
APPENDIX II 

Natural History Model of Breast Cancer in BRCA1/2 Mutation Carriers 

The assumptions underlying our natural history model of breast cancer in the general 

U.S. population and for BRCA1/2 mutation carriers are as follows: 

A.1. The tumor volume grows exponentially with time t, starting from volume , which 

corresponds to t = 0.  We assumed that tumors have a spheroid shape, and volume at time 

t can be expressed as , where R is the inverse growth rate.  We assumed that 

initial tumor volume , with tumor diameter  equal to 2 mm.  We did not 

model the natural history of the tumor prior to ; in particular, we did not consider a 

possible in situ stage in the progression of the tumor.  

 

 A.2. The inverse growth rate, R, is a random variable having gamma distribution with 

shape parameter α and rate parameter .  The mean of R is expressed as .  

Under our assumption of exponential growth, there exists a simple relationship between 

the inverse growth rate R and the tumor volume doubling time (TVDT) , namely 

 

 

A.3.  is a random variable that represents the time of breast cancer detection due to 

symptoms causing the patient to present for clinical evaluation.  We assumed that hazard 

function of  is proportional to the tumor volume, 

i.e. .  We expressed the volume of the tumor at the time of symptomatic 

detection as .   
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A.4. At the time when its volume is equal to , the tumor is in the local stage (confined 

to the breast only).  The transition from local to regional stage (characterized by axillary 

lymph node involvement) was defined to occur at the moment when nodal involvement 

first becomes detectable by techniques commonly used in clinical practice.  We assumed 

that the hazard function  of the time , at which the breast tumor transitions from 

local to regional stage, is of the form .  

A.5. The tumor transition from regional to distant stage (characterized by the presence of 

metastases to distant organs) occurs when distant metastatic disease first becomes 

detectable by techniques commonly used in clinical practice.  We assumed that the onset 

of the distant stage always follows the onset of the regional stage.  We further assumed 

that the hazard function  of the time , at which the breast tumor transitions 

from the regional to the distant stage, given the time at transition to the regional stage, 

is of the form .   

 

One consequence of our assumption A.3 is the form of the distribution of the tumor size 

D given R, which can be expressed as follows: 

 (E.1) 

For the general U.S. population, we obtained maximum likelihood estimates of our 

natural history model parameters using data on tumor size and stage at diagnosis derived 

from the SEER registry in the era before mammographic screening (1975-1981) (1). 

Since these data do not include information on time, it can be shown that for any

 and constant c > 0: 

 (8) 
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Pr(D > x | R = r) = Pr(Tdet > V −1(x) | R = r) = exp − γV (y)dy
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  = exp −γr(x − c0)( ).
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Lik(α,β,γ,η0,η1 ,ω0,ω1 ) = Lik(α,cβ,cγ,cη0,cη1 ,cω0,cω1 )



Consequently, one constraint was needed to make the problem identifiable. We chose to 

fix the mean TVDT, which is equivalent to setting  equal to some pre-specified 

value (8). 

Table A.1.  Logarithms of the natural history model parameters, stratified by grade.  

Parameters 
Grade 

Low-grade High-grade 
ln(α=β) 0.022 -0.203 

ln(γ) -9.45 -10.07 

ln(η0) -4.31 -3.52 

ln(η1) -9.79 -9.88 

ln(w0) -4.65 -5.03 

ln(w1) -12.01 -11.83 
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