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Abstract. A comparative evaluation has been conducted of the ionizing radiation dose-response relationships in 
both human and laboratory animal studies involving internal deposition of radionuclides including alpha-
emitters 226Ra, 238Pu, 239Pu, and 241Am and beta-emitters 90Sr, 90Y and 144Ce. Intake routes included inhalation, 
injection, and ingestion. The preeminent importance of dose rate was revealed in this analysis. The lifetime 
effects of the ionizing radiation from internal emitters are described by three-dimensional dose-
rate/time/response surfaces that compete with other causes of death during an individual's lifetime. Using 
maximum likelihood survival regression methods, the characteristic logarithmic slope for cancer induction was 
found to be about negative one-third for alpha-emitters or about negative two-thirds for beta-emitters. The 
relative biological effectiveness (RBE) of alpha versus beta radiations for cancer induction is a strong function 
of dose rate, near one at high dose rates and greater than 20 at low dose rates. The cumulative dose required to 
yield any level of induced-cancer risk is less at lower dose rates than at higher dose rates showing an apparent 
inverse-dose effect (up to a factor of 10 for high LET alpha radiation and a factor of 2 for low LET beta 
radiation). The competing risks of death associated with radiation injury, radiation-induced cancer, and natural 
aging are graphically shown using three-dimensional illustrations. At the higher average dose rates the principal 
deleterious effects are those associated with radiation-induced injury while at intermediate average dose rates 
radiation-induced cancer predominates. At the lower average dose rates the long latency time required for 
radiation-induced cancer may exceed natural life span, yielding an apparent lifespan effective threshold for 
death associated with radiation-induced cancer for cumulative doses to the target tissue below from 1.1 to 1.4 
Gy for alpha-emitters or below from 28 to 130 Gy for beta-emitters, depending on the target organ and the 
tissue distribution of the deposited radionuclide.  
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1. Introduction 
 
The adverse biological responses resulting from the exposure of people to internally deposited 
radioactive materials depend on the temporal pattern of dose to sensitive cells, tissues, or organs. The 
manifestation of these responses also depends on the complex relationship of risks associated with the 
different possible competing effects as a function of elapsed time after intake. Such competing 
biological effects can include different forms of radiation-induced cancer and radiation-induced non-
neoplastic systemic or functional injury. The common use of two-dimensional dose versus response 
functions can obscure the importance of time both upon the cumulative dose and upon the occurrence 
of different effects and can blur or omit the relationships of the competing risks. The importance of 
time in these dose-response relationships has led to the development of three-dimensional descriptions 
of these relationships utilizing time to effects, average dose rate to the affected organs, and magnitude 
of the effect [1-3].  Radiation risk from internally deposited radionuclides can be described by an 
independent risk model in which radiation risk is superimposed in time upon the natural lifetime 
causes of death and other competing risks. In the simplest form there are three separate fatal risk 
distributions: (a) deaths associated with natural life span and aging including the background 
incidence of various types of fatal cancer; (b) those deaths associated with a specific form of 
radiation-induced cancer; and (c) deaths associated with exposure-related non-neoplastic injury. 
Precise data obtained in lifetime studies utilizing beagles provide the basis for understanding these 
phenomena with respect to available human data.  
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2. Methods 
 
2.1 Log-Linear Statistical Models 
 
Three-dimensional models have been fit to selected data from life-time studies of internally deposited 
radionuclides in young adult beagles at four laboratories: University of California, Davis [4], 
Lovelace Inhalation Toxicology Research Institute, ITRI and University of Utah [5], and Battelle 
Pacific Northwest Laboratory, PNL [6]. Dose response data were evaluated for beagles with skeletal 
burdens of 90Sr after exposure by ingestion at Davis, by injection at Utah, and by inhalation at ITRI, 
for lung burdens of inhaled 144Ce, 91Y, and 90Sr in fused aluminosilicate particles (FAP) at ITRI, 
inhaled 239Pu dioxide at PNL, skeletal burdens of injected 226Ra at Davis and Utah and inhaled 238Pu at 
ITRI, and skeletal burdens of injected 228Ra and 241Am at Utah. Analyses were based on the mean 
organ absorbed doses from parent and corresponding doses from decay products in their appropriate 
proportion, where all x ray and gamma emissions are ignored, and where beta emissions are also 
ignored in the cases where the primary exposures were from alpha radiation. 
 
The overall patterns of response from internally deposited radionuclides in people and laboratory 
animals have demonstrated remarkable consistency. Standard log-linear regression survival models 
can be evaluated for describing the dose-response relationships [7].  In terms of the natural 
logarithms, the log-linear regression median risk line for radiation-induced cancer or for radiation-
induced non-neoplastic injury is thus given by: 
 
           lntm = lnKm – s lnđ                                                                     (1) 
 
where đ  is the time-weighted average dose rate, tm is the median value of survival time, s is the 
negative slope of the regression line for the specified effect, and Km is the coefficient describing the 
median risk. This line is not defined for đ =0 because with no radiation there are no radiation-induced 
events. This regression line is equivalent to the power function: 
 
     tm = Km đ –s                                                                           (2) 
 
that describes the median survival time after radionuclide intake. In each case, the risk of death from 
causes associated with natural aging is separately represented by a Gompertz function obtained by fit 
to life span data for the unexposed population of beagles or people.  
 
2.2 Competing Risks 
 
Dose-response relationships have the general form that the independent risk distribution attributable 
to irradiation for a given effect has a probability density and a cumulative risk which are distributed 
with respect to elapsed time, but depend on time-weighted average dose rate, forming 
three-dimensional mathematical response surfaces. The cumulative risk for a single effect is the 
independent probability of an individual succumbing to the specified effect (e.g., dying with 
radiation-induced cancer) assuming that there are no other possible effects. When several fatality risk 
distributions are superimposed in the time and dose-rate space, the occurrence (overall risk or 
cumulative frequency) of one effect at a specific average dose rate is a fraction of individuals who 
succumb to that effect based upon the temporal convolution of all risks where the separate effects and 
times to death are assumed to be independent [2].  
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3. Results 
 
3.1 226Ra Beagle Data 
 
Figure 1 is a summary of the results of a lifetime study of the effects of 226Ra in beagles that were 
administered 8 intravenous injections of 226Ra as young adults [8]. Each point represents one beagle 
time to death and lifetime average dose rate. The black circles represent bone sarcoma deaths, the 
black diamonds represent deaths associated radiation induced deterministic effects, and the open 
squares represent other causes of death. The bone sarcoma cases were well fit by a negative one-third 
power-function while the radiation induced injury cases occurred at the highest doses and followed a 
negative power of three. Radiation injury is associated with high dose rates while radiation induced 
cancer is associated with intermediate dose rates. At low dose rates, deaths associated with natural life 
span predominate. There were no radiation-induced bone sarcoma cases at dose rates below about 
0.0004 Gy/day because there is a life-span effective threshold at low dose rates where the animals die 
of natural causes earlier than the bone sarcoma is expected to occur.  
 
Figure 1 shows the cases of radiation induced bone sarcoma to be a tight distribution with geometric 
standard deviation σg = 1.22 and a coefficient of variation of about 20%. Comparable dose response in 
terms of cumulative dose is scattered because there is a strong inverse dose-rate effectiveness factor. 
For example, the cumulative dose required to yield 50% bone cancer deaths at an average dose rate of 
0.1 Gy/day is 0.1 Gy/day times about 1,200 days = 120 Gy. In sharp contrast, at 0.003 Gy/day times 
4,000 days = 12 Gy cumulative dose at 50% risk. Alpha radiation is seen to be about 10 times more 
effects at the low dose rate than an the high dose rate. If these bone sarcoma data are plotted in terms 
of cumulative dose, they are more difficult to interpret and the life-span effective threshold is easily 
missed as shown in Figure 2. Also, it would be tempting to fit a simple but misleading linear dose-
response model to the data shown in Figure 2. These data are shown in three-dimensional form in 
Figures 3 and 4. 
 

Figure 1: Two 
dimensional 
logarithmic 

representation of 
the data for 
radiation injury 
deaths, bone 
cancer deaths, and 
other deaths in 
beagles injected 
with 226Ra, 
showing time from 
initial intake at age 
435 days to death 
for each individual 
dog versus average 
dose rate to 
skeleton and fitted 
median risk 
functions. 
 

 
 



4 

Figure 2: Two-dimensional 
representation of the data for 
radiation induced bone cancer 
deaths, in beagles injected with 
226Ra at age 435 days of age, 
showing lifetime bone cancer 
occurrence as percent of 
population versus cumulative dose 
to skeleton one year before death. 
Note the life-span effective 
threshold below 1 Gy as shown in 
the inset that would be obscured 
by a linear no-threshold (LNT) 
model of these data. 
 
                                                                                  
 

 
 
Figure 3: Three-dimensional logarithmic 
representation of the dose-rate/time/ 
response relationships of Figure 1, for 
beagles with bone burdens of 226Ra, 
shown as the probability density 
distribution frequency of the combined 
risk of dying from causes associated with 
natural life span, radiation- induced bone 
cancer, and radiation injury, as a function 
of average dose rate to skeleton and 
elapsed time after intake at age 435 days 
 

                         
Figure 4: Three 

dimensional 
representation of the dose- 
rate/ time/ response for 
beagles injected with 
226Ra at Davis shown in 
the top left panel as 
combined risk of dying, 
and in the successive 
panels as the occurrence 
of deaths from radiation 
injury, natural life span, 
and radiation-induced 
bone cancer. 
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3.2 Scaling Laboratory Animal Data to Predict Human Risks 
 
Since most of the available dose-response data involve laboratory animals, it is essential that methods 
be further developed to scale the exposure and dose-response relationships among the various species 
involved. This is better described as "scaling" since it must consider anatomical, physiological, 
cellular, and radiation biophysical factors that vary from species to species. To establish the basis for 
interspecies scaling, the observed dose-response relationship for 226Ra-induced bone sarcoma in 
beagles and mice was compared to the observations in people associated with the radium dial painters 
and other U.S. radium cases. These cases included severe injury to the skeleton and/or bone sarcoma 
as well as carcinomas of the head associated with retained radon and progeny in the nasal sinuses and 
mastoid spaces [9]. 
 
Data describing the effects of 226Ra in people was contrasted to the Davis beagle data and the Finkel 
mouse data for injected 226Ra [10-12]. When time was normalized with respect to species life span, 75 
years (27,400 days) for people, 14 years (5100 days) for beagles, 2.5 years (910 days) for CF1 mice, 
the three species were found to have bone cancer dose-rate/time/risk functions that were almost 
identical, and could be represented by one median regression line (Figure 5). Hence, the induction of 
bone cancer in mice, dogs, and people, for chronic alpha radiation exposure from skeletal burdens of 
226Ra, can be represented by a single dose-rate/time/response function, when time is normalized with 
respect to nominal natural life span. On this basis, data on cancer induction from studies with 
laboratory animals can be scaled to estimate human risks. This scaling is shown for 226Ra in Figure 6.   
 

 
Figure 5. Two-
dimensional 
representation with 
respect to dimensionless 
time normalized by 
species life span and 
average alpha radiation 
absorbed dose rate to 
skeleton for fatal bone 
cancers in beagles, CF1 
mice and people 
showing a single log 
regression line 
(determined for beagles) 
represents the median 
risk for all three species.  
 
 

 
Shown in Figure 6 are the beagle bone cancer and injury cases and median risk lines, as well as the 
human cases of deaths from bone cancer or head cancer for the U.S. radium cases [9]. Besides bone 
cancer, people exposed to 226Ra also developed carcinoma of the nasal sinus or mastoid regions of the 
head because of irradiation of these regions by entrapped radon. Observed cases were approximately 
concurrent with the bone cancer cases (Figure 7). 
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Figure 6. Distribution of 
deaths for beagles and 
predicted distribution of 
deaths for people exposed to 
226Ra along with human data 
from the U.S. radium cases. 
 
 
 
 
 
 

 

Figure 7.  Three-dimensional representation of the predicted dose-rate/time/response relationships for 
people after intake of 226Ra shown in the top middle panel as the cumulative risk of dying, in the top 
left panel as the occurrence of deaths associated with natural life span, in the top right panel as the 
occurrence of deaths from radiation injury to the skeleton, in the lower panels have the occurrence 
percent of deaths from radiation-induced head and bone cancer, respectively. 
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The causes of death are seen to intersect and interrelate in such a way as to separately predominate 
over different ranges of dose rate. The independent risk distribution of fatal radiation-induced bone 
cancer is circumscribed by the other risks to result in the occurrences shown in Figure 4 for beagles 
and Figure 7 for people. For people bone sarcoma and head carcinoma predominates at intermediate 
dose rates and is seen to be low both at low dose rates (because of deaths associated with natural life 
span) and at high dose rates (because of deaths from radiation injury). This results in a life-span 
effective threshold for cancer induction at low dose rates similar to the "practical" threshold described 
by Evans [13]. 
 
3.3 Three-Dimensional Models of 90Sr-90Y-Induced Cancer in Beagles 
 
The second detailed example is the lifetime study from 1961 to 1986 of ingested 90Sr conducted at 
Davis in which 395 beagles were exposed in seven logarithmically increasing dosage groups. The 90Sr 
intake began in utero via daily ingestion by the mother and continued in the daily ration until young 
adulthood. The long retention of the 90Sr in the skeleton and teeth resulted in lifetime irradiation of 
bone and surrounding tissues, bone marrow, and the oral tissues from beta particles emitted by 90Sr 
and its decay product 90Y. 
 
Statistical analysis of carcinogenicity by dosage level in the 403 90Sr-fed dogs and unexposed controls 
demonstrated that deaths associated with five types of cancer were significantly related to exposure to 
90Sr. These were: (a) myeloid leukemia (p<0.0001), (b) bone sarcoma (p<0.0001), (c) squamous cell 
carcinoma of periodontal origin (p<0.0001), (d) nasal carcinoma (p<0.0001), and (e) various oral 
cancers (p<0.0001). All radiation-induced forms of cancer demonstrated a life-span virtual threshold 
(Figure 8). 
 
Mathematical three-dimensional dose-rate/time/response models with Weibull probability 
distributions were fit by maximum likelihood to these data. The bone cancer results are compared 
those for 226Ra in Figure 9 showing a slope of –2/3 for the 90Sr-Y beta radiation induced bone cancer 
compared to a slope of –1/3 for the 226Ra alpha radiation induced bone cancer in beagles.  
 
 

 
 
Figure 8: Observed rates of radiation 
induced cancer in beagles fed 90Sr 
from before birth to adulthood 
demonstrating a life-span effective 
threshold with effects that occur at 
cumulative beta radiation doses 
above 20 Gy (20 Sv). 
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Figure 9: 
Comparison 
of bone 
sarcoma in 
beagles at 
Davis from 
injected 
226Ra and 
ingested 
90Sr. 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
Figure 10: 
Median bone 
and lung cancer 
risks for beagles 
demonstrating 
life-span 
effective 
thresholds at 
low dose rate. 
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3.4 Results for other beagle studies 
 
Selected results of three dimensional analyses using data from beagle studies are summarized in 
Figure 10. The alpha-emitting radionuclides all yielded lognormal cancer risk distributions with 
negative slopes of about one-third. The beta-emitting radionuclides all yielded Weibull cancer risk 
distributions with negative slopes of about two-thirds. 
Because the negative slopes of these distributions are less than 1.0, the cumulative absorbed dose 
required to yield a specified level of cancer risk is less at lower dose rates than at higher dose rates 
(relative dose-rate effectiveness, RDE, up to a factor of 10 for high LET radiation and a factor of 2 for 
low LET radiation), but the time required for tumors to manifest is much longer at lower dose rates 
and can exceed the natural life span, yielding a life-span effective threshold for fatal radiation-induced 
cancer. For young adult beagles, this threshold occurs at about 0.08 Gy for 238Pu and 239Pu in bone, 
0.2 Gy for 241Am in bone, 0.5 Gy for 228Ra in bone, 0.9 Gy for 239Pu in lung, 1.4 Gy for 226Ra in bone, 
28 Gy for 90Sr in bone, 70 Gy for 91Y in lung, 110 Gy for 144Ce in lung, and 130 Gy for 90Sr in lung. 
 
Because the slopes of the response curves for alpha emitters differ from those for the low LET beta 
emitters, the observed relative biological effectiveness, RBE(α/β), varies as a function of time-
weighted average dose rate, and rises as average dose rate decreases. At high dose rates, this 
radiation-induced cancer RBE(α/β ) is small and rises to large values at low dose rates as beta risk 
goes down. For example, for 239Pu dioxide in lung at 0.1 Gy/day, the RBE(α/β )=5, while at 
1 mGy/day, RBE(α/β )=50. The bone cancer RBE(α/β )=20 at 1 mGy/day for 226Ra/90Sr in bone.  
 
4. Summary 
 
The three dimensional models of risk from internally deposited radionuclides indicate several 
important features of the dose-response relationships. These include: 

 (a) Similar three-dimensional models of cancer risk apply to the irradiation of the lung from 
inhaled alpha and beta-emitting radionuclides as apply to irradiation of the bone from alpha and beta 
emitting radionuclides, respectively, even though the tissue and cancer types are quite different 
(Figure 10). 

 (b) The relative biological effectiveness of alpha radiation versus beta radiation is a strong 
function of dose rate with the effectiveness of the beta radiation dropping off more rapidly than that of 
the   irradiation as dose rate goes down (the apparent RBE of alpha versus beta is greater than 20 at 
lower dose rates. 

 (c) The cumulative dose required to yield any given level of induced cancer risk is less at lower 
dose rates (up to a factor of 10 for high LET radiation and a factor of 2 for low LET radiation) than at 
higher dose rates, indicating differences in relative dose-rate effectiveness (RDE). 

 (d) The time-to-tumor-occurrence is longer at lower dose rates than at higher dose rates, and may 
exceed the natural life span at lower dose rates yielding a threshold-like response or life-span effective 
threshold for radiation induced cancer. This effective threshold occurs at a lifetime total radiation dose 
of about 1 Gy for people, beagles, and rodents for bone cancer from 226Ra or lung cancer from 239Pu. 
(e) Lifetime virtual thresholds are apparent at low doses for both alpha and beta radiation 
emitting radionuclides: 1.4 Gy for 238Pu & 239Pu – bone sarcoma from α, 0.9 Gy  FOR 239Pu – lung 
carcinoma from α, 1.4 Gy  for 226Ra – bone sarcoma from α, 28. Gy   For 90Sr-Y– bone sarcoma from 
β. 
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