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This paper presents a new methodology for analyzing data of chromosome aberrations,
which is useful to understand the characteristics of dose-response relationships and to
construct the calibration curves for the biological dosimetry. The hybrid scale of linear
and logarithmic scales brings a particular plotting paper, where the normal section paper,
two types of semi-log papers and the log-log paper are continuously connected. The
hybrid-hybrid plotting paper may contain nine kinds of linear relationships, and these are
conveniently called hybrid scale models. One can systematically select the best-fit model
among the nine models by finding the conditions for a straight line of data points. A
biological interpretation is possible with some hybrid-scale models. In this report, the
hybrid scale models were applied to separately reported data on chromosome aberrations
in human lymphocytes as well as on chromosome breaks in Tradescantia. The results
proved that the proposed models fit the data better than the linear-quadratic model,
despite the demerit of the increased number of model parameters. We showed that the
hybrid-hybrid model (both variables of dose and response using the hybrid scale)
provides the best-fit straight lines to be used as the reliable and readable calibration
curves of chromosome aberrations.
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1. INTRODUCTION

The dose-response relationship concerning ionizing radiation is important as the basis
for the reasonable radiation protection. The relationship should be provided explicitly in
the range of dose not only above dose limits recommended by the International
Commission on Radiological Protection (ICRP) but also below those if possible. The
linear-quadratic (L-Q) model has been well established for more than half a century since
the 1940s when Sax used the similar approach to fit data for radiation-induced
chromosome aberrations [1]. Despite some unsolved issues, it is generally interpreted
that the linear and quadratic terms of dose reflect a contribution of single track events and
of two-track events, respectively. In the UNSCEAR 1993 Report [2], the L-Q model is
presented to be reasonable for the radiobiological mechanisms, via simple mathematical
extension of single-hit target theory so as to include multi-track effects made by means of
a general polynomial equation. Greinert and Harder [3] interpreted that the linear and
quadratic terms of dose represent two different reaction mechanisms of producing
exchange-type chromosome aberrations, that is, intratrack and intertrack pairwise lesion
interaction.

A different approach may be beneficial to the better understanding of dose-response
relationships as well as the improved presentation of the relationships. One of authors
has proposed the hybrid-scale (HS) models for dose-response relationships that fit well
some data of chromosome aberrations as well as tumors [4, 5]. The HS model was first
applied to the cell survival function that reflects the feedback mechanism of repair and
recovery effects. The second HS model was the dose-response function that is the
product of power function (dominant in lower doses) and exponential function (dominant
in higher doses). The third HS model was the general form of dose-response function
that is the product of the first and second HS models. However, the HS models should be
more thoroughly examined to test the validity in the analysis of chromosome aberrations.

In biological dosimetry by chromosome aberrations, it is important to establish a
reliable calibration curve between yield and dose. The HS models might be expected to
give a new methodology for constructing an improved calibration curve of chromosome
aberrations. We examine for availability of other types of HS models as well as the
above-mentioned HS models. As detailed later, other types of HS models are the fourth
HS model and the hybrid-hybrid model. The fourth HS model is similar to the first HS
model but with the increasing function of dose. The hybrid-hybrid model is equivalent to
the straight line on a new type of the section paper [5] for plotting yield against dose, .
where each of the axes is the hybrid of the logarithmic and linear scales.

This paper presents the formulation of hybrid-scale models, their application to the
analysis of chromosome data and the comparison of the results between L-Q models,
including the improved types, and HS models.

2. THEORY AND METHOD
2.1 Linear-quadratic model

A generalized linear-quadratic relationship between yield I and dose D has been
expressed as follows:

I=(0y + 04D +0,D*Jexp(- BD— B,D?), o))
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where q,, is the spontaneous yield, o, and o, are coefficients for the linear and quadratic
terms of dose, and B, and B, are coefficients for D and D’ in the probability of cell
survival. Their values should be positive in general. Otherwise, such terms should be
deleted in general. Equation (1) is the product of F(D), dose-response function without
“cell-killing” effect, and S(D), the probability of cell survival,

1= F(D)S(D)
F(D)=a,+o,D+a,D* ;. 2
S(D) =exp(- B,D~ p,D*)

The yield of aberrations, when not significantly contaminated by the cell-killing effect,
may be expressed as

I=F(D)=ay+oD+a,D*. €))
The net yield of I-0,, is the following:
I, =Fp(D)= D+, D*. @

Putting n=0,,/ct,, E=a,%/ct, and T=nD, and introducing a function of wiq(T) = T (1+T),
Equation (4) becomes linear in a function of wig(nD) as follows:

I = Fy(D) = Ewiq(1iD). ©)

The reciprocal of 1 has a unit of dose and it means the dose at which the linear term is
equal to the quadratic term. The coefficient § is dimensionless. Given a biological
system of chromosome aberrations, the value of 1 is almost constant and then the value
of wig(nD) is determined only by each dose. The data plotted as (wig(mD), I) brings a
straight line of dose-response, which is convenient to determine the best fit for models in
general. The dose-response curve is dominated by the linear term for nD<«1 because
then wig(mD)=nD and by the quadratic term for nD>>1 because then wig(nD)=(nD)".
Thus, the value of the scaled dose nD always shows the dominance between the linear
and quadratic components by plotting it in the scale of wiq(nD).

2.2 Hybrid scale model

The linear and logarithmic functions are respectively given by y=x and y=In(x). The
sum of both functions defines a hybrid function, which is

hyb(x) = x +In(x) . (6)

Figure 1 shows an example of the hybrid function. It approximates the logarithmic
function y=In(x) in the range of x<«1 and becomes asymptotic to the linear function y=x
in the range of x>>1. The hybrid function increases monotonously with the increase of x.
Its inverse function denoted as cyb(x) increases monotonously by increasing X, as shown
in Figure 1. The cyb function approximates the exponential function y=exp(x) in the
range of x<«-1 and becomes similar to the linear function y=x in the range of x>>1. The
hybrid function and its inverse function are basic mathematical tools to use the HS
models. The hybrid function produces a hybrid of the linear scale and the logarithmic
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scale as shown in Figure 2. The hybrid scale of x is quite similar to the logarithmic scale
for x«1, while it approaches the linear scale for x>>1 (see Figure 2).

A generalized form of dose-response relationship according to the hybrid scale model
is expressed by using the conventional functions as follows:

I =0y, +aD® exp(cD)] S(D), %
where o is the spontaneous yield, a, b and ¢ are parameters. The probability of cell

survival S(D) is defined by the hybrid scale

hyb(pS)=86—~AD or S(D)= —:)-cyb(a —AD), 8)

where S is S(D) and 6 is hyb(p) when S=1 at D=0. Equation (8) is called the first HS
model for convenience. In Equation (7), the first term of the right-hand side is the dose-
response function without cell-killing effect, which is expressed by the hybrid function as
follows:

F(D) = oy, +aD"’ exp(cD) = o +{(D)exp(aD)}’

)
= 0, +expla+ Bhyb(dD)]
where o, § and T are parameters of the HS model.
Putting I.=F, (D)=I—0,, Equation (9) becomes linear,
In(I) = In{F, (D)} = ac+ Bhyb(D). (10)

This equation is called the second HS model. The excess incidence or net yield not
significantly contaminated by the cell killing effect can be formulated by Equation (10).
The parameter « depends on the magnitude of the net yield. The parameter f§ determines
the shape of dose-response function, which is similar to the linear model for §=1 and the
quadratic model for B=2 in the range of low doses, TD<1. The second HS model is the
product of the power function and the exponential function. The parameter T scales the
dose at which the net yield should occur in the biological phenomena modeled by a
hybrid between power function and exponential function. The larger the value of 7 is, the
more the net yield exists.

Equation (10) shows that the logarithmic yield of aberrations induced by radiation is
proportional to the hybrid function of dose scaled by T, which approaches In(tD) when
1D, and which is close to ©D when TD>>1. Equation (8) shows the linear relationship
between the hybrid function of survival probability scaled by p and dose. Thus, from
Equations (8) and (10), the yield of chromosome aberrations is given as the product

I =[F (D) + o,|S(D) = F(D)S(D). (11)
Equation (11) or (7) is called the third HS model.

2.3 Interpretation of hybrid scale models

The survival curve for high LET radiation is given as a function, S=exp(-AD). Its
differential form is
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s -AS or dins

dD dD
The second equation gives a straight line on the semi-log paper of (D, InS). The
surviving fraction given by Equation (12) means neither repair nor recovery of damaged
cells. However, some effect of repair or recovery makes the slope of dIn(S)/dD smaller
and the curve of surviving fraction has a shoulder on the semi-log plot. The stronger the
effect is, the smaller the slope of dIn(S)/dD becomes. It is interpreted that the effect of
repair or recovery virtually reduces the inactivation constant A. Suppose the resultant
reduction of inactivation constant as given by A—pldS/dD! instead of A, the surviving
fraction becomes dS/dD =—(A—pldS/dDI) S, which is also arranged as (1+pS) dS/dD=-AS,

and then

a5 _ *]s. (13)
dD~ |1+ S

=-A. (12)

The value of (1+pS) is always greater than one and increases with the value of p. In turn,
the effectiveness of the inactivation constant becomes smaller. The positive value of p is
interpreted to show the effectiveness of repair or recovery in the cell system. Thus, the
surviving fraction in the cell system with repair or recovery is formulated by the
inactivation constant A and the protective factor p.

Equation (13) may be transformed as

L L Y (14)

d
E[pﬂln(m]— 5

The cell system with a function of repair or recovery incorporates the linear term of pS.
Without such a function of repair or recovery, the cell system shows only the logarithmic
term of S as shown in Equation (12). Plotting the data of surviving fraction on the
hybrid scale by giving p, we have a straight line that has a value of hyb(p) at D=0 if S=1
when D=0. This is the reason to coin the hybrid-scale model for the probability of cell
survival in Equation (). )

The hybrid scale model of Equation (8) becomes the linear relationship in very low
doses and the exponential relationship in higher doses. The cell surviving fraction where
pS=In(pS) is the boundary between the linear and exponential relationships. It is called
the boundary cell survival, S;. Putting D=D, corresponding to Sy, the effectiveness of
repair or recovery is significant below the dose of Dy, but insignificant above D;. The
value of hyb(pS) at D=0, hyb(p), indicates the overall effectiveness of repair or recovery.
It likely corresponds to quasi-threshold dose, D,, or extrapolation number, n.

Next, we consider the model of dose-response relationship without cell-killing effect.
The net yield (subtracting the control) is sometimes expressed as the power function of
I,=aD". However, on increasing dose, the yield will be accelerated more depending on
the magnitude of dose. One of accelerating terms is the multiplication by exp(cD). Then
the net yield can be of a form I;=aDexp(cD). This corresponds to Equation (9) or (10)
that has a form of In(Ip)=o0:+ {In(tD)+1D }=c+Bhyb(tD). The equation is linear in terms
of o and B for a given value of T, when the hybrid scale is introduced. Without the
accelerating effect of yield, it has a form of In(Ix)= a+BInD that is the power function.
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With the strong effect of the acceleration, it has a form of In(Ix)= o+fD that is the
exponential function. The form of the hybrid scale model of dose-response relationship
is more flexible to fit data than that of the linear-quadratic model as far as we should
consider the multi-track effects and other complex situations of biological phenomena.

The derivative dIn(I)/dD gives the relative increment of the net yield associated with
the increment of dose. Its reciprocal, dD/dIn(I;), means the amount of dose required for
the unit relative increase of the net yield. Without an acceleration of the yield,
dD/dIn(I,)=D/B. When the dose becomes considerably higher, the acceleration of the
yield can be more significant because of a deficiency in repair or recover. The deficiency
likely tends to reduce the dose increment required for the unmit relative increase by
depending on the magnitude of dD/dIn(ly). Replacing 1/B by 1/f—tdD/dIn(l;), one
obtains dD/dIn(I;)=D/B/(1+tD). This is expressed as d{tD+In(tD)}/dIn(I)=dhyb(tD)/
dIn(I)=1/B. The logarithmic increment, Aln(I;), of the yield is considered only when the
change of the yield seems to be almost due to the multiplicative interactions.

2.4 A general approach by the hybrid scale

One of the most important approaches in constructing the dose-response relationship
is to linearize observed data that would not otherwise fall on a straight line. The
reasonable linearization of dose-response relationships can bring a reliable fit of models
to data, including possible extrapolation in the range of low doses. For that purpose, the
logarithmic scale is often used. The use of the hybrid scale, however, dramatically
extends the possibility of the linearization. This is due to the unification of the linear
scale and the logarithmic scale.

The hybrid scale extends the conventional section papers not only in the variety of
section papers as shown in Figure 3, but also in the unification of the whole papers as a
hybrid-hybrid paper as shown in Figure 4. The hybrid scale consists of typically three
regions, the logarithmic, the hybrid and the linear region. The introduction of the hybrid
scale to both vertical and horizontal axes displays nine kinds of section papers shown in
Figure 3. Five section papers interfacing conventional papers are new. These are two
semi-hybrid papers of (x, hyb(y)) and (hyb(x), y), two log-hybrid papers of (In(x),
hyb(y)) and (hyb(x), In(y)), and one hybrid-hybrid paper of (hyb(x), hyb(y)).

Among HS papers, the hybrid-hybrid paper is special to provide the concept of
unifying nine section papers. As may from Figure 4, the center region of the hybrid-
hybrid paper continuously interfaces its surrounding regions. Thus, the hybrid-hybrid
paper unifies four popular section papers that have been used separately. The unification
provides the flexibility for expressing the complex relationships between stimuli and
responses in biological phenomena that might show diverse dependence from the additive
to the multiplicative due to some possible control mechanisms.

The first HS model for cell survival uses the right side region of the hybrid-hybrid
paper as a decreasing straight line. The second HS model of dose-response relationship
uses the lower side region of the hybrid-hybrid paper as an increasing straight line. The
fourth HS model is introduced as an increasing straight line on the right side region of the
hybrid-hybrid paper,

hyb(W¥)=a+bD or Y=—1—cyb(a+bD). (15)
\'4
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hyb(V¥)=a+bD or Y= %cyb(a +bD). (15)

This will be applied to some data later. The hybrid-hybrid model is introduced as an
increasing straight line on the hybrid-hybrid paper as follows:

hyb(V¥) = o+ Bhyb(vD) or Y= %cyb[a+ Bhyb(vD)]. (16)

2.5 Techniques of fitting models to data: Linear-quadratic

The L-Q models of Equations (3) and (4) are linear with respect to parameters. These
are solved easily, for example, by the function LINEST of the MS-EXCEL. The
principle is to minimize the sum, X&? of squared residual errors between data and model
estimates, where data is a set of {D;, LI j=1, n}. The yield [; is calculated as My/N; where
N, is the number of cells scored, M is the number of chromosome aberrations. The
variance of M; is Nx(Mj/N)x(1-My/N;) by the binomial distribution or M; by Poisson
distribution. The statistical error SE, of the yield is calculated as the root square of My/N;
(I-M/N)/N; or Mj/sz, respectively. The residual error is calculated from the following
equation.

5 R
I, =a,+aD,+o,D;"+¢& =1 +¢;. 17

To use Equation (4), the intercept 0, is zero.
The weighted least squares equation is to minimize X&%/SE . Putting w=1/SE, the
equation is given as follows:

wl, = (W) + 04(w;D;) + o (w,D;") + wiE;. (18)

Equation (18) is solved by the function LINEST.

For the data ranging several orders of magnitude, the sum of squared relative residual
errors is often minimized. The minimization of X(g// RJ)z by the observations, as seen in
[6], is somewhat an unstable method because of dependence on the variation of data. The
minimization of (g/ Ig J)z by the estimations is more stable because of no variation in the
model calculation. Both are solved by the nonlinear least squares method, for example,
by the tool SOLVER of the MS-EXCEL.

In NCRP Report No.60, the following type of equation is used to estimate the
parameters of the L-Q model [7].

In(r, ,)=In{aD, + &,D*)+¢;, (19)
To estimate the value of o, the equation is replaced by
in(f, - o) =Mn(etD, + 0, D)+ ;. (19"

Equation (19) provides the similar estimates of parameters to that by minimizing the sum
of squared relative residual errors.

The linear scale in vertical axis is inclined to emphasize large positive values but to
squeeze small positive values for the data ranging several orders of magnitude. The
larger contribution of increasing squared-errors in large values gives rise to a tendency to
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(17) in the linear scale and Equation (19) in the logarithmic scale show this dilemma for
the yield with the variation of additive and multiplicative effects. To solve the dilemma,
especially for the data ranging several orders of magnitude, the hybrid scale is applied as

by, ,]=cybesD, + &,D, )|+ €. (20)

The parameters are estimated by the tool SOLVER of the MS-EXCEL. The value of v is
obtained from fitting the hybrid-hybrid model.

For the L-Q model of cell survival, Equation (2) is solved by the tool SOLVER. The
following equation is solved by the function LINEST.

In(S,)=-BD, - B,D; +¢;. @21

Equation (2) is in the linear scale and Equation (21) is in the logarithmic scale for S. The
same dilemma of the scale is considered for estimating the parameters.

The general form of linear-quadratic model might be solved by the tool SOLVER,
after selecting the initial values of parameters. The initial values of parameters are
obtained from Equation (17) or (18) of the dose-response relationship and Equation (21)
of cell survival by using the linear least squares method. The weighted nonlinear least
squares method is more appropriate, especially weighted by the reciprocal of the variance
associated with each of data.

2.6 Techniques of fitting models to data: Hybrid scale

The second HS model of Equation (10) is solved by the function LINEST in terms of
a,, a, and a, as follows:

In(1, )= a+ Bhyb(D))+ ¢, =a,+a,D; +a,In(D)) + €. (22)
The parameters of o, B and 7 are calculated from the estimation of a,, a, and a, by
6=a,-a,n 3, B=a, t=
a, . 2
The statistical error of the net yield is the root square of summing the variance of the
spontaneous yield and a given yield. Putting it as s;, the logarithmic weight is the root

square of w; = 2/ In{(I ;*+s;)/(Iz 7~s;)}. The weighted least squares equation is linearly
solved in terms of a,, a, and a, as follows:

(23)

INY I__Q)

w;In(l, )=ayw;+a, w;D;+a, w,In(D;) +w;E;. 24)

The logarithmic form of the yield not subtracted by the background is
in(7,)=1n]a, +aD’ exp(cD))]+ ¢, (25)

The parameters are solved by the tool SOLVER of the MS-EXCEL. However, to attain
the best fit in low doses, it should be replaced by

In(/; — ) =a+ Bhyb(D,) +¢;. (259
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In(Z, - &) = @+ Bhyb(D)) +¢;. (25"

The linear form of the net yield for the second HS model of Equation (9) is solved by the
tool SOLVER as follows:

I, =aD; exp(cD;) + &, = (D)’ exp(afD)) +¢;. (26)

Equation (26) can be weighted by the reciprocal of the variance associated with the net
yield. Minimizing the sum of squared relative residual errors by the observation or the
estimation provides the estimation of parameters similar to that by the logarithmic form
of the yield in Equation (25) or (25'). Adding the background term of o, to Equation (26),
the model of the yield I, is estimated.

The hybrid scale form of the net yield for the second HS model is expressed in general
as follows:

hyb[v(Z, — )] =+ Bhyb(gD, )+ ¢;. @7

This form of the model is solved by the tool SOLVER, with or without the weight of the
reciprocal of the variance associated with the net yield. The statistical errors are the
upper error bar of hyb[v(I;+s)}-hyb[vL] and the lower error bar of hyb[v];] — hyb[v(]-s)].
The weight is the square of 2/(hyb[v(L+s;)] — hyb[v(L—s)]).

For the hybrid scale model of cell survival, Equation (8) is solved by the tool
SOVLER, that is

1
S, = -;cyb[hyb( p) - ADj]+ g . (28)
The following linear equation provides the initial value of parameters p, and A,.
D,=a(1-S,)+a,In(S)) +¢

a 1
po':—ii ’ A()=_T'
a

2 a,

(29)

Equation (28) is the linear form of surviving fractions. The logarithmic form of surviving
fractions is given by

In(S,) = p—cyblayb( p) — AD; |- AD, +¢;. (30)

The linear scale squeezes data plots in the range of smaller surviving fractions. On the
other hand, the logarithmic scale squeezes those close to the survival of one. However,
the hybrid scale does not squeeze data plots in the whole range of surviving fractions.
This is given in Equation (8) and is solved by using the tool SOLVER, that is

hyb(pS,)=hyb(p) - AD, +¢;. (31)

The equation might be weighted by the reciprocal of the variance associated with
survivals. However, data to which Equation (31) with a proper value of p is applicable
can fall on a straight line.

In Equation (9) the hybrid scale model should have the positive value for all of a, b
and c. Putting c=0, Equation (9) is the power function model. There are three ways of
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applying the power function model to data: Data on the logarithmic scale is solved by the
function LINEST and data on the linear and hybrid scales are solved by the tool
SOLVER. There is a possibility for the case of c<0. Then Equation (9) means that the
yield follows the exponential function of cell survival as well as the power function of
dose-response function.

3. DATA ANALYSIS

Several reported data of chromosome aberrations and the related endpoints are used to
examine the validity of selecting and applying models of dose-response relationships.
Data to be analyzed are classical ones [8] and those about human lymphocytes [9]-[11].
The classical data are useful for understanding the fundamental characteristics of dose-
response relationships. The human lymphocyte data are suitable for the purpose of low-
dose risk assessment as well as biological dosimetry.

3.1 X-ray induced chromosome aberrations in Tradescantia (Sax, 1940) [8]

The early studies on X-ray induced mutation rate in Drosophila, were reported to
show linearity. Late in 1930s, there appeared some studies on both Drosophila and
Tradescantia where the relation between X-ray dose and chromosome aberrations was not
linear. Sax proved that the frequency of chromosome aberrations increased as the square
of the dose given in a constant time, while the previous studies reported that it increased
as the 3/2 power of the dose given in a constant dose rate. Table 1 shows his data of
chromosome aberrations induced by the X-ray at the resting stage in Tradescantia, which
seems to increase as the square of the dose. Sax obtained the best fit of the relation as B
= (D/1.07)%, by plotting the data on a log-log paper, where B is the percent breaks of
chromosome and D the dose in Gray (assumed 1 Gy = 100 r). His result was based on
the theory that the frequency of dicentrics and rings, due to two breaks of chromosome,
should increase as the square of the dose.

The percent breaks, if they increase as the square of the dose, fall on a straight line
when the data on the logarithmic scale are plotted against the dose on the logarithmic
scale. They also fall on a straight line when the data on the linear scale are plotted
against the square of the dose.” Figure 5 shows these two types of the plots. The left
panel is the log-log plot which is the same as Sax’s. The right panel is the quadratic-
linear plot of (D? B) to emphasize the characteristics of the quadratic function. The solid
straight line on each panel is the best fit of the power function model to the data on the
log-scale with the weight of statistical errors of the percent breaks. This is the same as
Sax’s result in Table 1. Without the weight, however, there is a difference in the best fit
between the linear (dotted line) and the logarithmic scale (broken line). The broken line
fits the data in lower doses well (see left panel) but deviates from the data in higher doses
(see right panel). On the other hand, the dotted line shows the trend to fit the data to the
contrary. This shows the dilemma between the linear and the logarithmic scale in the
model fitting. In the case of Sax’s data, the solid line fits the whole data best among the
three methods for applying the power function model.

The hybrid scale provides another type of linear relationship between dose and percent
breaks transformed by the hybrid function. Plotting the yield on the linear scale as points
(D,B) brings the downward convex arrays of the data. Plotting the yield on the log scale
as points (D, In[B]) brings the upward convex arrays of the data. These lead to the
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possibility of applying the hybrid scale to plot as points (D, hyb[vB]). The plot on the
semi-hybrid paper as (D, hyb[vB]) approaches that on the semi-log paper of (D, In[B])
when vB«1, and that on the normal section paper of (D, B) when vB>>1. Estimating the
value of v as 0.318 by the nonlinear least squares method, the data (0) plotted on the
semi-hybrid paper fall on the solid straight line, given as hyb[0.318B] =-3.76 + 2.44D, in
Figure 6. This is the fourth HS model of dose-response relationship. The background
percent breaks of dicentrics and rings in Tradescantia is estimated to be 0.072% per
chromosome because B=0.072 at D=0 Gy.

The broken curve in Figure 6 represents the quadratic model of B=(D/ 1.08)%, fitted to
the data on the semi-hybrid paper. This is almost the same as Sax’s result in Table 1 and
the solid straight line in Figure 5 and fits the whole of the data points almost within the
error bar. In Figure 6, however, the fit of solid straight line to the whole data points is
clearly better than that of the broken curve. Consequently, it shows that the fourth HS
model provides the best fit to the whole of data points among all types of models applied
here.

The quadratic model predicts more breaks above the highest observed dose than the
fourth HS model in Figure 6. The fourth HS model approaches the linear model at higher
doses. If there is any moderate reduction in the increase of the percent breaks due to the
cell killing effect or the saturation, such a feature of the fourth HS model is particularly
suitable for a good fit to the data.

Sax also showed that the one-hit and two-hit chromatid aberrations induced at
prophase were almost linear with the dose and the square of the dose, respectively. His
data and the estimated models are given in Table 2. We consider the applicability of the
hybrid-hybrid model to these data. The problem is to find the straight line that fits best to
the data plotted on the hybrid-hybrid paper as points of (hyb[tD], hyb{vB]). Figure 7
shows hybrid-hybrid plots of the percent chromatid breaks of one-hit (left panel) and
two-hit (right panel), the positive values of T and v being selected so that the whole data
should lie on a straight line. Both panels show good fit of the hybrid-hybrid model to
each of the data. All data on the left panel are positive for both axes, and the values of
hyb(tD) are especially very large. This is consistent with the linear relation between
dose and one-hit chromatid breaks. On the other hand, some data on the right panel are
negative for the vertical hybrid scale. This reflects the quadratic relation between dose
and two-hit chromatid breaks. Thus, the hybrid-hybrid plot of the data provides a straight
array of points for the quadratic case as well as for the linear case.

The total percent of one-hit and two-hit chromatid aberrations was reported to vary
with the 3/2 power of the dose by Sax, which is B = (D/0.37)". This is the solid straight
line on the left panel of the log-log paper in Figure 8. It shows the applicability of the
power function model to the dose-response relationship to the data. Replacing the log
scale with the hybrid scale for the dose, we have another straight line fitted to the whole
of the data as shown on the right panel of Figure 8. The solid straight line represents the
second HS model given in Equation (10). As seen in the figure, the second HS model fits
the whole of the data better than Sax’s power function model. The second HS model also
fits each of the whole data of one-hit and two-hit chromatid breaks shown in Table 2.
Therefore, the second HS model is applicable to these data.

The total chromatid breaks obtained from Table 2 is also fitted by the L-Q model
because each type of the breaks is presumably varying as a function of the dose and the
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square of the dose. The left panel in Figure 9 shows the straight line of L-Q model by
plotting the data as points of (MD(1+nD), B), where 7 is the reciprocal of the boundary
dose at which the linear component is equal to the quadratic component. The left panel
shows that the whole data is fitted well by the L-Q model (solid straight line). Thus, the
L-Q model provides the straight line of best fit to the data on the linear scale. Plotting the
same data on the hybrid scale, we have another straight line shown on the right panel in
Figure 9. This solid straight line of the hybrid-hybrid model fits the whole data
sufficiently. The fitting quality of the hybrid-hybrid model is similar to that of the second
HS (dotted curve) and L-Q (broken curve) models in the range of the reported data. The
hybrid-hybrid model, however, extrapolates larger values below the reported doses and
smaller values above the reported doses than the second HS and L-Q models.

The above analysis shows the applicability of the hybrid scale models to the data
given in Tables 1 and 2. At the same time, the characteristics of the hybrid scale models
becomes clear by comparing them with the power function and L-Q models and by
examining several methods of fitting these models. However, for the risk assessment
methodology for low dose radiation, it is important that the possible models should apply
to the human chromosome data.

3.2 X-ray induced chromosome aberrations in human blood (Vulpis, et al., 1976) [9]

For the purpose of biological dosimetry, Vulpis et al. discussed about the construction
of the calibration curves based on the well-established procedures. They used peripheral
blood of two healthy male donors, 35 and 39 years old. Table 3 shows their data. They
applied the linear model to fit the yield of chromosome aberrations to the seven data
below 0.6 Gy and the L-Q model to the whole data including the previously obtained data
from 1 to 4 Gy (Vulpis, 1974). Figure 10 is the combined data of the yield of dicentrics
plotted on the log-log paper.

We applied the hybrid-hybrid model (solid line in Figure 10) to fit the combined data
that extend over the wide range of doses. The solid line fits the data over the whole range
of doses well. For comparison, the L-Q (dotted line) and HS (broken line) models are
shown in the graph. This L-Q model can be actually called the hybrid-scaled L-Q model.
The estimation of parameters minimizes the sum of the squared errors of the yield on the
hybrid scale of hyb(vY) where Y is the yield and v is about 1.28 per unit of yield. The
hybrid-scaled L-Q model fits the whole data well but is less fit to the data than the
hybrid-hybrid model, while it fits the whole data better than the L-Q model with weight.

The HS model in Figure 10 is the second type of models, which does not contain the
term of cell killing or saturation effect. The second HS model fits the whole data almost
to the same degree as the hybrid-hybrid model but tends to deviate from the data above
the second largest dose. The third HS model provides a better fit to the whole data
because of including the term of cell killing or saturation effect. The combined data
given in Table 3 does not extend enough to show the explicit decrease of the yield due to
the cell killing or saturation effect. Therefore, the estimation of parameters is not reliable
for the term of cell killing or saturation. For the construction of calibration curve, the
hybrid-hybrid model is more convenient than the third HS model if the curve of the yield
does not appear to be upward convex. However, the second HS model is easier to use
than the hybrid-hybrid model. The second HS model is better to construct the calibration
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curve than the hybrid-hybrid model as far as the effect of cell killing or saturation is
negligible. :

Figure 11 shows the calibration curve of the whole data in Table 3, which is presented
as the straight line on the hybrid-hybrid paper. The straight line estimated by the hybrid-
hybrid (HH) model is hyb(1.276Y)=-3.3774+0.9312hyb(1.135D). To estimate the dose
based on the calibration curve, we can use the following equation.

Y= 1”;(;% cyb[-3.3774+0.9312hyb(1.135D)] (mGy)

3.3 Chromosome aberrations in human lymphocytes (Edwards, et al., 1979) [10]

To study the validity of Poisson statistics in the observation of chromosome
aberrations, Edwards et al. published data on the distribution of dicentrics and acentrics
observed in human lymphocytes, cultured for 48 h after irradiation by X-rays, cobalt-60
and neutrons. We analyzed two cases of their dicentric data to examine the applicability
of hybrid scale models. Table 4 shows the case of 250kVp X-rays at a high dose rate of 1
Gy/min and Table 5 the other case of ®Co gamma rays at a dose rate of 0.5 Gy/min. The
yields of dicentrics induced by X-ray and cobalt-60 are plotted on the log-log paper in
Figure 12, respectively, as left and right panels. Four curves on each panel represent the
best fit in each of the weighted L-Q (broken line), hybrid-scaled L-Q (dot-dot-dashed
line), second HS (dotted line) and hybrid-hybrid (solid line) models. In the case of X-ray
(left panel), four curves fit the data over the whole range of doses well but the solid curve
fits the data best among them. In the case of cobalt-60 (right panel), we also see the
similar characteristics.

Figure 13 shows the calibration curves of the yields for X-ray (left panel) and cobalt-
60 (right panel), drawn on the hybrid-hybrid paper. Each of the straight lines, estimated
by the hybrid-hybrid model, shows a good linearity over the whole range of doses. These
are hyb(0.642Y) = -2.1569+1.1317hyb(0.449D) for X-ray and hyb(0.248Y) =
~1.7147+1.4656hyb(0.167D) for cobalt-60. To estimate the dose based on the calibration
curves, we can use respectively the following equations for X-ray and cobalt-60.

Y= %c b[-2.1569 +1.1317hyb(0.449D)] (mGy)

y =200 b[-1.7147 +1.4656hyb(0.167D)] (mGy)

0.248

3.4 Chromosome aberrations in human lymphocytes (Roos and Schmid, 1998) [11]

Roos and Schmid (1998) examined the frequency of chromosome aberrations induced
by 5.4 keV X-rays. They found a linear-quadratic dose-response for dicentrics and almost
a Poisson statistics in the intercellular distribution of dicentrics. Table 6 shows their data.
Being plotted on the log-log paper, the array of points is slightly downward convex as
shown on left panel in Figure 14. All the lines for the weighted L-Q (broken line), hybrid-
scaled L-Q (dot-dashed line), second HS (dotted line) and hybrid-hybrid (solid line)
models appear to fit the whole data fairly well. However, on the normal section paper
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(right panel in Figure 14), array of points is more downward convex and slightly deviates
from the dashed curve of WLQ. This result is quite similar to those of human data shown
before.

Figure 15 shows the calibration curves of the yields for 5.4keV X-ray, presented as the
straight line on the hybrid-hybrid paper. This straight line of the hybrid-hybrid model,
hyb(0.00386Y) = —6.7217+ 1.1281 hyb(0.432D), fits the whole data completely. The
straight line is. To estimate the dose based on the calibration curve, we can use the
following equation.

1000
0.00386

cyb[-6.7217 +1.1281hyb(0.432D)] (mGy)

4. DISCUSSION

The model for dose-response relationships should be selected depending on the
objective. To study the characteristics of the relationship, we should examine each of
factors affecting the relationship separately so that we should establish the theory of
biological effects. For the biological dosimetry using chromosome aberrations, we
should find a reliable relationship between dose and yield, which is estimated by a
practical model to be used easily. It is important to know the effects, for example, cell
killing or saturation, for the purpose of the calibration curve.

Norman and Sasaki [12] reported the yield of chromosome-exchange aberrations
produced by X-rays in human lymphocytes. The mean energy of photon is 1.9 MeV. The
dose rate ranges from 1 to 2 Gy/min. They proved that the probability of inducing a
dicentric of chromosome is proportional to its length in the interphase nucleus. They also
proved that the number of dicentrics and centric rings per cell would be limited primarily
by the number of centromeres. We use their dicentric data, shown in Table 7, to examine
the effect of cell killing or saturation.

Figure 16 shows the data plotted on the log-log paper (left panel) and on the normal
section paper (right panel). The broken, dotted and solid curves represent respectively
the best fit of the weighted L-Q model, second HS model and hybrid-hybrid model. The
broken and dotted curves deviate clearly from the data points. Calculating the survival
fractions by the weighted L-Q and second HS models, we obtain two survival curves
relating to the weighted L-Q (2) and second HS (¢) models, shown on left panel in
Figure 17. According to Equations (2) and (11), the weighted L-Q and second HS
models multiplied by the corresponding cell killing effect provide respectively the
upward convex curves of the broken and dotted lines, shown on right panel in Figure 17.
Fitting the models to the data by Equation (1) and (7) brings the better fit for each of the
models. These fittings are almost the same as that of the hybrid-hybrid model, except for
the range of dose below 1 Gy.

Figure 18 shows the yields of the dicentrics falling on a straight line of the hybrid-
hybrid model over the whole range of doses 0.5 to 20 Gy. The data of Norman and
Sasaki shows the strong effect of cell killing or probably saturation. However, the
hybrid-hybrid model also provides the straight line of the calibration curve. The straight
line is given by hyb(0.139Y) = 10.3808+ 2.0911 hyb(0.000634D). The following
equation provides the dose based on the calibration curve.
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Y= olol%cyb[lossos +2.0911hyb(0.000634D)] (mGy)

5. CONCLUSIONS

The data of chromosome aberrations were analyzed to examine the characteristics of
dose-response relationships and the applicability of hybrid scale models for constructing
the calibration curves of chromosome aberrations. We used the data of chromosome and
chromatid breaks (Sax, 1940) for the start of the study. The fourth hybrid scale model
and the hybrid-hybrid model are confirmed to be more applicable than the conventional
models. The second hybrid scale model showed applicability to the data of the chromatid
breaks. Five data sets of dicentric chromosome aberrations from four papers were fitted
best by the hybrid-hybrid model that provides the straight line for the calibration curves
over the wide range of doses. Some of the data showed the strong effect of the saturation
like a cell killing effect. However, the hybrid-hybrid model provided a sufficiently fitting
straight line as the calibration curves. In conclusion, this paper proved that the hybrid-
hybrid model is applicable to the analysis of chromosome aberrations.
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Table 1 The relation between dose and chromosome aberrations (Sax, 1940) [8]

ﬁ;;?,' Total Chromosome aberrations*
(Gy) | chromosomes | 1y o iric | Ring Total %B | (D/1.07)
1 1800 5 1 6 07 0.8
2 1710 21 3 29 3.4 35
3 1464 43 13 61 83 7.8
4 1902 104 28 132 13.9 14.0
5 1530 134 25 159 208 21.8

* Each aberration involves two breaks. * Change the unit assumed as 100 r/Gy. B: Breaks, D: Dose.

Table 2 The relation between dose and one-hit and two-hit chromatid breaks (8]

{:0‘; ‘3 Total Chromatid breaks

(Gy) |chromosomes | | \ui | B | (D045 | 2-Hit | %B | (D/0.67)"
01 6330 14 02 02 2 | 003 0.02
0.2 6930 2% 04 05 4| 006 0.08
04 8610 76 0.9 1.1 34 | 04 031
08 7368 148 | 20 1.9 112 | 15 1.4
12 4902 141 | 29 2.9 124 | 25 3.0
16 8292 375 | 44 ) a2 | 51 53
2.0 8508 472 | 51 5.1 685 | 8.1 8.1

* Change the unit assumed as 100 /Gy. B: Breaks, D: Dose.

healthy human in vitro (Vulpis, et al. 1976) [9]

Table 3 Frequency of dicentrics after exposure of whole blood of

X-ray dose Cells scored Dicentrics Dicentrics Statistical
(Gy) per cell ¥ error ¥
0 4336 0 0 0
0.05 4218 7 0.00166 0.00063
0.1 2996 18 0.00601 0.00141
0.2 3006 17 0.00566 0.00137
0.3 2196 40 0.01821 0.00285
0.4 2586 35 0.01353 0.00227
0.5 2736 83 0.03034 0.00328
0.6 1237 32 0.02587 0.00451
1 518 54 0.10425 0.01343
1.5 251 39 0.15538 0.02287
2 491 163 0.33198 0.02125
3 151 115 0.76159 0.03468
4 203 270 1.33005 0.08094

#1 values are recalculated.
#2 calculated by the binomial distribution (the largest data by Poisson distribution).
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Table 4 Frequency of dicentrics observed in human lymphocytes irradiated by
250kVp X-rays at a dose-rate of 1 Gy/min (Edwards, et al. 1979) [10]

Dose (Gy) Cells scored Dicentrics Dicentrics Statistical
per cell error *!
0.05 3325 9 0.00271 0.00090
0.1 4693 28 0.00597 0.00112
0.25 3547 49 0.01381 0.00196
0.50 2652 111 0.04186 0.00389
1 1869 200 0.10701 0.00715
2 266 99 0.37218 0.02964
2.5 183 100 0.54645 0.03680
3 293 219 0.74744 0.05051
4 247 323 1.30769 0.07276
6 100 224 2.24 0.14967
8 30 117 3.9 0.36056

#1 calculated by the binomial distribution (four largest data by Poisson distribution).

Table 5 Frequency of dicentrics observed in human lymphocytes irradiated by
%Co gamma rays at a dose rate of 0.5 Gy/min (Edwards, et al. 1979) [10]

$Co dose Cells scored Dicentrics Dicentrics Statistical
(Gy) per cell error *!
0.25 6883 48 0.00697 0.00100
0.50 4917 119 0.02420 0.00219

1 2366 142 0.06002 0.00488

2 462 105 0.22727 0.01950

3 494 242 0.48988 0.02249

5 173 234 1.35260 0.08842

8 89 301 3.38202 0.19494

#1 calculated by the binomial distribution (two largest data by Poisson distribution).

Table 6 Frequency of dicéntrics observed in human lymphocytes irradiated by
5.4 keV X-rays at a dose rate of 0.5 Gy/min (Roos and Schmid 1998) [11]

dose (Gy) Cells scored Dicentrics Dicentrics Statistical

per cell error *!

0 35500 14 0.000394 0.00011

0.1 3000 30 0.01 0.00182
0.2 2000 4] 0.0205 0.00317

0.5 500 39 0.078 0.01199
0.7 500 58 0.116 0.01432
1.0 500 95 0.19 0.01754
2.0 250 175 0.7 0.02898

#1 calculated by the binomial distribution.
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Table 7 Frequency of dicentrics observed in human lymphocytes
(Norman and Sasaki, 1966) [12]

X-ray dose Cells scored Dicentrics Dicentrics Statistical
(Gy) per cell *! error *
0.15 576 0 0.00 0.00
0.50 800 9 0.01125 0.00375

1 270 13 0.04815 0.01335
1.5 250 29 0.11600 0.02154
2 150 25 0.16667 0.03333
3 100 49 0.49000 0.07000
4 160 117 0.73125 0.06760
5 200 261 1.30500 0.08078
6 150 234 1.56000 0.10198
8 120 307 2.55833 0.14601
12 130 609 4.68462 0.18983
20 120 1007 8.39167 0.26444
25 60 593 9.88333 0.40586
30 62 688 11.09677 0.42306

#1 calculated by us.

#2 calculated by Poisson distribution.
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exp(x) hyb(x)

 CYb(x)

In(x)

Figure 1 Graphs of the hybrid function, hyb(x), and its inverse function, cyb(x), corresponding to
the logarithmic function, In(x), and its inverse function (the exponential function), exp(x),
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Figure 2 An example of the hybrid scale, which unifies the linear and the logarithmic scales.
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Figure 3 Nine types of section papers derived from introducing the hybrid scale.
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Figure 5 Percent chromosome breaks (Table 1) plotted on the log-log (left panel) and the
quadratic-linear (right panel). Solid line: fitted by the power function model on the log
scale, weighted by statistical errors (see error bars). Broken line: the same but without
weight. Dotted line: fitted by the same model on the linear scale without weight.

hyb[v (% Chromosome breaks )]

Dose (Gy)

Figure 6 Plots of the same chromosome breaks on the hybrid scale, where v=0.318. Broken
line: best fit of the quadratic model to the data on the hybrid scale. Solid line: best fit of
a straight line to the data on the hybrid scale, which represents the fourth HS model.
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Figure 7 Percent chromatid breaks of one-hit (left panel) and two-hit (right panel), in Table 2,
plotted on the hybrid-hybrid paper. The error bar represents the statistical error. The
straight line of each panel is the best fit to the data on the hybrid-hybrid paper.
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Figure 8 Total percent chromatid breaks (sum of one-hit and two-hit) plotted on the log-log paper
(left panel) and on the hybrid-log paper (right panel). A straight line on left panel
represents the power function model and that on right panel the second HS model. The
error bar represents the statistical error.
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Figure 9 The same total chromatid breaks as Figure 9, applied to the linear-quadratic model (left
panel) and the hybrid-hybrid model (right panel). A straight line on each panel
represents each model, respectively. On right panel, the dotted curve represents the
second HS model, and the broken curve the linear-quadratic model.
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Figure 10 Dicentrics per human cell irradiated by X-ray (see Table 3, Vulpis, et al., 1976),
plotted on the log-log paper with the bar of statistical error. The broken line
represents the L-Q model fitted to the data on the hybrid scale of hyb(1.28Yield), the
dotted line the second HS model, and the solid line the hybrid-hybrid model.
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Figure 11 Best-fit straight line of the calibration curve to the data of Vulpis, et al. (1976), shown
in Table 3, estimated by the hybrid-hybrid model. Error bars: statistical errors.
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Figure 12 Dicentrics per cell induced by X-ray (left panel) and cobalt-60 (right panel), shown in
Table 4 (Edwards, et al. 1979), plotted on the log-log paper. WLQ is the weighted L-
Q model, H_LQ is the hybrid-scaled L-Q model, HS is the second HS model, and HH
is the hybrid-hybrid model. The error bar represents the statistical error.
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Figure 13 Best-fit straight lines of the calibration curves to X-ray (left panel) and cobalt-60 (right
panel) data of Edwards, et al.(1979), estimated by the hybrid-hybrid model. The error
bar represents the statistical error.
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Figure 14 Dicentrics per cell induced by 5.4 keV X-ray in Table 6 (Roos and Schmid 1979),
plotted on the log-log (left panel) and normal section paper (right panel),. WLQ is the
weighted L-Q model, H_LQ is the hybrid-scaled L-Q model, HS is the second HS
model, and HH is the hybrid-hybrid model. The error bar: the statistical error.
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Figure 15 Best-fit straight line of the calibration curves to the data of Roos and Schmit (1998),
estimated by the hybrid-hybrid model. The error bar represents the statistical error.
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Figure 16 Dicentrics per cell induced by X-ray with the mean energy of 1.9MeV, shown in Table

7 (Norman and Sasaki 1966), plotted on the log-log paper (left panel) and the normal
section paper (right panel). Broken line represents the best fit of the weighted L-Q
model, dotted line that of the second HS model and solid line that of the hybrid-hybrid
model. The error bar represents the statistical error.
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Figure 17 Surviving fractions (left panel) calculated by the weighted L-Q and the second HS

models, and their corresponding dose-response curves (right panel). Broken line:
weighted L-Q model. Dotted line: second HS model. Solid line: HH model.



JAERI—Research 2000—005

hyb[v(Dicentrics / cell)]

hyb(tDose)

Figure 18 Best-fit straight line of the calibration curve to the data of Norman and Sasaki (1966),
shown in Table 7, estimated by the hybrid-hybrid model. Error bars: statistical errors.
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ANALYSIS OF CHROMOSOME ABERRATION DATA BY HYBRID-SCALE MODELS




