
Su p p lem en t a r y  Ma te r ia l  

T h i s  d o c u m e n t  c o n t a i n s  t h e  e x p e r im e n t a l  c o d e s  o f  t h e  3  R - p r o g r a m s  t h a t  

h a ve  b e e n  u s e d  i n  t h e  p a p e r .  T h e  p r o g r a m s  r u n  w e l l  f o r  t h e  d a t a  s h o w n  i n  

t h e  p a p e r .  H o we ve r ,  t h e  c o d es  a r e  n o t  s t i l l  o p t im i ze d ,  a n d  s om e  b u gs  

c o u ld  a p p e a r  s o m e t im e  a n a l yz i n g  o t h e r  d a t a  s e t s .  

1 -dose_response_curve. tx t  

It es t imates the param eters  of the dose-ef fec t  curve us ing a Gomper tz-

t ype  funct ion  and the  we ighted Po isson d is t r ibu t ion  a l lowing to  mode l  

underd ispers ion.  

The inputs  are the observed d icentr ics d is t r ibut ions among cel ls .  

The m a in  ou tputs  a re  the  es t im ates  o f  t he  param ete rs ,  t he i r  s tandard  e r ro rs  

and  the  var iance-covar iance matr ix  (F igure 1) .  The program  also inc ludes a 

p lot  of  the dose-ef fec t curve  (F igure 2) .  The p lot  could be customized changing 

(or  adding)  t i t les ,  co lours ,  etc .  Run the command help (p lot )  to  obta in 

in format ion about  the usage and the opt ions of  th is graphical  procedure.  

2 -  who lebod y_dose. tx t  

I t  ca lcu la tes  the  es t im ated dose and a  95% conf idence in terva l ,  assum ing a  

who le  body i r radiat ion ,  us ing a Gomper tz- type dose response curve.  

The  inputs  are  the  parameters  of   the  Gompertz - type  dose  response  

curve, the var iance-covar iance matr ix  and the observed d icentr ics  d is t r ibut ion.  

The outputs  are the est imated dose and the 95% conf idence in terva l  (F igure  

3) .  

3 -  par t ia lbody_dose. tx t  

I t  ca lcu la tes  the  es t imated dose and a  95% conf idence in terva l ,  assuming a 

par t ia l  body i r radiat ion,  us ing a Gomper tz - type dose response curve.  

The  inputs  are  the  parameters  of   the  Gompertz - type  dose  response  

curve,  the var iance-covar iance matr ix  and the observed d icentr ics  

d is t r ibut ion.  

The main outputs  are the es t imated dose and the 95% conf idence interval  

(F igure 4) .  

 

 

 

 

 

 



 

#  dose_ response_cu rve . t x t  

#  Es t imat ion  o f  the  dose -e f fec t  cu rve  us ing  a  Gomper tz  type  func t ion  

#  and  the  we igh ted  Po isson  d is t r ibu t ion  shown in  the  paper  in  Equat ion  1 .  

# 

 

# Reading data of the dicentrics distributions among cells for the dose -effect curve 

# shown in the paper in Table 2 

# 

dose<-c(0, 0.1, 0.5, 1, 3, 5, 7, 10, 15, 20, 25) 

ncel<-c(2000, 2000, 2000, 1000, 500, 150, 150, 150, 100, 100, 100)  

nt<-length(dose) 

 

 # Maximum number of dicentrics observed in a cell  

maxd=18 

dimens=nt*(maxd+1)  

f=numeric(dimens) 

dim(f) <- c(nt,maxd+1) 

 # 

# Columns of the dicentrics distr ibution 

# 

f[,1]= c(1999, 1989, 1922, 886, 213, 2, 0, 0, 0, 0, 0)  

f[,2]= c(1, 11, 78, 108, 192, 23, 4, 0, 0, 0, 0)  

f[,3]= c(0, 0, 0, 6, 85, 58, 23, 0, 0, 0, 0)  

f[,4]= c(0, 0, 0, 0, 9, 38, 35, 3, 0, 0, 0)  

f[,5]= c(0, 0, 0, 0, 1, 15, 35, 18, 3, 0, 0)  

f[,6]= c(0, 0, 0, 0, 0, 10, 29, 40, 10, 6, 4)  

f[,7]= c(0, 0, 0, 0, 0, 2, 10, 35, 12, 9, 5)  

f[,8]= c(0, 0, 0, 0, 0, 1, 9, 25, 21, 10, 5)  

f[,9]= c(0, 0, 0, 0, 0, 0, 4, 16, 10, 12, 8)  

f[,10]=c(0, 0, 0, 0, 0, 0, 1, 9, 16, 17, 18)  

f[,11]=c(0, 0, 0, 0, 0, 0, 0, 4, 7, 13 , 16) 

f[,12]=c(0, 0, 0, 0, 0, 0, 0, 0, 7, 9, 12)   



f[,13]=c(0, 0, 0, 0, 0, 0, 0, 0, 7, 6, 7)  

f[,14]=c(0, 0, 0, 0, 0, 0, 0, 0, 3, 8, 3)  

f[,15]=c(0, 0, 0, 0, 0, 0, 0, 0, 1, 6, 9)  

f[,16]=c(0, 0, 0, 0, 0, 0, 0, 0, 3, 1, 4)  

f[,17]=c(0, 0, 0, 0, 0, 0, 0, 0, 0, 1 , 3) 

f[,18]=c(0, 0, 0, 0, 0, 0, 0, 0, 0, 2, 3)  

f[,19]=c(0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 3)  

 

# Weigthed Poisson probability function 

wpoiss= func t ion(x ,mu,b){ (1+b*(x^2) ) *dpois(x ,mu) / (1+b*(mu+mu^2) ) }  

 

# Population mean of the Weigthed Poisson 

meanwpo iss=funct io n(mu,b) {mu*(1+(b* (2*mu+1)) / (1+b*(mu+mu^2) ) ) }  

# 

# This is minus the log-likelihood function. 

# 

b=numeric(4)  

logl ik<-function(b){ 

loglik<-0 

for( j  in  1:nt) {  

lam<-b[1]*exp( -b[2] *exp( -b[3]*dose[ j ] ) )  

for(i  in 1:19){ 

logl ik<-logl ik+log(wpoiss(i -1, lam,b[4]*dose[ j ] ))*f [ j , i ]  

}} 

- loglik} 

# 

# Procedure nlm finds the minimum (the MLE estimator).  

# The initial values, in this case p=c(8.5,7.0,.3,0), have to be  

# closed to the solution. Otherwise the numerical method 

# could not converge. Several trials would be needed.  

# 

MLE<-nlm(loglik,p=c(8.5,7.0,.3,0),hessian=TRUE) 

# Estimated parameters and its standard errors  



MLE$estimate 

sqrt(diag(solve(MLE$hessian))) 

# Values of the gradient vector and convergence code 

MLE$gradient 

MLE$code 

# Estimated variance-covariance matrix 

solve(MLE$hessian) 

# 

# Plot of the observed frequency of dicentrics and the fitted Gompertz -type curve 

# 

mdic=numeric(nt)  

for( i  in 1 :nt ) {mdic [ i ]=sum(f [ i , ] * (seq(1:19) -1)) /ncel [ i ] }  

lampred<-MLE$estimate[1]*exp(-MLE$estimate[2]*exp(-MLE$estimate[3]*dose)) 

pred=numeric(nt)  

for( i  in 1:nt){  

pred[i]=meanwpoiss(lampred[i],MLE$estimate[4]*dose[i])}  

plot(dose,mdic) 

lines(dose,pred,col="red") 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

Figure S1. Outputs of the program “dose_response_curve.txt”. 

 

-  The est imates of  the parameters  of  the do se-ef fect  curve and their  s tandard 
er rors  are,  

β0= 8.47156±0.20965 

β1= 6.84620±0.12036 

β2= 0.23179±0.00506 

β3= 1.06226±0.17642 

-  The values of  the gradient  vector  are c losed to zero:  

4.031e-05       -9 .870e-05       1 .228e-03       1 .258e-04 

This  is  indica t ive tha t  the est imates of  the parameters  maxim ize the log -
l ike l ihood funct ion.  

I f  the gradient  vector  were not  c losed to zero the solut ion could not  be val id .  
Then,  i t  is  suggested to run again the program with d i f ferent  in i t ia l  va lues in  
the n lm procedure. 

-  MLE$code gives an integer  indicat ing why the opt im izat ion process of  the n lm 
procedure has  f in ished.   A  va lue  of   1   or   2  ind icates  that   the  recurs ive   
numer ical   procedure  f ina l ly  provides  a  re l iable  so lut ion.   For   other  
va lues  the  so lut ion  could  not  be  val id   and  i t   is  suggested to run again 
the program with d i f ferent  in i t ia l  va lues.  

-  The est imated var iance-covar iance matr ix  wi l l  be needed to calculate 
conf idence l im i ts .  

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Plot of the dose-effect curve obtained using the R-program 
“dose_response_curve.txt”. Empty dots represent the observed 
frequencies of dicentrics and red line the obtained Gompertz function. 

 

The plot  can be customized changing (or  adding)  t i t les ,  co lours , etc .  Run the 
command help (p lot)  to  obta in in format ion about  the usage and the opt ions of  
th is  graphical  procedure.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

#  who le body_dose . t x t  

#  Th is  p rogram ca lcu la tes  the  es t imated  dose  and  a  con f idence  in te rva l  

#  A  who le  body  i r rad ia t ion  i s  assumed  

# 

# Input of the parameters of the dose-effect Gompertz-type model 

beta0=8.47156; beta1=6.84620; beta2=0.23179; beta3=1.06226  

 

# Input of the Variance-covariance matrix of the parameters  

sigma=numeric(16) 

dim(sigma) <- c(4,4) 

s igma[1,1]=0.043954; sigma[2,2]=0.01448 7; sigma[3,3]=0.000026; s igma[4,4]=0.031124  

sigma[1,2]=0.002709; sigma[1,3]= -0.000693; sigma[1,4]=0.005826 

sigma[2,1]=sigma[1,2]; s igma[2,3]=0.000202; s igma[2,4]=0.014851  

sigma[3,1]=sigma[1,3];s igma[3,2]=sigma[2,3];s igma[3,4]= -0.0000676 

sigma[4,1]=sigma[1,4];s igma[4,2]=sigma[2,4];s igma[4,3]=sigma[3,4]  

 

# Population mean of the Weigthed Poisson and prediction function.  

meanwpo iss=funct ion(mu,b) {mu*(1+(b* (2*mu+1)) / (1+b*(mu+mu^2) ) ) }  

pr=funct ion(d){meanwpoiss(beta0*exp( -beta1*exp(-beta2*d)),beta3*d)}  

 

# This function calculates the variance of the predictions using the  

# delta-method 

varpr=function(d){ 

predder <-  der iv (~b1*exp( -b2*exp(-b3*x))*(1+(b*x*(2*b1*exp( -b2*exp(- 

b3*x ) )+1) ) / (1+b*x* (b1*exp( -b2*exp( -b3*x) )+(b1*exp( -b2*exp( -  

b3*x)))^2))),c("b1","b2","b3","b" ),function(x,b1,b2,b3,b) NULL)  

grad<-attr(predder(d,beta0,beta1,beta2,beta3),"gradient")  

grad%*%sigma%*%t(grad)}  

 

# Reading data of the dicentrics distribution which the dose has to be estimated  

# The example corresponds to the 6G simulated whole body irradiation 

# shown in Table 4. 

# Maximum number of dicentrics observed in a cell   



 

max=8 

nn=max+1 

g=numeric(nn) 

g [1 ]=1 ;g [2 ]=16 ;g [3 ]=54 ;g [4 ]=42 ;g [5 ]=21 ;g [6 ]=9 ;g [7 ]=4 ;g [8 ]=2 ;g [9 ]=1  

 

# Mean and standard deviation calculations 

me=sum(g[1:nn]*seq(0, (nn -1))[1 :nn] )/sum(g[1:nn])  

va=(sum(g [1:nn] *seq(0, (nn -1)) [1 :nn]^2) /sum(g[1:nn]) -  

me*me)*sum(g[1:nn]) / (sum(g[1 :nn]) -1)  

s=(va/sum(g [1:nn]) )^.5  

 

# Procedure uniroot solves the equations of the adapted Merkle ’ s approach described in the 

# paper. The interval (0.1,30) has been chosen because there is a change of sign of the  

# objective functions in the extremes of this interval. Could be necessary to change this  

#  interval for other data sets.  

ds=uniroot(function(d){pr(d) -me},c(0.1,30))$root  

ds 

l l=uniroot(funct ion(d){pr(d)+sqrt(qchisq(0.95,4)*varpr(d)) -me+1.96*s},c(0.1,30))$root  

ul=uniroot(function(d){pr(d) -sqrt(qchisq(0.95,4)*varpr(d)) -me-1.96*s},c(0.1,30))$root  

c(ll,ul) 

 

 

 

Figure S3. Outputs of the program “wholebody_dose.txt”. The estimated dose is 5.66, 
and the 95% confidence interval is (5.15 - 6.23). 

 

 

  



 

#  pa r t i a lbody_dose . t x t  

#  This  p rogram ca lcu la tes the es t imated  doses and  a  con f idence  in terva l  

#  A  par t ia l  body  i r rad ia t ion  i s  assumed  

# 

# Input of the parameters of the dose-effect Gompertz-type model 

beta0=8.47156; beta1=6.84620; beta2=0.23179; beta3=1.06226  

 

# Input of the Variance-covariance matrix of the parameters  

sigma=numeric(16) 

dim(sigma) <- c(4,4) 

s igma[1,1]=0.043954; sigma[2,2]=0.014487; sigma[3,3]=0.000026; s igma[4,4]=0.031124  

sigma[1,2]=0.002709; sigma[1,3]=-0.000693; sigma[1,4]=0.005826 

sigma[2,1]=sigma[1,2]; s igma[2,3]=0.000202; s igma[2,4]=0.014851  

sigma[3,1]=sigma[1,3];s igma[3,2]=sigma[2,3];s igma[3,4]= -0.0000676 

sigma[4,1]=sigma[1,4];s igma[4,2]=sigma[2,4];s igma[4,3]=sigma[3,4]  

 

# Weigthed Poisson probability function 

wpoiss= func t ion(x ,mu,b){ (1+b*(x^2) ) *dpois(x ,mu) / (1+b*(mu+mu^2) ) }  

 

# Population mean of the Weigthed Poisson and prediction function.  

meanwpo iss=funct ion(mu,b) {mu*(1+(b* (2*mu+1)) / (1+b*(mu+mu^2) ) ) }  

pr=funct ion(d){meanwpoiss(beta0*exp( -beta1*exp(-beta2*d)),beta3*d)}  

 

# This function calculates the variance of the predictions using the  

# delta-method 

varpr=function(d){ 

predder <-  der iv (~b1*exp( -b2*exp(-b3*x))*(1+(b*x*(2*b1*exp( -b2*exp(- 

b3*x ) )+1) ) / (1+b*x* (b1*exp( -b2*exp( -b3*x) )+(b1*exp( -b2*exp( -  

b3*x)))^2))),c("b1","b2","b3","b"),function(x,b1,b2,b3,b) NULL)  

grad<-attr(predder(d,beta0,beta1,beta2,beta3),"gradient")  

grad%*%sigma%*%t(grad)}  

 

# Reading data of the dicentrics distribution which the dose has to be estimated   



# The example corresponds to the 6G simulated partial body irradiation with 70% 

# of irradiated blood, shown in Table 4. 

# Maximum number of dicentrics observed in a cell  

max=10 

nn=max+1 

g=numeric(nn) 

g [1 ]=201 ;g [2 ]=8 ;g [3 ]=34 ;g [4 ]=28 ;g [5 ]=19 ;g [6 ]=7 ;g [7 ]=1 ;g [8 ]=0 ;g [9 ]=1 ;  

g [10 ]=0 ;g [11 ]=1 

 

# This is minus the log-likelihood function of the truncated at zero weighted Poisson.  

logl ik<-function(b){ 

loglik<-0 

for(i  in 2:nn){ 

logl ik<-logl ik+log(wpoiss(i -1,b[1],b[2])/(1-wpoiss(0,b[1],b[2])))*g[ i ] }  

-loglik} 

# 

# Procedure nlm finds the minimum (the MLE estimator). 

# The initial values, in this case p=c(1.4,2000), have to be 

# closed to the solution. Otherwise the numerical method 

# could not converge. Several trials would be needed.  

# 

MLE<-nlm(loglik,p=c(1.4,20000),hessian=TRUE) 

# Mean and standard deviation estimations 

me=meanwpoiss(MLE$estimate[1],MLE$estimate[2])  

meander <-  der iv (~mu*(1+(b*(2*mu+1) ) / (1+b*(mu+mu^2))) ,c ("mu","b") , funct ion(mu,b)  

NULL) 

grad3<-attr(meander(MLE$estimate[1],MLE$estimate[2]),"gradient")  

s=(grad3%*%solve(MLE$hessian)[1 :2,1:2]%*%t(grad3))^.5  

 

# Procedure uniroot solves the equations of the adapted Merkle ’ s approach described in the 

# paper. The interval (0.1,30) has been chosen because there is a change of sign of the  

# objective functions in the extremes of this interva l. Could be necessary to change this 

#  interval for other data sets.  

ds=uniroot(function(d){pr(d) -me},c(0.1,30))$root   



 

l l=uniroot(funct ion(d){pr(d)+sqrt(qchisq(0.95,4)*varpr(d)) -me+1.96*s},c(0.1,30))$root  

ul=uniroot(function(d){pr(d) -sqrt(qchisq(0.95,4)*varpr(d)) -me-1.96*s},c(0.1,30))$root  

ds 

c(ll,ul) 

# Values of the gradient vector and convergence code 

MLE$gradient 

MLE$code 

 

 

 

 

Figure S4. Outputs of the program “partialbody_dose.txt”.  The estimated dose is 5.86, and 
the 95% confidence interval is (5.29 - 6.48). 

 

-  The values of  the gradient  vector  are c losed to zero:  

9.765e-07       -9 .801e-09 

This  is  indicat ive tha t  the est imates of  the parameters  maxim ize the log -
l ike l ihood funct ion.  

I f  the gradient  vector  were not  c losed to zero the solut ion could not  be val id .  
Then,  i t  is  suggested to run again the program with d i f ferent  in i t ia l  va lues in  
the n lm procedure.  

-  MLE$code gives an integer  indicat ing why the opt im izat ion process of  the n lm 
procedure has  f in ished.   A  va lue  of   1   or   2  ind icates  that   the  recurs ive   
numer ical   procedure  f ina l ly  provides  a  re l iable  so lut ion.   For   other  
va lues  the  solut ion  could  not  be  val id   and  i t   is  suggested to run again 
the program with d i f ferent  in i t ia l  va lues.  

 

 


