model, applied herein to 51Cr-EDTA, all administrations of 
sodium iodide, and 201Tl-chloride, the time-integrated activity is 
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=  +  =  − +  −
 

 

Equation 
[5-5] 

with a reduced form 
 =  +  . 

 

Equation 
[5-6] 

Internal Dose due to the Consumption of Breastmilk.  The infant is assumed to feed on breastmilk beginning at 
time, , after administration until the complete loss of radioactivity from the mother’s body.  The infant’s internal 
dose as the result of breastfeeding is therefore, 
 =     ( ) , Equation 

[5-7] 
 
where  is the activity administered to the mother [GBq];  is the fraction of the pharmaceutical in the mother’s 
body that is excreted to breastmilk per unit volume [mL-1];  is the mother’s milk production rate, as well as the 
infant’s consumption rate [mL h-1];  is the radiopharmaceutical-specific dose coefficient for newborn ingestion 
[mSv GBq-1], and ( ) represents the fraction of the radiopharmaceutical retained in the mother’s body at time  
after administration.  It is assumed that the radiopharmaceutical remains intact when transferred to the infant 
and that there is complete uptake in the infant’s GI tract once ingested (i.e., f1 = 1).  The volumetric fraction 
excreted to breastmilk, , is conservatively assumed to be constant throughout breastfeeding.  After considering 
the integration of the retention function in Equation [5-7], the total internal dose to the infant is 
 =    . Equation 

[5-8] 
The total fraction, , of activity initially administered to the mother that ultimately appears in breastmilk is derived 
from the time-integration of the rate of accumulation of activity in the breastmilk and is related to  by 
 =     =  1

 
Equation 
[5-9] 

 
for single-exponential retention, and by 
 =    +  =   +  

 

Equation 
[5-10] 

for double-exponential retention.  The relationship between  and  is provided because several references in 
the literature provide the total fraction appearing in breastmilk, , while others provide the volumetric fraction, 

.  If calculations for an emerging technology are conducted without secretion information, the licensee should 
conservatively assume half of the total activity administered to the mother appears in the breastmilk (i.e., =0.5), and the appropriate value of  can be calculated.  This assumption is consistent with previous guidance (NRC 
1997b; NRC 2020). 
 
External Dose due to Proximity to the Mother’s Breast.  The infant’s total external dose from exposure to the 
mother’s breast while feeding is, 
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| =  ∆   |   2  ( )  

 

Equation 
[5-11] 

where ∆  [mSv GBq-1 h-1] is the nuclide-specific dose-rate kernel (Chapter 2) defined at a distance of 1 meter,  
is the occupancy factor for breastfeeding (on average, 30-minute feedings six times per day = 0.125), |  is the 
geometry factor for the infant exposed to the mother’s breast, and V is the assumed volume of breastmilk at the 
beginning of feeding.  Breastmilk volume is divided by two (2) to approximate the average activity in the breast 
during feeding.  The infant-to-breast geometry factor assumes the infant is 0.6 m long and is lying on the mother’s 
torso, over the breasts and perpendicular to her mid-line, with a separation distance of 0.10 m on center; its 
analytically derived value is 39.  The infant’s body length increases from about 0.5 m at birth to about 0.7 m by an 
age of 6 months (Hunt et al. 2005).  The product  is the fraction of radioactivity in the mother’s body that 
accumulates in the breast at the beginning of feeding.  The time-integration of Equation [5-11] provides total 
external dose to the infant due to radioactivity in the mother’s breast, 
 

| =  ∆   |   2. 
 

Equation 
[5-12] 

 
External Dose due to Proximity to the Mother’s Body.  The infant’s external dose from exposure to the mother’s 
body while feeding is, 

| =  ∆   |  (1 −  ) ( ) , 
 

Equation 
[5-13] 

where |  is the infant-to-body geometry factor determined by modeling the mother as a 1.7 m line source and 
the infant as a parallel 0.6 m line receptor, with a separation distance of 0.2 m on center; its analytically derived 
value is 7.6.  The fraction of the radiopharmaceutical that is not in the breast, (1 − ), is assumed to be uniformly 
distributed throughout the remainder of the mother’s body.  The time-integration of Equation [5-13] provides the 
total external dose to the infant due to radioactivity in the mother’s body, 
 | =  ∆   |  (1 −  ). Equation 

[5-14] 
The geometry factors stated have been determined using a 2D fluence-based analytical method.  As a check for 
conservatism and precision in using 2D geometry, a 3-dimensional dose-based probabilistic method was also 
employed (Figure 5-1).  The 3D estimates of geometry factor are within 10% and less than the 2D estimates, 
indicating that the 2D estimates are well within bounds of reasonable conservatism. 
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Figure 5-1  Probabilistic representation using PIMAL and MCNP to determine 3D geometry factors 

 
Total Effective Dose Equivalent (TEDE).  The infant TEDE is the sum of internal dose due to breastmilk 
consumption, external dose from exposure to the mother’s breast, and external dose from exposure to the 
mother’s body.  The TEDE to the breastfeeding infant is therefore, 
 = ∆  |   2 + |  (1 −  ) + (   )  

 

Equation 
[5-15] 

where  is equal to Equation [5-4] for monophasic retention or Equation [5-6] for biphasic retention.  Reference 
values of the radiopharmaceutical-specific parameters used herein are presented in   
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Table 5-2 and Table 5-3. 

The Breastfeeding Activity Thresholds.  The assumptions in calculating the infant TEDE (Equation [5-15]) are made 
in order to estimate the activity thresholds for breastfeeding.  The intent is that this threshold is conservative, yet 
somewhat realistic.  Setting the TEDE in Equation [5-15] equal to the appropriate total dose limitation D of either 
1 or 5 mSv, assuming monophasic retention, and solving for the administered activity, , that would result in 
that dose limit, we obtain the breastfeeding activity threshold, , where 
 =   ∆  |   2 + |  (1 −  ) + (   ) . 

 

Equation 
[5-16] 

Consistent with 10 CFR 35.75(b), values of  are calculating assuming no interruption of breastfeeding ( = 0 ℎ).  
We have assumed that the maximum concentration in breastmilk appears instantaneously, and the first 
breastfeeding occurs immediately after administration.  The breastfeeding activity thresholds are presented in 
Table 5-4 for both 5 and 1 mSv dose limitations. 
 
To determine the interruption time required to meet a given dose limitation, Equation [5-15] is again rearranged 
to solve for .  The calculated interruption time for monophasic retention is therefore, 
 

=
ln ∆  |   2 + |  (1 −  ) + (   )    = ln

 

 

Equation 
[5-17] 

Table 5-5 provides calculated interruption times for several pharmaceuticals given a particular administered 
activity, .  Equation [5-16] and Equation [5-17] are reformulated for biphasic retention (again, with t = 0) such 
that the equation for the breastfeeding activity threshold is, 
 = +  ∆  |   2 + |  (1 −  ) + (   ) . 

 

Equation 
[5-18] 

The interruption time is calculated by moving the integrated retention function to the left and allowing  to 
equal the administered activity; thus, Equation [5-18] is rewritten as 
  +   =  ∆  |   2 + |  (1 −  ) + (   ) . 

 

Equation 
[5-19] 

Then, using Equation [5-19], the interruption time is deduced by numerically sampling different values of  to 
determine the value that satisfies the equality.  For a pharmaceutical that follows biphasic elimination, modeling 
that elimination as a monophasic or single-exponential retention function results in a significantly shorter 
interruption time because the function essentially ignores long-term activity.  Licensees should use whatever 
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retention data are available for a given radiopharmaceutical when the need arises to estimate an appropriate time 
for breastfeeding interruption. 
 
Contaminant Nuclides.  In some cases, radiological contaminants may be present in a given administration (e.g., 
I-125 in I-123 administrations).  If the contributions to radiological dose could be significant, the licensee should 
determine infant TEDE; breastfeeding activity threshold; and, if necessary, breastfeeding interruption time based 
on the greater dose and times calculated for each radiological constituent.  Table 5-5 includes I-125 administered 
as NaI for this very reason.  The licensee is cautioned that there may be times when the contaminant results in 
greater dose than the original radionuclide. 
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Table 5-2  Radiopharmaceutical-specific parameter values for calculating modified activity thresholds 
and potential interruption times for a monophasic retention model to protect the breastfeeding infant 

  λe Δpr
a α f DC 

Radionuclide Pharmaceutical [h-1] [mSv GBq-1 h-1] [mL-1] [unitless] [mSv GBq-1] 
C-11 choline 2.04 0.154 3×10–3 5×10–2  c 40d 
F-18 FDG 0.386b 0.148 4×10–4 4×10–2  g 95d 
Ga-67 citrate 0.0123e 0.0207 4×10–5 1×10–1  e 640d 
Ga-68 octreotate 0.618 0.143 4×10–5 2×10–3  c 180d 
I-123 MIBG 0.0604c 0.039 2×10–6 1×10–3  c 2,700e  

OIH 0.159b 0.039 9×10–5 2×10–2  b 150d 
I-125 OIH 0.107b 0.0332 6×10–5 2×10–2  b 2,400 
I-131 OIH 0.110b 0.0576 8×10–5 2×10–2  b 2,700d 
In-111 octreotate 0.0144c 0.0798 1×10–9 3×10–6  c 280d  

WBC 0.0151c 0.0798 4×10–6 1×10–2  j 5,500e 
Lu-177 octreotate 0.00842c 0.00527 5×10–7 2×10–3  k 6,100g 
N-13 any 4.17 0.154 6×10–3 5×10–2  c 5.7 
O-15 water 20.4 0.154 3×10–2 5×10–2  c 7.7d 
Ra-223 dichloride 0.00528f 0.0475 8×10–5 5×10–1  h 5,300,000g 
Rb-82 chloride 32.7 0.172 5×10–2 5×10–2  c 8.5d 
Tc-99m DISIDA 0.185e 0.0194 5×10–4 1×10–1  c 220e  

DTPA 0.202b 0.0194 7×10–7 1×10–4  b 16d  
DTPA aerosolm 0.202b 0.0194 7×10–7 1×10–4  b 6.5e  
glucoheptonate 0.185e 0.0194 7×10–6 1×10–3  e 80e  
HAM 0.231e 0.0194 7×10–4 1×10–1  c 200e  
MAA 0.173b 0.0194 2×10–4 4×10–2  b 63d  
MAG3 0.165b 0.0194 3×10–6 7×10–4  b 22d  
MDP 0.192b 0.0194 1×10–6 3×10–4  b 63e  
MIBI 0.129b 0.0194 2×10–6 5×10–4  b 53d  
pertechnetate 0.202b 0.0194 6×10–4 1×10–1  b 98d  
PYP 0.202e 0.0194 6×10–4 1×10–1  c 66e  
RBC in vitro 0.202e 0.0194 2×10–6 3×10–4  e 39d  
RBC in vivo 0.202e 0.0194 5×10–6  e 9×10–4 39d  
sulfur colloid 0.138e 0.0194 4×10–4 1×10–1  c 92e  
WBC 0.185e 0.0194 5×10–4 1×10–1  c 62d 

Zr-89 panitumumab 0.0127f 0.207 2×10–4 5×10–1  h 790g 
apoint kernel at 1 meter 
bLeide-Svegborn et al. (2016) 
cZanzonico et al. (2019) 
dICRP-128 (2015) 
eStabin and Brietz (2000) 
fmanufacturers package insert 
gHicks et al. (2001) 
hcapped at 0.5 
jestimated 
kbased on Ga-68 octreotate 
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m40.6% of administration taken up into bloodstreame then treated as DTP

Table 5-3  Radiopharmaceutical-specific parameter values for calculating modified activity thresholds 
and potential interruption times for a biphasic retention model to protect the breastfeeding infant 

Radio- 
nuclide Pharmaceutical 

f1 λe1 f2 λe2
 Δpr

a α f DC 

(unitless) [h-1] (unitless) [h-1] [mSv GBq-1 h-1] [mL-1] (unitless) [mSv GBq-1] 

Cr-51 EDTA 0.96b 0.113b 0.04b 0.0618b 0.00465 2×10–6 7×10–4  b 200 

I-123 NaI thyroid HYP 0.2f 0.142f 0.8f 0.0578f 0.039 1×10–4 7×10–2  c 38,000 

I-123 NaI thyroid CA 0.95f 0.142 0.05f 0.0562f 0.039 3×10–4 7×10–2 38,000 
I-123 NaI EDE HYP 0.2 0.142 0.8 0.0578 0.039 1×10–4 7×10–2 2,100 
I-123 NaI EDE CA 0.95 0.142 0.05 0.0562 0.039 3×10–4 7×10–2 2,100 

I-124 NaI thyroid HYP 0.2 0.0969f 0.8 0.0125f 0.167 3×10–5 7×10–2  c 2,300,000 
I-124 NaI thyroid CA 0.95 0.0969 0.05 0.0109f 0.167 1×10–4 7×10–2 2,300,000 
I-124 NaI EDE HYP 0.2 0.0969 0.8 0.0125 0.167 3×10–5 7×10–2 110,000 
I-124 NaI EDE CA 0.95 0.0969 0.05 0.0109 0.167 1×10–4 7×10–2 110,000 

I-125 NaI thyroid HYP 0.2 0.0905f 0.8 0.00603f 0.0332 2×10–5 7×10–2  c 1,000,000 
I-125 NaI thyroid CA 0.95 0.0905 0.05 0.00445f 0.0332 9×10–5 7×10–2 1,000,000 
I-125 NaI EDE HYP 0.2 0.0905 0.8 0.00603 0.0332 2×10–5 7×10–2 52,000 
I-125 NaI EDE CA 0.95 0.0905 0.05 0.00445 0.0332 9×10–5 7×10–2 52,000 

I-131 NaI thyroid HYP 0.2 0.0936f 0.8 0.00915f 0.0576 1×10–4 3×10–1  b 3,600,000 
I-131 NaI thyroid CA 0.95 0.0936 0.05 0.00756f 0.0576 5×10–4 3×10–1 3,600,000 
I-131 NaI EDE HYP 0.2 0.0936 0.8 0.00915 0.0576 1×10–4 3×10–1 180,000 
I-131 NaI EDE CA 0.95 0.0936 0.05 0.00756 0.0576 5×10–4 3×10–1 180,000 

Tl-201 chloride 0.64e 0.0256e 0.36e 0.00951e 0.0405 1×10–7 3×10–4  c 1,300 
apoint kernel at 1 meter 
bLeide-Svegborn et al. (2016) 
cZanzonico et al. (2019) 
dICRP-128 (2015) 
eJohnston et al. (1996) 
fRG 8.39, Rev 1 (NRC 2020)
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Table 5-4  Modified breastfeeding activity thresholds by radiopharmaceuticals with no 
interruption  

Breastfeeding Thresholds 
  |  |  

Radionuclide Pharmaceutical GBq  mCi GBq  mCi 
C-11 choline 2  60 0.5  10 
Cr-51 EDTA 30  800 6  200 
F-18 FDG 1  30 0.2  6 
Ga-67 citrate 0.08  2 0.02  0.4 
Ga-68 octreotate 9  200 2  50 
I-123 MIBG 1 40 0.3  8  

OIH 2 40 0.3 8  
NaI* 0.002  0.05 0.0004  0.01 

I-124 NaI* 3×10–5  8×10–4 6×10–6  2×10–4 
I-125 OIH 0.1  3 0.02  0.6  

NaI* 7×10–5 2×10–3 1×10–5  4×10–4 
I-131 OIH 0.08  2 0.02  0.4  

NaI* 4×10–6  1×10–4 9×10–7  2×10–5 
In-111 octreotate 0.9  30 0.2  5  

WBC 0.08  2 0.02  0.4 
Lu-177 octreotate 0.4  10 0.08  2 
N-13 any 10  400 3  70 
O-15 water 10  300 2  60 
Ra-223 dichloride 2×10–6  5×10–5 4×10–7  1×10–5 
Rb-82 chloride 10  300 2  60 
Tc-99m DISIDA 0.2  6 0.05  1  

DTPA 50  1000 10  300  
DTPA aerosol 100  4000 30  700  
glucoheptonate 20  600 5  100  
HAM 0.2  7 0.05  1  
MAA 2  60 0.4  10  
MAG3 40  1000 8  200  
MDP 40  1000 9  200  
MIBI 30  800 6  200  
pertechnetate 0.5  10 0.1 3  
PYP 0.7  20 0.1  4  
RBC in vitro 50  1000 10  300  
RBC in vivo 40  1000 8  200  
sulfur colloid 0.5 10 0.1  3  
WBC 0.8  20 0.2  4 

Tl-201 chloride 2  50 0.4  10 
Zr-89 panitumumab 0.01  0.3 0.002  0.07 

*Thresholds based on infant thyroid dose equivalent 
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Table 5-5  Recommended breastfeeding interruption times for dose limitations of 5 and 1 mSv  

Radionuclide Pharmaceutical Typical Administered 
Activity (GBq) 

Interruption Time (h) 
5 mSv 1 mSv 

C-11 any 0.925b - - 
Cr-51 EDTA 0.00185b - - 
F-18 FDG 0.74c - 3 
Ga-67 citrate 0.333c 120 250 
Ga-68 octreotate 0.185b - - 
I-123 MIBG 0.37b - 4  

OIH 0.074b - -  
NaI*(HYP) 0.185c 78 110 

I-124 NaI*(HYP) 0.074b 620 750 
I-125 OIH 0.00037b - -  

NaI*(CA) 0.0185a 1,100 1,400 
I-131 OIH 0.011b - -  

NaI*(CA) 5.55b 1,700 1,900 
In-111 octreotate 0.185b - -  

WBC 0.037c - 50 
Lu-177 octreotate 7.8b 350 540 
N-13 any 0.925b - - 
O-15 water 1.85b - - 
Ra-223 dichloride 0.00385d 1,400 1,700 
Rb-82 chloride 1.85c - - 
Tc-99m+ DISIDA 0.296b 1 10  

DTPA 1.11c - -  
DTPA aerosol 0.04c - -  
glucoheptonate 0.74b - -  
HAM 0.296b - 8  
MAA 0.151c - -  
MAG3 0.37c - -  
MDP 1.11c - -  
MIBI 1.48c - -  
pertechnetate 0.37c - 6  
PYP 0.555c - 7  
RBC in vitro 1.11c - -  
RBC in vivo 1.11c - -  
sulfur colloid 0.222c - 5  
WBC 0.37c - 5 

Tl-201 chloride 0.148c - - 
Zr-89 panitumumab 0.075d 140 270 

+it is generally recommended that 24-hour interruption is applied all Tc-99m pharmaceuticals 
*interruption time based on most restrictive infant thyroid dose for mothers with hyperthyroidism (HYP) or thyroid cancer (CA) 
a10% of the activity administered as I-123 (to consider nuclide contamination) 
bZanzonico et al. 2019 
cSNMMI 2000 
dmanufacturer’s package insert 



 

99 
 

Example Calculation 
 
An administration of 131I as NaI for hyperthyroidism is chosen to provide an example.  To determine the 
breastfeeding activity thresholds, the internal and external radiation dose to the infant, and 
recommended breastfeeding interruption time (if required), the following parameterization is necessary: 
 
  = 5.55 [GBq]  = 192.497 [h] Δ  = 0.0576 [mSv GBq-1 h-1] 
  = 0.20  = 7.7 [h]  = 7.4 [h] = 0.0936 [h-1] 
  = 0.80  = 125 [h]  = 75.8 [h]  = 0.00915 [h-1] 
  = 0.125 |  (0.1 m) = 39 |  (0.2 m) = 7.6  
  = 140 [mL]  = 35 [mL h-1]  = 9.9x10-5 [mL-1]  = 3.6x106 [mSv GBq-1] 
 
The total fraction of administered 131I excreted in breastmilk is related to the volumetric fraction, , by: 
 =   + = 9.9 10  [ ] ∙ 35 [  ℎ ] 0.200.0936 + 0.800.00915 = 0.31 

 
The breastfeeding activity threshold for an assumption of no interruption (t = 0) is calculated for biphasic 
retention and a 1 mSv dose limitation (instruction): 
 

| = 1 [ ]  +    ∆  |   2 + |  (1 −  ) + (   ) . 
 
 = 1 [ ] 0.200.0936 + 0.800.00915  0.0576 ∙ 0.125 39 ∙ 9.9 10 ∙ 1402 + 7.6 ∙ (1 − 9.9 10 ∙ 140) + (9.9 10 ∙ 35 ∙ 3.6 10 ) . 
 | = 9.0 10  [ ] 
 
and for a 5 mSv dose limitation (record keeping): 
 

| = 5 [ ]  +    ∆  |   2 + |  (1 −  ) + (   ) . 
 
 = 5 [ ] 0.200.0936 + 0.800.00915  0.0576 ∙ 0.125 39 ∙ 9.9 10 ∙ 1402 + 7.6 ∙ (1 − 9.9 10 ∙ 140) + (9.9 10 ∙ 35 ∙ 3.6 10 ) . 
 | = 4.5 10  [ ] 
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The administered activity of 5.55 GBq is much greater than both thresholds, therefore, interruption of 
breastfeeding is necessary.  Using Equation [5-19] and iteratively solving for , an interruption time of 
1,710 hours is derived (compare to Table 5-5). 
  +   =  ∆  |   2 + |  (1 −  ) + (   ) . 
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6. PATIENT DEATH 
 
This analysis examines the potential event of patient death shortly after administration of radioactive 
material and release from a medical facility under 10 CFR 35.75, “Medical Use of Byproduct Material.” 
The dosimetry analysis evaluated the potential impact on first responders and funeral workers who may 
be exposed to doses near 10 CFR Part 20 limits due to the handling of the deceased patient. 
 
An external dosimetry assessment was conducted for first responders and those involved in burial 
preparation when handling the remains of individuals who received medical administrations of 
radiopharmaceuticals.  The outcome of the assessment is heavily dependent on the administered activity 
assumed; where possible, the assessment considers the suggested administrations of package inserts or 
typically administered activities.  The radionuclides analyzed were obtained from RG 8.39, Rev 1 (NRC 
2020).  The analysis shows that a small fraction of the radionuclides listed could result in first responders 
or funeral workers exceeding the 0.02 mSv/h dose rate limit or the 1 mSv dose limit of 10 CFR 20 if, under 
conservative conditions, a patient was administered a radiopharmaceutical and died within hours of 
release. 
 
Four specific radionuclides (131I, 166Ho, 177Lu, and 188Re) and eight related radiopharmaceutical procedures 
were identified for future study to determine if cremation or cadaver care is an issue for consideration in 
regulatory guidance.  Future, more rigorous and realistic analyses could provide supporting information if 
additional instruction for funeral practitioners would be appropriate. 
 
Background 
 
Patient release following 10 CFR 35 is based on the licensee determining that any other individual coming 
into contact with the patient will not exceed a dose limit of 5 mSv (for release) or 1 mSv (with instruction) 
over the effective life of the radiopharmaceutical.  If a patient dies, regulatory requirements adhere to 10 
CFR 20 dose limits to any member of the public of 0.02 mSv/h or 1 mSv per year. Based on administered 
activity, pharmaceutical biokinetics, and radiation emission characteristics, it is possible for living patients 
undergoing certain therapeutic procedures to be released with enough activity to cause external dose 
rates to others in excess of 0.02 mSv/h (or total dose in excess of 1 mSv).  First responders (e.g., police 
officers, emergency medical technicians) and funeral workers (e.g., embalmers, crematorium operators) 
are the most likely candidates to receive these potentially high exposures. 
 
Under 10 CFR 35.75, once a licensee administers the radioactive material and releases the patient, the 
radioactivity (whether sealed or unsealed) is no longer licensed.  While the probability of a burial or 
cremation with radioactive contamination is of low incidence, it has occurred in recent years (Yu et al. 
2019). During that event, an older male suffering from pancreatic cancer received a radiation therapy 
administration (177Lu) from an Arizona hospital. Two days later, he died unexpectedly at a different 
hospital and was subsequently cremated. Crematorium workers remained unaware of the patient’s 
treatment history until staff from the administering hospital learned of the untimely death and 
commissioned the Arizona Bureau of Radiation Control to inspect the facility. 
 
Their survey revealed radiation contamination on the crematorium’s oven, vacuum filter, and bone 
crusher. Additionally, traces of 99mTc were detectable in the urine of one operator at the same 
crematorium indicating that a separate cremation must have occurred previously without knowledge that 
the cadaver was radioactive. To further complicate requirements for crematoriums, the authors noted 
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that while one state in the Union has no regulation regarding informing a crematorium of deceased 
patients who have received a radiopharmaceutical, another state requires that no radionuclides be 
incinerated with human remains. Yu et al. (2019) concluded that, “… future safety protocols for 
radiopharmaceuticals should include postmortem management, such as evaluating radioactivity in 
deceased patients prior to cremation and standardizing notification of crematoriums.”  As well, the 
American College of Radiology recommends that, “ … the NRC play a more proactive role in education of 
the crematorium and funeral home industries that could reduce or eliminate RSOs’ administrative burden 
in Section 2.4 [of RG 8.39, Rev 1].” 
 
And, in March 2019, the National Funeral Directors Association (NFDA 2019) stated: 
 
Importantly, one of the tenets of the National Funeral Directors Association’s Certified Crematory Operator 
Program™ is to ensure that crematory operators have the necessary information about the decedent to 
conduct cremation safely. NFDA guidance on authorizations includes the need to obtain representation 
that there are no radioactive or other implants … in the remains as they may create a hazardous condition 
when placed in the cremation chamber and subjected to heat. 
 
During the revision of Regulatory Guide 8.39, the NRC added a new section in Rev 1 (NRC 2020) on the 
death of a patient which discusses in general terms what should be considered by the licensee to instruct 
the patient for potential precautions if untimely death occurs. The guidance states that the licensee (if 
notified by the family of the patient’s death) should inform the morgue or funeral home that the decedent 
contains radioactive material and then provide precautions to minimize exposures to professionals 
involved in embalming, burial, cremation, etc. 
 
The potential for first responders or funeral workers to receive external radiation exposures in excess of 
regulatory dose limits is evaluated in this chapter.  Radiopharmaceuticals of potential concern in terms of 
exceeding regulatory limits are also identified. 
 
Methodology 
 
A screening assessment was performed to identify radionuclides of potential concern and then the specific 
pharmaceutical administrations containing those nuclides that may result in elevated dose rates or total 
integrated dose near the cadaver.  Because of the two dose limitations set forth in 10 CFR 20, the 
screening assessment examines external dose potentially received in two unrelated exposure scenarios 
at different points in time.  The assessment considers both the dose rate limit of 0.02 mSv/h and the 
annual dose limit of 1 mSv.  For conservatism, and due to the relatively short timeframes examined 
(described below), the radioactive material in the cadaver is assumed to be lost only by physical decay 
between the time of administration and death.  Further, the exposed individuals and cadaver are modeled 
as point-to-point geometry with 1-meter separation and full occupancy. 
 
The first scenario is designed to model an example exposure of a first responder where a conservative 
assumption is made that the patient is released and dies at 6 hours post-administration.  The exposed 
individual comes into close contact with the cadaver at that time; in this case, the dose equivalent rate at 
1 meter from the cadaver cannot exceed 0.02 mSv/h.  The calculation of dose rate is carried out using 
 ( ) ℎ = [ ] ∙ ∆ ∙ ℎ ∙  Equation 

[6-1] 
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where  is the assumed administered activity (SNMMI 2018), ∆  is the nuclide-specific gamma-ray dose 
rate constant at 1 meter from Chapter 2,  is the radiological decay constant (ICRP 2008), and  is the time 
since radiopharmaceutical administration (i.e., 6 hours).   
 
The second scenario is designed to model an example exposure of a funeral worker where it is assumed 
that the patient is released and dies within the first twenty-four hours after administration.  The exposed 
individual comes into close contact with the cadaver at hour 24 and is exposed continuously for the next 
8 hours; in this case, the funeral worker’s dose equivalent cannot exceed 1 mSv.  The total dose is 
determined by integrating dose equivalent rate over the time of exposure, such that 
 [ ] = ∙ ∆ ∙  = ∙ ∆ ∙ −

 

 

Equation 
[6-2] 

where  is the beginning of exposure (i.e., 24 hours) and  is the end of exposure (i.e., 32 hours).  Again, 
for conservatism physical decay is the only removal mechanism post-administration, and an average 
distance of 1 meter and full occupancy are assumed during the eight-hour exposure. 
 
Results  
 
The results of the screening study are based on conservative assumptions for modeling exposures to first 
responders and funeral workers.  All dose and dose rates are proportionately dependent on the assumed 
administered activity; as such, assumptions thereof originate from package inserts, the research 
literature, or activity thresholds associated with a 10 CFR 35.75 bystander dose of 1 mSv. 
 
 

 

Table 6-1, below, provides a listing of 44 radionuclides used commonly or historically for diagnostic and 
therapeutic medical administrations, per RG 8.39, Rev 1 (NRC 2020). The table shows an assumed 
administration for each radionuclide, the external dose equivalent rate at 6-hours post-administration, 
and the total external dose equivalent to an individual exposed between Hour 24 and Hour 32 after 
administration.  Based on these conservative assumptions, dose rates exceeding the 0.02 mSv/h limit are 
indicated for about 15% of the listed radionuclides and two (131I, 166Ho) exceed the total dose limit of 1 
mSv. 
 
Diagnostic procedures typically require lower activity administrations than those for therapeutic 
purposes. Patient death shortly after release of a therapy patient represents the greatest potential for 
high radiological dose rates to others from the radioactive cadaver.  Table 6-2 presents the list of 44 
radionuclides with a patient death activity threshold. This threshold represents the administered activity 
required to create a dose rate of 0.02 mSv/h at 1 meter, 6 hours after administration. The use of these 
thresholds will be more appropriate if the administered activity of a given nuclide is known. In that case, 
the licensee could use of Table 6-2 to determine the likelihood of exceeding 10 CFR 20 dose rate limits if 
a released patient should die shortly after administration when biological removal prior to death is 
neglected. 
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Table 6-3 presents external dose rates at 1 m immediately after radiopharmaceutical administration for 
eight identified therapeutic procedures involving high levels of radioactivity.  Four radionuclides, including 
131I (in five different pharmaceuticals), 166Ho, 177Lu, and 188Re, were found to exhibit the realistic potential 
to result in dose rates exceeding 0.02 mSv/h by as much as a factor of 50.  The rightmost column in Table 
6-3 provides a conservative indication of the time that would be required for dose rates to fall below 0.02 
mSv/h due to radiological decay alone (without biological removal). As shown, the highest external dose 
rate (1.1 mSv/h) arises from the administration of 18.5 GBq 131I-iobenguane (Azedra).  
 
Conclusions 
 
For the vast majority of administered radiopharmaceuticals, activity levels in released patients will not 
result in situations where exposure to a radioactive cadaver could exceed the dose limits of 10 CFR 20.  
Depending on therapeutic need however, administration of 131I (in five different pharmaceuticals), 166Ho, 
177Lu, and 188Re could result in dose rates exceeding 0.02 mSv/h or total dose in excess of 1 mSv within 
days of release.  Driven entirely by the administered activity of a given pharmaceutical, dose and dose 
rate limits could be exceeded by several procedures.  With more than 20 million procedures annually in 
the United States (SNMMI 2018), a small fraction of this total rises to a level of concern. 
 
The screening assessment reveals that the dose-rate limitation (as opposed to that for total dose) is the 
driving force for decision making ( 

 

Table 6-1).  The two nuclides with a hypothetical total dose above 1 mSv exceeded the limit by no more 
than a factor of two.  For radionuclides with dose rates exceeding 0.02 mSv/h, the limit could be exceeded 
by more than an order of magnitude.  Therefore, limiting dose rate to an acceptable level for all nuclides 
will also limit total dose.  Additionally, during this screening process, no radioactive implant was identified 
as potentially important from the perspective of external exposure following patient death.  For patient 
death occurring outside the medical facility, this screening assessment indicates there is a low likelihood 
that regulatory limits on external dose would be exceeded if the radioactive implant were to remain in 
place. Table 6-2 lists the threshold level of activity for 44 nuclides that would result in a dose rate of 0.02 
mSv/h at one meter, 6 hours after administration.  
 
Yittrium-90 therapy was determined not to be a hazard for external exposure to first responders or funeral 
workers unless cremation is to be carried out.  The 90Y that is obtained from the neutron bombardment 
reaction is quite pure.  But, because of the less-than-pure purification process of 90Y from 90Sr and other 
fission products, sources of 90Y originating from fission could be potentially contaminated with other 
long-lived radionuclides, e.g., 57Co, 60Co, 88Y, 89Y, 154Eu, and 156Eu (Nelson et al. 2008). During cremation of 
a patient having received contaminated 90Y microspheres, the long-lived contaminants could expose 
crematorium workers, contaminate cremation ovens, and escape into the atmosphere becoming available 
for inhalation by members of the public near the cremation facility (Gadodia et al. 2020).  This assessment 
indicates that 90Y itself is not an issue to external dose, but the screening analysis did not examine the 
potential for internal exposures due to 90Y or its long-lived contaminants.  Further inhalation analysis from 
cremation may be warranted.  
 
Additional examination of the 131I (in five different pharmaceuticals), 166Ho, 177Lu, and 188Re is justified to 
reduce the conservatism provided in this study. These additional considerations include more realistic 
biological clearance, probabilistic geometric considerations, and the back-calculation of time required to 
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reach the 10 CFR 20 dose limit following a specific administration.  Contamination buildup in the 
crematorium oven/chimney could be investigated as well, along with an additional internal pathway 
analysis for alpha-emitting radionuclides.  

 

 

Table 6-1  Potential dose rate and total dose at 1 m from deceased to a first responder or funeral 
worker 

Radionuclide Administered 
Activitya   (GBq) 

Dose-Rate Constantb∆  (mSv GBq-1 h-1) 
Dose Rate at 
6 h (mSv/h) 

Total Dose 
Hour 24-32 (mSv) 

Ag-111 0.92 0.00417 0.004 0.028 
At-211 16 0.00604 0.054 0.054 
Au-198 0.18 0.0605 0.010 0.065 
Bi-213 48 0.0193 0.004 --- 
C-11 0.925 0.152 --- --- 
Cr-51 0.0074 0.00476 --- --- 
Cs-131 0.20 0.0148 0.003 0.022 
Cu-64 2.0 0.0274 0.039 0.096 
Cu-67 0.66 0.0171 0.011 0.066 
Dy-165 62 0.00488 0.051 0.001 
Er-169 120 0.0000258 0.003 0.023 
F-18 0.74 0.147 0.011 --- 
Ga-67 0.333 0.0234 0.007 0.049 
Ga-68 0.185 0.141 0.001 --- 
Ho-166 77.2 0.00526 0.348 1.58 
I-123 0.185 0.0394 0.005 0.014 
I-124 0.074 0.163 0.012 0.080 
I-125 0.0185 0.0301 0.001 0.004 
I-131 5.0 0.0582 0.285 2.11 
In-111 0.185 0.0736 0.013 0.082 
Ir-192 0.0033 0.122 --- 0.003 
Lu-177 7.4 0.00548 0.040 0.287 
N-13 0.925 0.152 --- --- 
O-15 1.85 0.153 --- --- 
P-32 0.37 0.000473 --- 0.001 
P-33 71 0.0000161 0.001 0.009 
Pd-103 0.14 0.0122 0.002 0.013 
Ra-223 0.00385 0.0219 --- 0.001 
Rb-82 1.85 0.166 --- --- 
Re-186 2.2 0.00356 0.007 0.050 
Re-188 4.0 0.00948 0.030 0.097 
Ru-106 1,200 0.0000000654 --- 0.001 
Sc-47 0.54 0.0160 0.008 0.054 
Se-75 0.0042 0.0574 --- 0.002 
Sm-153 0.93 0.0160 0.014 0.078 
Sn-117m 0.062 0.0343 0.002 0.016 
Sr-89 1.5 0.000381 0.001 0.004 
Sr-90 0.04 0.0000691 --- --- 
Tc-99m 1.5 0.0196 0.015 0.010 
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Radionuclide Administered 
Activitya   (GBq) 

Dose-Rate Constantb∆  (mSv GBq-1 h-1) 
Dose Rate at 
6 h (mSv/h) 

Total Dose 
Hour 24-32 (mSv) 

Tl-201 0.148 0.0157 0.002 0.014 
Xe-133 0.74 0.0151 0.011 0.077 
Y-90 14 0.000798 0.010 0.066 
Yb-169 0.014 0.0633 0.001 0.007 
Zr-89 0.075 0.165 0.012 0.077 

aassumed administrated activity from package inserts, Society of Nuclear Medicine (SNMMI 2018) 
bpoint kernel at 1 meter 
--- indicates a dose rate less than 0.001 mSv/h 
Table 6-2  Patient death activity threshold for 44 radionuclides 

Radionuclide Patient Death Activity Threshold (GBq) 
Ag-111 4.9 
At-211 5.9 
Au-198 0.35 
Bi-213 240 
C-11 26,000 
Cr-51 4.2 
Cs-131 1.4 
Cu-64 1.0 
Cu-67 1.3 
Dy-165 24 
Er-169 790 
F-18 1.3 
Ga-67 0.90 
Ga-68 5.7 
Ho-166 4.4 
I-123 0.69 
I-124 0.13 
I-125 0.67 
I-131 0.35 
In-111 0.29 
Ir-192 0.16 
Lu-177 3.8 
N-13 >> 
O-15 >> 
P-32 43 
P-33 1,200 
Pd-103 1.7 
Ra-223 0.93 
Rb-82 >> 
Re-186 5.9 
Re-188 2.7 
Ru-106 >> 
Sc-47 1.3 
Se-75 0.35 
Sm-153 1.4 
Sn-117m 0.59 
Sr-89 53 
Sr-90 290 
Tc-99m 2.0 



 

108 
 

Radionuclide Patient Death Activity Threshold (GBq) 
Tl-201 1.4 
Xe-133 1.4 
Y-90 27 
Yb-169 0.32 
Zr-89 0.13 

>> indicates very large activity required 
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Table 6-3  Therapeutic procedures resulting in high dose rates at the time of administration 

Administration Half-Life (d) 

Maximum 
Dose Rate at 

Administration 
(mSv/h) 

Time Required for 
Activity to Decay 
to 0.02 mSv/h (d) 

18.5 GBq 131I iobenguane 8.0 1.1 46 
8 GBq Na-131I for differentiated thyroid cancer 8.0 0.47 36 
5 GBq 131I meta-iodobenzylguanidine (MIBG) 8.0 0.29 31 
3 GBq 131I labeled monoclonal antibody therapy 8.0 0.17 25 
2 GBq 131I ethiodized oil lipiodol therapy 8.0 0.12 20 
7.4 GBq 177Lu dotatate 6.6 0.041 7 
77.2 GBq 166Ho injectiona 1.1 0.41 5 
4 GBq 188Re hydroxyethylidine diphosphonate 
(HEDP)b 

0.71 0.038 1 

a Largest activity in administered range of 19.2 – 77.2 GBq for injections of various chemical forms (IAEA 2009, Annex V) 
b Largest activity in listed range of 1.2 – 4 GBq (IAEA 2009, Annex V) 
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7. EMERGING TECHNOLOGIES 
 
To find information on emerging technologies in radiopharmaceuticals, an in-depth search from the past 
5 years was performed in the publications of: Journal of Nuclear Medicine; The Lancet Oncology; and 
Theranostics.  Internet searches limited to the same time frame were conducted on several key terms:  
theranostics, radioimmunotherapy, novel, radiopharmaceutical, and radiochemistry. 
 
Radionuclides 
 
The emerging technologies search revealed that a vast number of radionuclides have been mentioned to 
be in development or up for consideration (Table 7-1).  Radionuclides appearing in the literature that are 
already included in the Regulatory Guide 8.39 revisions are not restated. The nature of novel 
radiopharmaceuticals and radionuclides is such that many articles are written on the same nuclide.  As a 
result, an effort was made to provide only the most recent reference. Thirty-eight nuclides appearing in 
Table 7-1 are under different stages of development and not currently included in the regulatory guide. 
 
Table 7-1  Potential new radionuclides 

Radionuclides Source 
203Pb, 212Pb Banerjee et al (2020) 

55Co Andersen et al (2020) 
225Ac, 43Se, 44Sc, 149Tb, 152Tb, 155Tb, 

161Tb  Nicolas et al (2018) 
134Ce and 134La, 227Th Bailey et al (2019) 

191Pt, 193mPt De Kruijff et al (2019) 
52Mn Martinez et al (2019) 

227Ac, 228Th, 32Si, 44Ti, 22Na, 26Al, 
177mLu SNMMI (2018) 

109Cd, 57Co, 69Ge, 45Ti, 52Mn Lamb and Holland (2018) 
223Ra, 212Bi, 221Fr (225Ac progeny) Poty et al (2018a; 2018b) 

195mPt Muns et al (2018) 
63Zn, 52Mn Bartnicka and Blower (2018) 

161Tb Hindié et al (2016) 
149Pm, 170Tm Mishiro et al(2019) 

 
Radiolabeling 
 
Recent and significant advancements in molecular imaging and molecular science relate to radiolabeling.  
Jeon (2019) shows the various ways that radionuclides are molecularly attached to substances to be used 
in the diagnosis and treatment of various diseases (Figure 7-1).  While it can be difficult to unfold the 
complex nature of radiopharmaceuticals, a basic premise is consistent.  Radionuclides are attached to 
molecules that are synthesized to selectively target a type of cell or a process in the body. When evaluating 
absorption, this molecule is often a sugar which will concentrate in areas of higher biological metabolism. 
Infectious processes can be evaluated by radiolabeling agents of the immune system like white blood 
cells, antigens, or antibodies. Similarly, antigens can be radiolabeled if they are specific to tumor 
receptors; perhaps the most recognizable of these relationships is prostate-specific membrane antigen 
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(PSMA). In these instances, the glycoprotein (e.g., PSMA) is a marker that is present in greater 
concentrations on the targeted mass and the antigen is the molecule to which it will selectively bind. This 
can aid in the diagnosis of disease or be used for delivering a therapeutic radiation dose. 
 

 
Figure 7-1  Applications of radiolabeled materials (from Jeon 2019) 

It helps to consider that the biodistribution of a given radiopharmaceutical should not change given the 
radionuclide with which it is conjugated; the biological half-life of a radiopharmaceutical is independent 
of the radiological half-life.  Because of this relationship (or lack thereof), we can use the same 
pharmaceutical to diagnose or treat, simply by attaching the appropriate radionuclide.  For example, 
Ga-68 is a common positron emitter used for PET imaging delivered as DOTATATE, and this same 
pharmaceutical can be conjugated with Lu-177 to deliver a beta dose to the same area of the body 
(https://uihc.org/health-topics/what-theranostics). Being able to see in real time where the dose is being 
absorbed can contribute to the understanding of biodistribution of therapies, and this technique is being 
used when the biodistribution of various chemotherapy agents are being investigated. While none of 
these technologies is particularly new, many different applications have emerged. Table 7-2 contains a 
comprehensive list of radiopharmaceuticals that have been in various stages of investigation in the last 5 
years. The radionuclides associated with these imaging pharmaceuticals are already included in the 
Regulatory Guide 8.39 revisions. 
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Table 7-2  Imaging radiopharmaceuticals  

Name Source 
11C-LSN3172176 Nabulsi et al (2019) 
11C-GSK1482160 Territo et al (2017) 

4-11C-MBZA Garg et al (2017) 
11C-PS13, 11C-MC1 Kim et al (2018) 

11C-Me-NB1 Krämer et al (2018) 
11C-RO6931643 
11C-RO6924963 
18F-RO6958948 

 

Honer et al (2018) 

11C-RO-643 
11C-RO-963 
18F-RO-948 

Wong et al (2018) 

18F-FAP Inhibitor Toms et al (2020) 
18F-SKI-249380 

(18F-SKI) Krebs et al (2020) 
18F-FGln Grkovski et al (2020) 

18F-DMFB Pyo et al (2019) 
18F-JNJ-64413739 Koole et al (2019) 

18F-P3BZA Ma et al (2019) 
18F-Flortaucipir (Tauvid) Nasrallah et al (2018) 

18F-Fluciclovine Miller et al (2017) 
18F-THK-5351 Hsiao et al (2017) 

18F-5-fluoroaminosuberic acid (FASu) Yang et al (2017) 
18F-JNJ64349311 Declercq et al (2017) 
68Ga-pentixafor Kircher et al (2020) 

68Ga-NODAGA-exendin-4 Boss et al (2020) 
68Ga-BBN-RGD Zhang et al (2017) 

 
Radiolabeled Chemotherapy Agents 
 
Chemotherapy agents can be radiolabeled to further our understanding of biodistribution and to gain 
information about the dose delivered to the area of interest, as well as dose delivered to areas not wanting 
to be targeted. Table 7-3 provides a list of recent pharmaceutical agents that have been studied with 
radioactive tracing.  The radionuclides associated with these chemotherapy agents are already included 
in the Reg Guide 8.39 revisions. 
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Table 7-3  Radiolabeled chemotherapy agents 

Name Source 
11C-preladenant Sakata et al (2017) 

11C-preladenant Zhou et al (2017) 

11C-phenytoin Mansor et al (2017) 

11C-vorozole Biegon et al (2019) 

18F-clofarabine Barrio et al (2017) 

64Cu-rituximab James et al (2017) 

89Zr-radiolabeled onartuzumab Klingler et al (2020) 

89Zr-daratumumab Ghai et al (2018) 

89Zr-trastuzumab O'Donoghue et al (2018) 

89Zr-bevacizumab van Es et al (2017) 
89Zr-pertuzumab Ulaner et al (2018) 

89Zr-Df-pembrolizumab England et al (2017) 

177Lu-3BP-227 Baum et al (2018) 

 
 
Radioimmunotherapy 
 
Radioimmunotherapy is a technique where alpha or beta emitting radionuclides are conjugated with 
antibodies or antibody fragments in the aim of depositing concentrated radiological dose directly to 
targeted tissues, while sparing healthy tissues. This technique has been used to treat immunological 
cancers like lymphomas and leukemias. Several emerging agents have been identified (Table 7-4). The 
radionuclides associated with these radioimmunotherapy agents are already included in the Reg Guide 
8.39 revisions. 
 
Table 7-4  Emerging radioimmunotherapy agents 

Name Source 
89Zr-IAB22M2C Pandit-Taskar et al (2020) 

124I-omburtamab Pandit-Taskar et al (2019) 

177Lu-lilotomab-satetraxetan (Betalutin) Malenge et al (2020) 
177Lu-lilotomab satetraxetan Blakkisrud et al (2017) 

 
Personalized Dosimetry and Implications  
 
In addition to new radiopharmaceuticals and radionuclides used in diagnosis and therapy, the 
advancement of dosimetry techniques and ability to collect and process large amounts of data as well as 
advancing radiomics has shed light on our understanding of other interactive elements in the 
biodistribution and retention of radiopharmaceuticals.  
 
Biegon et al. (2018) posited that “hormonal changes associated with the menstrual cycle are an 
underappreciated but avoidable source of vulnerability and risk to female reproductive organs, specifically 
ovaries, endometrium, and breasts.”  So much so that uptake could be confused with ovarian tumors and 
in some cases, dose could exceed regulatory limits for ovaries defined for research studies. Concluding 
remarks in that paper stated a “need for new guidelines for radiotracer development and use” that is 
inclusive of premenopausal fluctuations in female hormones. Additional research has shown that sex is a 
biologic variable that needs consideration in imaging and metabolism (Chan et al. 2018).  
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Also in the Journal of Nuclear Medicine was a study citing the changes in uptake of MIBG in cardiac 
patients who are also being treated with some novel antidepressant therapy (Werner et al. 2018). This 
highlights the importance of acquiring complete pharmaceutical histories, even if they seem irrelevant to 
the procedure at hand. This study specifically looked at the interference of antidepressant drugs in 
norepinephrine transporters (NETs) with MIBG uptake, but it is noted that there are other tracers using 
NETs such as in radiotheranostics. 
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8. INTERNATIONAL HARMONIZATION 
 
Guidance on the release of patients after the administration of radiopharmaceuticals is also addressed by 
international regulatory programs and in the related literature.  This chapter provides insight on how well 
the revised regulatory guide harmonizes with international aims.  
 
Background 
 
The Bonn Call for Action (WHO 2012) is a joint effort between the World Health Organization (WHO) and 
the International Atomic Energy Agency (IAEA) addressing radiation protection in diagnostic, therapeutic 
and interventional procedures in medicine that use ionizing radiation.  Of the goals of the Bonn Call for 
Action, “implement[ing] harmonized criteria for release of patients after radionuclide therapy and 
develop[ing] further detailed guidance as necessary” was part of the initiative to “enhance the 
implementation of the principle of optimization of protection and safety” from potential harmful effects 
of radiation in medicine, with aims for the eventual full integration of radiation protection into 
international health care systems. Importance is placed on guidance by IAEA, scientific basis by the ICRP 
(Lau 2008), implementation by internationally recognized professional organizations, and enacted policies 
and laws enforced by health authorities and regulators.  
 
IAEA (2009) published detailed criteria for the release of patients after radiopharmaceutical 
administration.  Based on science from the ICRP with flexibility for individual regulating authorities, this 
IAEA guidance is based on retained activity in the patient such that doses to a caregiver or bystander 
would not exceed a few mSv. Special considerations are mentioned for patients using public 
transportation, hotels and public lodging, and close contact with children.  These patient considerations 
include the need for hospitalization, judgement on collection and disposal of urine based on the patient’s 
mental or emotional capacity to understand and follow directions, as well as home exposure situations 
with children or people living in a smaller space.  
 
IAEA recommends special considerations for patients who are or may become pregnant, patients who are 
breastfeeding children, as well as patients who unexpectedly die soon after treatment. These 
considerations include recommending that the patient avoid becoming pregnant for a period of time to 
ensure dose to an embryo or fetus does not exceed 1 mGy differentiated by radionuclide. For patients 
who are breastfeeding, IAEA recommends that nursing be suspended indefinitely beginning 2-3 weeks 
before radiopharmaceutical administration.  
 
Patients should be given understandable, procedure-specific pre-treatment information as well as 
post-treatment instructions for patients and caregivers. Doses to the public from photon emitting nuclides 
are estimated based on administered activity and measured dose rates.  By collecting dose rate 
measurements at 3 m from the patient immediately after administration and again at other times, the 
retained activity can then be estimated with the following equation: 
 =   

 

Equation 
[8-1] 
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where  is the dose rate at the time of measurement,  is the administered activity, and  is the dose 
rate measured immediately after administration.  If a dose estimate is needed at distances closer than 3 
meters, then the following adjustment is made:  
 = .  

 

Equation 
[8-2] 

where  is the dose at 1 meter. 
 
Findings 
 
Members of the European Union must adhere to standards set by EURATOM guidelines (EURATOM 1997), 
which are guided by the recommendations of the IAEA. Heads of the European Radiological Protection 
Competent Authorities (HERCA 2010) drive European policy on radiation protection.  Specific guidelines 
for medical examinations and procedures (e.g., I-131 therapy) address IAEA recommendations and 
provide cultural autonomy of each country with respect to rulemaking and guidance implementation.  
Some countries (e.g., Finland) have a comprehensive set of regulations and explicit recommendations or 
rules.  Other countries (e.g., Cyprus) simply state conformance with EURATOM, European Basic Safety 
Standard (BSS) and IAEA on all issues related to ionizing radiation without country specific policies or 
guidelines (DLI 2020). 
 
Finland published a detailed set of recommendations (STUK 2013) with references to both scientific 
literature as well as the specific acts and laws from which the particular recommendation is derived. There 
is guidance on record keeping and how to inform patients before and after procedures. There is a set of 
reference levels, instructions on how to assess those levels, and what to do if the measured values do not 
conform to the reference levels. The dose constraint is set per family member and per treatment episode 
and is specified by age: 1 mSv for children and fetuses; 3 mSv for adults under 60; and 15 mSv for adults 
over 60. The dose constraint of 0.3 mSv is specified for any nonfamily member. There are 
recommendations for patients who are pregnant and potentially pregnant as well as breastfeeding 
patients.  These recommendations are based on ICRP 106 (2008a). 
 
Australia (ARPANSA 2002) incorporates a similar approach as the United States, with a comprehensive 
regulatory document that is easily available and published online. This regulatory document outlines 
procedures for the general public, but does not have specific recommendations for pregnancy, 
breastfeeding or exposure to children beyond the requirement that treatment specialist should consider 
these circumstances. It is based on science from ICRP 53 (1987) and ICRP 73 (2014); the recommended 
dose constraint is set at 5 mSv per treatment episode to the caregiver or family member who is not a 
child.  
 
Canada has a radiation protection program centered on the principle of “as low as reasonably achievable” 
(ALARA). General regulations comply with the standards set by the Bonn Call to Action (2012), but do not 
reside in one comprehensive regulatory framework. Standards are loosely set in various regulatory 
documents that require the individual providers be licensed federally with responsibility to instruct 
patients on which personal activities to limit (CNSC 2011).  Specific guidelines for handling deceased 
patients after the administration of radiopharmaceuticals are outlined in their regulatory context (CNSC 
2018).  The lack of a federal regulatory framework is largely due to the health professions act (Aldridge, 
2008), which grants professional organizations the authority to establish acceptable health activities that 
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must adhere to dose constraint and ALARA standards. Basically, there is flexibility with the administration 
of rules as long as compliance is achieved with the overall regulatory limits of 5 mSv per episode to public, 
including family and caregivers.  The responsible professional associations include the Canadian 
Association of Medical Radiation Technologists (CAMRT) and the Canadian Medical Association (CMA).  
 
As medical radiation exposures from therapeutic and nuclear medicine procedures become more 
prevalent, developing nations in Africa are aiming to adhere to the recommendations set by the Bonn Call 
to Action (2012).  The AFROSAFE (2018) organization is developing a legal and policy framework that 
better aligns with WHO recommendations.  South Africa (Herbst 2012) is realizing the gaps in their 
regulatory capacity, as well. Although regulatory guidance set by ARPANSA (2002) and the ICRP is 
generally followed, a less mature regulatory framework and mercurial nature of regulatory bodies have 
hampered the implementation of radiation protection practices in clinical settings.  
 
Devoted to ensuring the safe use of radiation, LATINSAFE (2020) establishes best practices and guidelines 
based on affiliations with American professional associations, such as the American Society of Radiologic 
Technologists (ASRT), the American Association of Physicists in Medicine (AAPM), American College of 
Radiology (ACR), and the Radiological Society of North America (RSNA). Although the intentions of 
LATINSAFE were stated, implementation strategies were less available compared to those of AFROSAFE 
with its detailed “Implementation Tool Matrix” to track action items and objectives (2018). 
 
Discussion 
 
Revisions to Regulatory Guide 8.39 Rev 1 (NRC 2020) are intended to provide a thorough accounting of 
criteria for the release of patients following radionuclide administration.  Additionally, applicable 
regulations are to be clearly referenced and easy to access. The baseline criteria for release is an expected 
dose to another individual that does not exceed 5 mSv.  
 
IAEA and European recommendations base dose estimates on measured dose rates and extrapolate 
exposure to others according to Equation [8-2], with the rationale that the body is not a point source for 
distances closer than 3 meters (HURSOG 1997).  The U.S estimate originates from dosimetric methods 
described in NCRP 155 (2006).  This method of dose estimation considers not just nuclide-specific activity, 
but half-life as well. However, it does not account for the body being a volume source (rather, it has an 
inverse square relationship with distance, as a point source would) as the international literature 
recommends.  In revisions to Regulatory Guide 8.39 Rev 1 (2020), modifying factors describing biokinetics, 
occupancy, geometry, and attenuation are applied for patient-specific release/instruction decisions. 
 
The US regulatory guide aligns well with the IAEA publication in its details for releasing patients. There are 
recommended patient instructions for the general public, nursing mothers, and patients who live with or 
are in contact with children. There are general instructions for pathology staff if a patient dies after the 
administration of radiopharmaceuticals in how to handle autopsies and preparation for burial or 
cremation. The guide also contains nuclide-specific activity thresholds and dose rates at which actions can 
be taken with regard to release and when specific instructions are required. 
 
Most countries have policies of radiation protection that are in line with framework suggestions by WHO 
and recommendations by IAEA and ICRP.  The United States guidance aligns well with the international 
guidelines and meets or exceeds detailed requirements. 
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